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ABSTRACT: Ion-containing block copolymers hold promise as next-generation proton exchange mem-
branes in hydrogen andmethanol fuel cells. These materials’ self-assembled ordered nanostructures facilitate
proton transport over a wide range of conditions, a requirement for robust fuel cell performance. In this
perspective, we will present an overview of the morphology and transport properties of ion-containing block
copolymers that have been studied to gain insight into the fundamental behavior of these materials and, in
some cases, are targeted toward applications in fuel cells and other electrochemical devices. We will discuss
the challenges associated with predicting and obtaining well-ordered morphologies in block copolymers with
high ion content, particularly those with chemistries that can withstand the chemical and mechanical stresses
of the fuel cell, such as aromatic backbone block copolymers. New opportunities for ion-containing block
copolymers in alkaline membrane fuel cells will also be reviewed.

Introduction

Proton exchange membrane (PEM) fuel cells generate elec-
trical energy directly from a chemical fuel and have attracted
considerable interest as alternative power sources for large
market applications, such as transportation (hydrogen fuel cells)
and portable electronics (methanol fuel cells). The advantages of
fuel cells are their high efficiency and power/energy density, low-
temperature operation, rapid start-up time, and potential to
operate with fuels from renewable sources at a lower environ-
mental cost compared to fossil fuels. The PEM, generally com-
posed of a polymer with covalently tethered ionic groups, is the
central component of the fuel cell serving as the electrolyte,
conducting protons from the anode to the cathode, where facile
transport of protons (conductivity) is directly related to fuel cell
power output (Figure 1). However, PEMs currently used in fuel
cells exhibit poor transport properties at desired fuel cell operat-
ing conditions, such as low proton conductivity at high tempera-
tures (>80 �C) and low humidities (<50%RH) in hydrogen fuel
cells and high fuel crossover rates at high fuel concentrations in
methanol fuel cells.

Typically, the ion-containing polymers used in fuel cells consist
of florinated or aromatic backbones with sulfonic acid pendant
groups (i.e., sulfonated polymers) that require water solvation for
effective proton transport and therefore adequate fuel cell per-
formance. Recently, researchers have made significant advances
toward understanding proton and small molecule transport in
ion-containing polymer membranes,1,2 and early experiments
revealed that transport properties were in part dependent on
polymer morphology or ionic nanostructure.3,4 Numerous mod-
els have been proposed for the structure of sulfonated polymers
used in fuel cells.5-13Although there are diverse observations and
data regarding the detailed morphology of sulfonated polymers,
there is a consensus that phase segregation between the ionic
groups and polymer backbone occurs to create a nanoscaled
morphology of ionic (hydrophilic) and nonionic (hydrophobic)

domains. In general, findings show that protons and hydrophilic
molecules (e.g., water, methanol, other polar organics) transport
through this interconnected solvated ionicnetworkand the transport
properties can be highly dependent on the ionic morphology.14-18

Over the past decade, many efforts to synthesize new polymers
for PEM fuel cells have been reported.19-23 In all of these
sulfonated polymer examples, the ionic nanostructures in terms
of their size and connectivitywere, in general, poorly controlled. In
contrast, self-assembled block copolymers can lead to well-defined
nanostructureswhere themorphology anddomain size are tunable
on the nanoscopic length scale.24,25 Ion-containing block copoly-
mers in which only one of the blocks is sulfonated, or contains
other types of tethered ions, are attractive because they conjoin the
attributes of regular structure and ion conductionwhere one of the
microdomains contains the ionic moiety and facilitates transport,
while the other nonionic microdomain provides mechanical sup-
port to themembrane. Sulfonated block copolymers are intriguing
materials as fuel cell membranes because the combination of ionic
and nonionic blocks provides the potential for highly ordered
morphologies where transport properties can be tailored in a
reliable fashion. Thus, a detailed study of these types of materials
may allow researchers to determine the morphological effects
on conductivity that are difficult to elucidate for randomly
functionalized systems.

Sulfonated block copolymers were first reported in the patent
literature in the 1960s.26,27 In the academic literature, work on
sulfonated block copolymers did not appear until the 1990s,
where reports during this decade focused on the sulfonation and
structural and thermal characterization of styrene-based block co-
polymers at low ion exchange capacities (IECs;<0.5meq g-1).28-33

One result of interest on lightly sulfonated block copolymers
includes work by Wiess and co-workers34 on sulfonated poly-
(styrene-b-(ethylene-r-butylene)-b-styrene) revealing coexisting
morphological length scales with∼3-4 nm spacing for the ionic
clusters within block copolymer microdomains with∼20-30 nm
spacing. In general, these early reports on sulfonated block
copolymers consisted of low IECs (i.e., lightly sulfonated), and
transport properties were not measured.
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Only during the past decade have sulfonated block copolymers
with higher IECs (∼1-2 meq g-1) been reported and their
transport properties studied. Examples include sulfonated poly-
(styrene-b-(ethylene-r-butylene)-b-styrene),35,36 sulfonated poly-
(styrene-b-isobutylene-b-styrene),37 sulfonated poly(vinylidene

difluoride-co-hexafluoropropylene-b-styrene),38 and sulfonated
poly(arylene ether)s.39 A number of recent studies have demon-
strated significant enhancement in proton conductivity in sulfo-
nated block copolymers compared to their sulfonated random
copolymer counterparts and have shown conductivities across a
wide range of temperatures and relative humidity that are higher
than Nafion (DuPont; 0.91 meq g-1), the benchmark polymer
used in fuel cells.38,40-44 In this perspective, we will highlight the
morphological development in sulfonated block copolymers and
observations from the literature on their solid-state structures.
Salient examples are shown in Table 1. We will also review find-
ings on how parameters such as block copolymer chain architec-
ture, microdomain size and orientation, crystallinity, and cross-
linking affect morphology and subsequently transport properties
in these types of materials. Challenges with obtaining well-
ordered equilibrium morphologies at high IECs and strategies to
obtain improved transport selectivities will be presented.Also, we
will discuss new opportunities for ion-containing block co-
polymers in alkaline membrane fuel cells.

Sulfonated Block Copolymer Morphology

Flory-Huggins theory and models developed by Helfand and
Matsen,50-53 among others,54,55 provide accurate predictions of
the phase behavior of many block copolymers with a wide variety
of chemical constituents. Harnessing the regular arrangement
and potential for long-range order of block copolymers to affect
fast transport has been a goal for at least the last 20 years.56

Lately, researchers in the polymer and membrane communities
have designed materials with highly ion conductive domains
whose size and connectivity are determined by block copolymer
phase separated morphology. One early example includes the
creation of ion-rich domains in a membrane using a graft copoly-
mer that enhanced the ion conductivity over its random analog
(Figure 2).57 Extensive experimental studies have proven that
blocky structures are valuable for enhancing ion transport in
many cases, but a fundamental description for rigorously under-
standing how the presence of tethered ions affects block copoly-
mer morphology has not been worked out. Furthermore, the
“ideal” morphological features for creating membranes with the
highest attainable ionic conductivity have not yet been deter-
mined. Therefore, design of materials with ion-rich domains that
transmit ions rapidly across a membrane has been limited to
“synthesize and check” strategies and it has been difficult to
gauge how close the community has come to achieving the
optimized properties of these materials.

Ion clustering and ion repulsion in polymers that have cova-
lently tethered ions to the backbone chain have been studied
extensively in ionomers with low ion content58 and polyelectro-
lytes with high ion content:59 the two opposite ends of the ion-
containing polymer spectrum. Ionic clusters are known to in-
crease the Tg and mechanical properties of polymers, and iono-
mers have been used to good effect as structural materials.60

Generally, morphological observations in ionomers were made
on materials with the acid groups neutralized with metal
cations.61,62 Placing ionic moieties on polymer chains in a low
dielectric constant medium (such as a polymer melt or nonpolar
solvent) has been shown to induce chain aggregation and coil-
globule transitions due to ionic monomers exhibiting strong
dipolar attraction when the ionic groups are paired.63,64 Oppo-
sitely, soluble polyelectrolytes with high concentrations of ions
show expanded conformations, termed the “polyelectrolyte effect,”
when studied in a high dielectric constant solvent.65 Sulfonated
block copolymers occupy amiddle groundbetween ionomers and
polyelectrolytes, where the ion content is reasonably high, but the
polymer remainswater insoluble. The selective sulfonation of one
block and the resulting dipolar and electrostatic interactions
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between monomers, depending on the extent of ionization within
that block, may cause significant conformational asymmetry in
ion-containing block copolymers and, thus, shift the phase
diagram in these materials from what one might expect given the
volume fractions of the two blocks.66

The solubility parameter of styrene sulfonate was measured
experimentally by Lu andWeiss67 to be 34.0 (J cm-3)-0.5, where-
as the solubility parameter of styrene is 18.6 (J cm-3)-0.5.68 This
large increase in solubility parameterwith sulfonation leads to the
formation of very small clusters of ions in lightly sulfonated poly-
(styrene). The high solubility parameter for sulfonated styrene
and the presence of strong dipoles and/or ionized groups calls
into question whether Flory-Huggins theory can be used to
accurately describe the interactions between the components in
the system.

Balsara and co-workers have performed in-depth experimental
and simulation studies on sulfonated poly(styrene-b-methylbuty-
lene) diblock copolymers to determine the origins of the phase
behavior of these polymers in the presence of tethered ions.
Through small-angle X-ray scattering (SAXS) order-disorder
transition (ODT) measurements and determination of the neu-
tron scattering structure factor of a disordered sample, they esti-
mated the χSS-S (sulfonated styrene-styrene) to be 5.89.69 They
then used this value to describe the phase behavior of sulfonated
chains with alternating and blocky sulfonated styrene sequences
in modeling studies.70 The authors did not include dipolar or
electrostatic interactions between monomers as the traditional
χN description only encompasses dispersion forces and chain
length. In the modeling work, they concluded that χ parameters
give a general description of the phase behavior of sulfonated
block copolymers, but experimentally observedODTs and order-
order transitions (OOT) with p2χN were not replicated in the
simulations. The authors postulated that the exact placement of
sulfonate groups in the hydrophilic phase may have an effect on
the ordering behavior as even small sequences of sulfonated
monomers will tend to phase separate from nonionic regions
due to their high χ. This work demonstrates, as the authors state,
that more sophisticated models incorporating specific ionic and
dipolar interactions are needed for quantitative agreement be-
tween experiment and simulation for these types of materials.

There are a few studies showing unequivocal evidence of highly
ordered ion-containing block copolymers with IECs greater than
1meqg-1. Examples fromBalsara and co-workers69 includewell-
ordered phases in sulfonated poly(styrene-b-methylbutene). Both
microscopy and X-ray scattering provides evidence of micro-
phase separated domains with long-range order in highly sulfo-
nated samples (53 mol % of poly(styrene) block) with high
molecular weight (up to 43 kg mol-1). Interestingly, the mor-
phological phases that are predicted by self-consistent mean field
theory as a function of volume fraction of the sulfonated phase
were not necessarily observed. For instance, sulfonated poly-

(styrene-b-methylbutene) show disordered, lamellar, hexagonal-
packed cylinders, hexagonally perforated lammellar, and gyroid
phases all within a narrow volume fraction range (0.45-0.5) of
sulfonated poly(styrene) as a function of the mol % sulfonation
in the styrene phase and molecular weight.69 In this volume frac-
tion range, conventional block copolmers usually exhibit only
lamellae or a disorderedmorphology.Mauritz et al.71 observed a
morphological transition from hexagonally packed cylinders for
an unmodified 70 kg mol-1 sulfonated poly(styrene-b-(ethylene-
r-butylene)-b-styrene) triblock copolymer with 30 mol% styrene
content to lamellae for a 12 mol % sulfonated sample. Mauritz
et al.17 hypothesized a few mechanisms for the morphological
shift with sulfonation, including increased interfacial surface
tension between the phases resulting from an increase in χS-EB.
This increasewould driveminimization of surface area and thus a
transition from cylinders to lamellae. Elabd et al.42 observed a
similar transition in a sulfonated poly(styrene-b-isobutylene-b-
styrene) triblock copolymer (Mn= 48850 g mol-1, 31 wt %
styrene) from cylinders to lamellae at low sulfonatation level
(degree of sulfonation 13 mol %, ∼IEC 0.4 meq g-1) and a
second periodic to nonperiodic transition once the IEC reached
1.0 meq g-1, ∼40 mol % sulfonation.

Generally, well-ordered morphologies typically observed in
nonionic block copolymers have only been demonstrated in
sulfonated block copolymers with sulfonation levels at or below
50 mol % and Mn less than 100 kg mol-1.72 Rubatat et al.73 and
Saito et al.46 have shown somewhat ordered block copolymer
phases in samples with molecular weights of 20-100 kg mol-1

and degrees of sulfonation of up to 100mol%.However, the mor-
phologies obtained in these investigations onhighmolecularweight
systemswith high degrees of sulfonation are not as ordered as those
discussed above as evidenced bymicroscopy and scattering studies.

Sulfonated block colymers that do not contain sulfonated
styrene moieties, such as aromatic block and segmented
copolymers, have also been shown to yield distinct ionic nano-
phases attributed to phase separation of the hydrophilic and
hydrophobic blocks.49,74,75 These materials are generally synthe-
sized by step-growth polymerization and therefore have poly-
dispersity indices (PDI) that are greater than 2.0. Despite their
high PDIs, phase separated morphologies were observed in these
materials that could be tuned by altering their chemical composi-
tion and the processing conditions during the formation of cast
membranes. These types of polymers are more suited for long-
term operation in a fuel cell, because the chemical environment
(i.e., formation of free radicals) in a fuel cell degrades aliphatic
polymers more readily than aromatic polymers. However, their
controlled synthesis can be difficult and the lack of highly regular
and predictable phases has hampered efforts to quantitatively
describe the ordering behavior of these systems. Figure 3 shows
examples of microscopy and scattering data from ion-containing
block copolymers with varying degrees of order as determined by

Figure 1. Schematic of PEM fuel cell (left) and polarization curves (cell voltage vs current density; right). Fuel cell schematic shows hydrogen (top) and
methanol (bottom) half-cell reactions.
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transmission electronmicrographs and the presence and intensity
of higher order SAXS peaks.

Achieving long-range order and testing whether long-range
order is necessary for high conductivity in a wide variety of
sulfonated block copolymers has proven difficult as most sulfo-
nated polymers show evidence of defects in transmission electron
micrographs or have low intensity higher order scattering peaks.
Foremost, annealing sulfonated block copolymers to obtain
morphologies that approach equilibrium is difficult due to the
high Tg of sulfonated poly(styrene). The Tg of poly(styrene)
climbs quickly from 105 �C at 0 mol % sulfonation to 160 �C

at 20 mol % sulfonation78 and above 200 �C for high degress of
sulfonation. The desulfonation temperature for sulfonated poly-
(styrene) has been reported tobe approximately 220 �C,79making
it nearly impossible to anneal highly sulfonated block copolymers
to an equilibrium morphology without causing chemical degra-
dation. Additionally, aggregation of ion-functionalized chains in
solution and limited solubility of hydrophilic-hydrophobic
block copolymers can frustrate the development of an equilibrium
solid-state morphology during the solution casting process.80

Thus, observations on the morphological structure of sulfonated
block copolymers can be highly sensitive to processing conditions

Table 1. Examples of Ion-Containing Block Copolymers That Have Been Studied As Proton Exchange Membranes
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and methods such as thermal or vapor annealing have not been
widely employed for these materials. While there are still details
to uncover to allow for predictive design of sulfonated block
copolymers with specific characteristics, the morphologies ob-
served in sulfonated block copolymers do, in some cases, lead to
superior transport properties as detailed in the sections below.

Block Copolymers in Hydrogen Fuel Cells

In the hydrogen fuel cell, ion-containing polymer membrane
requirements include chemical and mechanical stability over a
wide range of temperatures and the membrane must also exhibit
sufficient proton conductivity at low water content. The proton
conductivity of typical sulfonated polymers is highly dependent
on water content, with values on the order of 10-1 S cm-1 when
fully saturated, but decreases by orders of magnitude at lower
water contents. There are numerous advantages to operating the
fuel cell at higher temperatures and lower humidities, such as
increasing catalytic activity, reducing cathode flooding, and
eliminating the need for external humidification equipment. At
higher temperatures, sulfonated polymers can dehydrate or their
domain structure can become phase-mixed or disordered,81 thus,
reducing proton conductivity and cell performance.82,83 There-
fore, understanding water-polymer interactions and developing

new ion-containing polymers that can conduct protons at higher
temperatures (>80 �C) and lower humidities is desired.

Similar to most sulfonated polymers, sulfonated block copol-
ymers exhibit increases in proton conductivity with IEC and
water content. Due to their distinct ionic domain structure, block
copolymers generally have different relationships between IEC,
water content, and proton conductivity compared to their ran-
dom copolymer counterparts. Figure 4 shows proton conductiv-
ity as a function of hydration number (λ, the moles of water per
moles of sulfonic acid moiety) for Nafion, block, and random
copolymers at 80 �C. This data confirms the previous studies of
Holdcroft et al. that showed a conductivity increase for blocky
polymer architectures.57 The data also highlights the importance
of considering the hydration of the sample, as water uptake is a
key determinant of proton conductivity. The figure shows that
the block copolymer has a lower conductivity thanNafion at low
hydration, but at hydration numbers greater than 4-5, the
conductivity of the block copolymer exceeds that of Nafion. This
trend is likely due to the higher acidity of the perfluorosulfonic
acid groups in Nafion, which promote high conductivity at low
hydration numbers, as compared to the aryl sulfonic acid groups
in the aromatic block copolymer. At high hydration, where the
acidity difference is less important, the ionic domain structure of
the block copolymer yields higher conductivity than Nafion.

Figure 3. Transmission electron micrographs and small-angle X-ray scattering data for sulfonated poly(styrene-b-methylbutene) 3.1-2.6 kg mol-1,
21 mol % sulfonation (left column),69 sulfonated poly(hexylmethacrylate-b-styrene-b-hexylmethacrylate) 58.6-69.1-58.6 kg mol-1, 100 mol %
sulfonation (middle column), reproduced from ref 76 by permission of The Royal Society of Chemistry, and sulfonated poly(arylene ether sulfone)
15-15 kg mol-1 segmented multiblock, 100 mol % sulfonation (right column), reprinted from ref 77 with permission from Elsevier.

Figure 2. Solid-statemorphololgy as evidencedbyTEMofPb2þ stainedpoly(styrene)-g-poly(styrene sulfonate) (left) and poly(styrene)-r-poly(styrene
sulfonate) (center) copolymers and proton conductivity (σHþ; right) for the two copolymers showing that graft copolymers with connected ion-rich
nanodomains have increased conductivity.57
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Changes in morphology with sulfonation or hydration44 can
lead to large alterations of transport properties. For example, the
work of Elabd et al.42 on sulfonated poly(styrene-b-isobutylene-
b-styrene) revealed morphological transitions from periodic
lamellar morphology preferentially oriented in the plane of the
membrane (anisotropic) at IECs ranging from 0.5 to 1 meq g-1

to a nonperiodic cocontinuous morphology (isotropic) at IECs
ranging from 1.1 to 2 meq g-1. This morphological transition
resulted in a discontinuous abrupt increase in conductivity with
increasing IEC (Figure 5). Similarly, work by Kim et al.84

revealed a morphological transition in sulfonated poly(styrene-
b-(ethylene-r-butylene)-b-styrene) from periodic lamellar to a
nonperiodic structure with a change in casting solvent from
tetrahydrofuran (THF) to a THF/methanol mixture. The ob-
served transition coincided with a 1 order of magnitude increase
in proton conductivity without a change in IEC. Further work by
Elabd et al.42 also showed that proton conductivity can change by
3 orders of magnitude in sulfonated poly(styrene-b-isobutylene-
b-styrene) due to changes in morphology induced by solution
casting from different toluene/alcohol mixtures, again, without
changing the ion content of the polymer. These results demon-
strate that sulfonation of block polymers can disrupt the phase
behavior of the nonionic base material, presumedly due to the
increase in the effective χ of the sulfonated block and possible

changes in the sulfonated block chain conformation. Moreover,
these morphologies are sensitive to casting solvent and can result
in a variety of nonperiodic kinetically trapped nonequilibrium
morphologies that impact transport properties. Morphologies of
highly sulfonated block copolymers are difficult to predict and
equilibrium states are not readily obtained. But, it is of great
interest to understand and control these structures because they
have a significant effect on proton conductivity.

Both Figures 4 and 5 highlight that sulfonated block copoly-
mers exhibit enhanced proton conductivity compared to other
sulfonated polymer architectures (e.g., random copolymers) at
similar IECs and water contents. This connection between mor-
phology and transport properties was also shown by Shi and
Holdcroft38 in their work on sulfonated poly([vinylidene
difluoride-co-hexafluoropropylene]-b-styrene), where higher
conductivities were observed compared to both random
and graft copolymers of sulfonated poly(styrene) at the same
IEC. Also, higher conductivities were reported in the fluorinated
block copolymer compared to other nonfluorinated sulfonated
block copolymers (e.g., sulfonated poly(styrene-b-(ethylene-r-
butylene)-b-styrene)). Transmission electron microscopy (TEM)
of these materials showed an interconnected phase-separated
morphology with ion channels on the order of 8-15 nm. Many
other investigators have reported greater absolute proton con-
ductivities in sulfonated block copolymers and the strategy of
creating ionic phase separated morphologies with block copo-
lymers is now considered one of the routes to advanced
PEMs.38,40-44

McGrath et al.41,85 have shown that higher water diffusion
coefficients in block copolymers is one of the mechanisms by
whichblock copolymers achieve higher conductivity compared to
their random analogs. These authors found that NMR pulsed-
field gradient water self-diffusion coefficients were not a function
of diffusion length at long diffusion times in block systems and in
Nafion, whereas random architectures had steadily decreasing
water self-diffusion coefficientswithdiffusion length. Thus, block
copolymers, in addition to concentrating ionic groups in a highly
sulfonated domain, seem to have an influence on the water
behavior, which is intimately tied to their proton conduction
properties.

Both the orientationand size of blockmicrodomains havebeen
shown to impact proton conductivity. For example, an order of
magnitude differencewas observedwhen comparing in-plane and
through-plane conductivities for sulfonated poly(styrene-b-iso-
butylene-b-styrene) with anisotropic lamellae oriented in the
plane of the membrane.86 Park and Balsara were able to obtain
both lamellar morphologies oriented in the plane (by hot press-
ing) and perpendicular to the plane (by both E-field and flow
alignment) of the membrane.87 They observed a difference in
conductivity measured in two different directions for the samples
with lamellae oriented in the plane, but not for those perpedicular
to the plane. They suggested a possible lack of connectivity across
misaligned microdomains in the samples with lamellae perpedi-
cular to the plane to be the reason for no observed difference in
directional conductivity. Park et al.44 showed that proton con-
ductivity improves under hot (90 �C) and dry (50% RH) condi-
tions in sulfonated poly(styrene-b-methylbutene) for micro-
domain sizes below 5 nm. Chen et al.47 work on cross-linked
poly(norbornenylethylstyrene-s-styrene)-poly(n-propyl-p-styrene-
sulfonate) block polymers confirms these results where conduc-
tivity improved for microdomains below 5 nm in size. In addition
to these microdomain effects, Uehara et al.88 recently showed
that crystallinity in the nonconductive microdomain of sulfo-
nated poly(ethylene-b-styrene) can alter the conductivity-water
uptake relationship. This last example suggests that changes
to the nonionic block microdomain can also affect proton
transport.

Figure 4. Proton conductivity as a function of hydration number for
Nafion (blue diamond) and aromatic random (black square) and block
(green triangle) copolymers at 80 �C.43

Figure 5. Room-temperature through-plane conductivity for Nafion
(blue diamond), sulfonated poly(styrene-b-isobutylene-b-styrene) (green
circle), and sulfonated poly(styrene) (orange square).42
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Block Copolymers in Methanol Fuel Cells

Similar to hydrogen fuel cells, methanol fuel cells produce
electrical energy directly from a chemical fuel, but instead of
employing hydrogen gas as the fuel, a liquid solution ofmethanol
and water is fed to the anode (see Figure 1). Although methanol
fuel cells have energy densities double that of current lithium-ion
rechargeable batteries at an overall efficiency of only∼20-25%,
there are a number of critical factors that hinder themethanol fuel
cell from reaching its maximum theoretical efficiency (100%).89

One key limitation of methanol fuel cell operation is high
methanol flux (also referred to as methanol crossover) in cur-
rently employed ion-containing polymer membranes, which
contributes to low overall cell power, efficiency, and lifetime.90,91

Although common sulfonated polymers exhibit the desired high
water-saturated proton conductivities, these materials also pos-
sess undesired high methanol permeabilities (∼10-6 cm2/s). When
methanol permeates at this rate across the polymer membrane in
the fuel cell, the catalytic reaction of methanol at the cathode
competes with oxygen reduction resulting in a mixed potential
and a loss of fuel. Therefore, lowmethanol fuel concentrations of
∼1-2 M are typically fed to the anode instead of the desired
equimolar (∼17 M) anode half-cell reaction concentration,
because methanol flux increases significantly with increasing
methanol concentration.92 If the methanol flux across the mem-
brane was drastically reduced, higher methanol fuel concentra-
tions could be used, which would result in significantly higher cell
voltages and power densities. In response to the methanol cross-
over problem, a variety of new ion-containing polymer mem-
branes have been synthesized, with the goal of high proton
conductivity coupled with high methanol resistance (i.e., high
selectivity).22

In regard to transport phenomena in polymers for methanol
fuel cells, the transport of protons, water, and methanol occur in
the polymer simultaneously, where various gradients (i.e., driving
forces) and molecular interactions are present. In practice, gen-
erally only two primary experimental measurements are con-
ducted on newly developed ion-containing polymer membranes
for methanol fuel cells: proton conductivity and methanol
permeability, where the aim is both high proton conductivity
and high proton/methanol selectivity. Selectivity, R, has been
defined as a ratio of the measured proton conductivity and
methanol permeability:93

R ¼ σp

Pm
¼ DpCpF

2

DmKmRT
ð1Þ

where proton conductivity, σp, described by the Nernst-Einstein
equation, is linearly proportional to the proton diffusion coeffi-
cient, Dp, and the concentration of protons in the polymer, Cp.
Methanol permeability is the product of the methanol diffusion
coefficient, Dm, and the methanol partition coefficient, Km. In-
creasing selectivity in PEMs is a challenge since several of the
factors in eq 1 are interdependent and linked through the chemi-
cal composition, hydration state, and morphology of the PEM.
Equation 1 is a simplified view of the problem, where in reality,
the transport of protons,water, andmethanol in an ionic polymer
membrane in a methanol fuel cell is complex and includes multi-
ple concentration gradients (multicomponent diffusion: the effect
of the concentration gradient of each component on the flux of
the other), molecular scale interactions (hydrogen bonding and
ionic interactions between protons, water, methanol, and the
polymer), and an electrical potential gradeint. Although all of the
these mechanisms have not yet been fully explored, numerous
investigations have reported general transport trends, where
increasing ion content (IEC) usually results not only in increased
water content and proton conductivity, but also in increased
methanol permeability. In other words, most investigations

report that proton and methanol transport usually increase or
decrease simultaneously in sulfonated polymers due to the
coupled nature of IEC and water uptake making it difficult to
achieve high selectivities at high proton conductivities.22

Several sulfonated block copolymers have been explored in
regard to their performance in a methanol fuel cell.86 Although
the morphological benefits of block copolymers have resulted in
enhanced proton transport compared to other polymer architec-
tures, these results have usually not translated into higher selec-
tivities. For example, numerous reports on sulfonated styrene-
based block copolymers have demonstrated improved proton
conductivity with changes to morphology by changing IEC or
casting solvent as described in the previous section. However,
these changes also coincided with simultaneous increases in
methanol permeability with no significant change in selectivity.
Figure 6 shows the proton conductivity and methanol perme-
ability of sulfonated poly(styrene-b-isobutylene-b-styrene) com-
pared to a random copolymer sulfonated poly(styrene) and
Nafion. All of the sulfonated polymers have a similar selectivity
regardless of IEC, water content, polymer chemistry, chain archi-
tecture, or morphology. This conductivity/permeability trade-off
has also been observed inmany other PEMs, including block and
random copolymers.

Recently, Hallinan and Elabd94 demonstrated the measure-
ment of multicomponent diffusion and sorption of methanol/
water mixtures in a sulfonated polymer using time-resolved
Fourier transform infrared-attenuated total reflectance spectros-
copy. These results quantitatively show that the primary con-
tributing factor to the increase in methanol flux (with increasing
methanol solution concentration) is methanol sorption (i.e.,
partitioning) in the polymer and not methanol diffusion. This
suggests that future polymer synthesis strategies should focus on
developing ion-containing polymers that sorb less methanol as
opposed to creating morphological obstacles to retard methanol
diffusivity.

These results were supported by Won et al.95 in their work on
cross-linked sulfonated poly(styrene-b-butadiene-b-styrene),
which demonstrated the combination of high water-saturated
proton conductivities and high selectivities. They reported selec-
tivity an order of magnitude higher than un-cross-linked sulfo-
nated block polymer and Nafion. Also, their data demonstrated
higher proton conductivities (by orders of magnitude) when
compared to a cross-linked random coplymer of sulfonated
poly(styrene-r-butadiene). They postulated that cross-linking

Figure 6. Room-temperature through-plane conductivity vs methanol
permeability for Nafion (blue diamond), sulfonated poly(styrene-b-
isobutylene-b-styrene) (green circle), and sulfonated poly(styrene)
(orange square).42
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the nonconducting block minimized swelling in the conducting
block upon exposure to solvents and therefore sorbed less
methanol while mainting highwater-saturated proton conductiv-
ities. Their hypothesis was confirmed with no observable change
between dry and wet X-ray scattering, where a change in micro-
domain spacing was observed for the un-cross-linked sulfonated
block copolymer. Also, this study showed a clear advantage
compared to a random copolymer, where the cross-linked sulfo-
nated block copolymer exhibited both high selectivity and con-
ductivity, while the random copolymer had significantly reduced
proton conductivity.

Ishikawa et al.96 supported these findings with their studies
of cross-linked multiblock copolymers of sulfonated poly(aryl
ether ketone), where the methanol crossover rate was reduced
without decreasing proton conductivity. Their results also
showed improvements over the cross-linked random copolymer.
These data were further supported in work by Chen et al.47 on
cross-linked poly(norbornenylethylstyrene-s-styrene)-poly(n-pro-
pyl-p-styrenesulfonate) block polymers, where lower methanol
permeability was reported, while high proton conductivity was
maintained. These results suggest that the combination of an
ordered block copolymer morphology with a nonswellable ion
conductive block can result in the desired combination of high
proton conductivity and high proton/methanol selectivity.
Figure 7 shows how the cross-linked sulfonated block copoly-
mers developed byWonet al.95 andChen et al.47 deviate from this
proton/methanol trade-off.

Figure 7 also demonstrates the difference between two proton
conductivity measurement techniques: in-plane (usually mea-
sured using four electrodes in the plane of the membrane; open
symbols) and through-plane (measured using two electrodes
through the plane of the membrane; solid symbols). There is
approximately a 2-fold difference in conductivity for Nafion
(isotropic morphology) reported between these measurement
techniques, which is likely a product of interfacial resistance
being a large fraction of the total resistance in the two-electrode,
through-plane measurement.86,97 However, the through-plane
measurement is more applicable to fuel cell operation, where
proton transport across the thin dimension of the membrane is
most important. Therefore, the differences between these tech-
niques should be considered more carefully when investigating
PEMs with anisotropic morphologies. For example, the data in
Figure 7 shows in-plane measurements for sulfonated poly-

(styrene-b-isobutylene-b-styrene) triblock copolymers with la-
mellar microdomains preferentially oriented in the plane of the
membrane, which resulted in proton conductivities and selectiv-
ities an order of magnitude higher than through-plane mea-
surements.86 Won et al.95 data on cross-linked sulfonated
poly(styrene-b-(ethylene-r-butylene)-b-styrene) was similar.
They reported only in-plane measurements on cylindrical mor-
phology samples (with no information about microdomain
orientation provided). Chen et al.47 work on cross-linked poly-
(norbornenylethylstyrene-s-styrene)-poly(n-propyl-p-styrenesul-
fonate) block polymers showed minimal difference between in-
plane and through-plane measurements due to an isotropic
bicontinuousmicrophase-separatedmorphology. Note that cau-
tion should be taken when comparing these two techniques as
through-plane measurements on thin membranes will often
produce erroneous results. There must be a large enough separa-
tion between electrodes for the bulk resistance of the membrane
to override the other resistances in the system (e.g., interfacial
resistance).

Block Copolymers in Other Aqueous Electrochemical Cells

In the past decade, hydrogen and methanol fuel cells have
driven the majority of work in the design and understanding of
ion-containing block copolymer membranes. However, other
aqueous-based electrochemical cells where these materials could
be of significant importance include electrolyzers,98,99 electro-
dialysis units,100,101 and alkaline fuel cells. Here, we will discuss
the application of one of the most pressing concerns in our view:
the alkalinemembrane fuel cell (Figure 8). Traditionally, alkaline
fuel cells are the best performing fuel cells at temperatures
below 200 �C and can operate with a number of different fuels,
such as hydrogen, methanol, and ethanol.Most significant is that
alkaline fuel cells do not require the use of precious metal
catalysts as with acid-based electrolyte fuel cells, but can operate
with cheaper non-noble metal catalysts (e.g., nickel). The main
difficulty with traditional liquid electrolyte alkaline fuel cells
relates to the use of potassium hydroxide, which can result in
leakage, system corrosion, and ionic conductivity degradation by
reaction with CO2. If one could replace the liquid electrolyte with
an ion-containing solid polymer membrane that can conduct
hydroxide ions (i.e., an anion exchangemembrane), the problems
with electrolyte leakage and carbonate precipitation would be
eliminated.102 Several research groups have demonstrated a
working alkaline fuel cell with an anion exchange membrane,
but there is considerable potential to improve the performance of
these devices and dramatically lower the cost of fuel cells.103,104

To fast-track the alkaline membrane fuel cell device develop-
ment, several key membrane hurdles must be overcome, namely,
improving chemical and mechanical stability and hydroxide con-
ductivity in polymer membranes to produce high power density
devices with long operational lifetimes. To date, only a few

Figure 7. Room-temperature in-plane (open symbols) and through-
plane (closed symbols) conductivity vsmethanol permeability forNafion
(blue diamond), sulfonated poly(styrene-b-isobutylene-b-styrene) (green
circle),42 cross-linked sulfonated poly(styrene-b-(ethylene-r-butylene)-
b-styrene) (black diamond),95 and cross-linked poly(norbornenylethy-
lstyrene-s-styrene)-poly(n-propyl-p-styrenesulfonate) (pink square).47

Figure 8. Half reactions of the alkaline fuel cell (left) and chemical
motifs for attaching sulfonate or quaternary ammonium moieties onto
a main-chain aromatic polymer or incorporating these groups into a
polymer through styrene residues.
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hydroxide conducting block copolymers have been reported, such
as quaternized poly(styrene-b-vinylbenzylchloride-b-styrene) and
quaternized poly(styrene-b-(ethylene-r-butylene)-b-styrene).105,106

Although no morphological evidence was reported in these
studies, the block structure of these materials may provide op-
portunities for enhanced conductivity and selectivity in anion-
conducting membranes. Figure 8 shows general structures for
incorporation of sulfonate or quaternary ammonium groups into
polymer backbones through tethering to main-chain aromatic
polymers or by employing functionalized styrene moieties, the
twomost commonpolymer-ion linkages employed for PEMs and
AEMs. As with PEMs, the synthetic control afforded by styrenic
moieties in the synthesis of block copolymers has promted the use
of these types of monomers for initial studies of block copolymer
AEMs. However, the stability of these types of polymers in a fuel
cell environment remains under investigation. While there are
limited choices for the proton-bearing group in proton exchange
membranes, there are many possibilities for the fixed cation
in anion exchange membranes. Quaternary ammonium is the
most commonly reported cation so far, but phosphonium,107

guanadinium,108 and other cations109 may prove useful in these
types of systems.

Outlook

Studies of ion-containing block copolymers have provided
clear evidence that the phase segregation between hydrophilic
and hydrophobic phases can produce materials with superior
ionic conductivity, which is important for performance improve-
ments in fuel cells and other aqueous electrochemical devices. To
advance the field further, theremust be continueddevelopment of
theoretical and simulation tools to describe and predict phase
separation of these systemswith strong dipoles and ionicmoieties
and gain fundamental insights on their interactions with water.
Well-defined block copolymers with low polydispersity indices
and controlled placement of sulfonate groups have proven to be
useful model systems and observations from various research
groups have raised interesting questions as to whether ionic
systems can be treated like traditional nonionic block copoly-
mers. The initial work to translate the models developed for
nonionic block copolymers to ion-containing materials must be
furthered by characterizing equilibrium morphologies of ion-
containing block copolymers, if they can be achieved, and
continuing to refine the understanding of the mechanisms that
determine the morphological development in these systems.
Approaching equilibrium morphologies remains a challenge in
ion-containing block copolymers and theoretical descriptions of
the phase formation in the presence of ions and strong dipoles are
needed. The importance of long-range order and the role of grain
boundaries in the conduction of ions across micrometer length
scales need further attention.Alignment of orderedmorphologies
improves the conductivity of membranes to a certain extent, but
the microscopic details of how protons traverse grain boundaries
and tortuosity effects of the ionic domains on proton transport
require further study.

Complementary synthetic and simulation studies of materials
with greater polydispersity and chemical diversity are needed to
advance the basic knowledge surrounding material sets that can
withstand the electrochemical stress and high temperatures of
fuel cells. Model block copolymers containing sulfonated styrene
residues will not withstand the conditions in many fuel cell
devices. High molecular weight, highly sulfonated aromatic
polymers have shown promising performance in hydrogen and
direct methanol fuel cells and display chemical and mechanical
stability that may be sufficient for widespread use as proton
exchange membranes. Therefore, more fundamental work in
understanding the self-assembly and development of long-range,

well-ordered morphologies of aromatic ion-containing block
copolymers is needed. These types of polymers are difficult to
simulate due to the large numbers of atoms involved in a
complete description of the material, and so far there is no
predictive capability for guiding the design of aromatic block
copolymers.Moreover, their synthesis is not as well controlled as
with living polymerization methods, which can deter researchers
from undertaking complicated synthetic and morphological
studies and generating the needed experimental data to prompt
theoretical and simulationwork. Syntheticmethods that combine
aspects of controlled monomer/functional group placement and
chemical robustness are needed to bring together the superior
morphological structure of low PDI styrene-based block copol-
ymers and the device performance advantages of aromatic
polymers.

Conclusions

The benefits of the block copolymer strategy for fuel cell
membranes have been highlighted. Specifically, the block copol-
ymer sequential chain architecture and microdomain size and
orientation have been shown to significantly improve proton
conductivity compared to random copolymer analogs. So far,
only cross-linking the nonionic block microdomain in ion-con-
taining block copolymers has shown to improve proton/metha-
nol selectivity. This approach has resulted in some of the highest
proton/methanol selectivities reported for sulfonated polymer
membranes. It is clear that ordered morphologies impact trans-
port properties and the application of these results can impact
hydrogen and methanol fuel cell performance. To realize these
material advances in devices, a more thorough fundamental
understanding of predicting and controlling block copolymer
morphology in ion-containing block copolymers should be
pursued.
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The development of biomass-based polymers is one
strategic step toward achieving a sustainable social system. A
typical biomass-based polymer is poly(L-lactic acid) (PLLA),
which through a combination of biological fermentation and
chemical reaction can be synthesized from naturally abundant
biomasses suchas starchor cellulose.1 PLLAshows goodphysi-
cal properties such as crystallinity, thermoplasticity, transpar-
ency, and a high melting point (Tm) of around 170 �C.2 It also
has the excellent quality of being easily reproduced from the
depolymerization product: L,L-lactide.3 Hence, the likelihood
that PLLA will become the plastic material of choice for
sustainable systems has been attracting much interest from
researchers. However, in practical applications, PLLA does
have some drawbacks, such as slow crystallization,4 low impact
resistance,2 hydrolyzability,5 and racemization.6 PLLA readily
causes racemization from an L-unit to a D-unit in a chain under
heating.7 Such racemization proceeds by the mechanism of
ester-semiacetal tautomerization, causing a decrease in optical
purity and crystallinity.8 This is a serious problem in the
reproduction of practical materials via thermal depolymeriza-
tion and repolymerization. A fundamental and complete solu-
tion to this problem requires a modification of the chemical
structure of lactic acid.

In this study, in order to overcome the problems asso-
ciated with PLLA while preserving its superior properties, a
biomass-based and racemization-free polymer: poly(tetra-
methyl glycolide) (PTMG) possessing superior depolymeriz-
ability for the reproduction is developed. Previously, PTMG
has been synthesized from petroleum by wholly chemical
processes involving the ring-opening polymerization of
tetramethyl glycolide (TMG), which is a cyclic dimer of
R-hydroxyisobutyric acid (HIBA).9 HIBA itself has also
required preparation over many steps from petroleum using
the cyanhydrin method for methyl methacrylate produc-
tion.10 The methyl methacrylate production has been im-
proved by some novel production processes such as the
AVENEER method. Recently, a biosynthesis method of
HIBA from renewable carbons has been achieved.11 PTMG
shows a highTm at 185-190 �C9 and a characteristic thermal
degradability into methacrylic acid, TMG, acetone, etc.12

However, the derivation of PTMGfrombiomass and its con-
trolled depolymerization into monomers, which will become

required for many commonly used polymers in a future, are
newly proposed in this study.

Renewable resources: D-/L-lactic acids and pyruvic acid
derived from biomasses are employed as starting materials
for the synthesis of HIBA in this study, which is an acyclic
monomer of PTMG. The biomass-based HIBA is prepared
bymethylation of the acids and then converted into the cyclic
dimer: TMGby a cyclic esterification. The following synthe-
sis of polymer PTMG is carried out by a ring-opening
polymerization of TMG. Moreover, the controlled depo-
lymerization of PTMG is performed either to return toTMG
or to convert to methacrylic acid depending on the use of a
specific catalyst for each monomeric product.

Two synthetic routes of HIBA from the renewable re-
sources were performed. One was the direct methylation of D-/
L-lactic acid derivatives after the abstraction ofR-hydrogen on a
chiral carbon: the other was themethylation of an R-keto group
of apyruvic acid derivative by theGrignard reaction,which is an
oxidized form of corresponding D-/L-lactic acid derivatives.
Although the direct methylation has been reported in our recent
research,13 themethylationof thepyruvic acidderivative is anew
finding introduced in this study. Results of the methylation are
listed in Table 1. The methylation of methyl pyruvate by the
Grignard reaction showeda50%yield at room temperature.On
the other hand, the direct methylation of the hydroxyl-group
protected ethyl D-/L-lactate (HPEL), with protection provided
by a methoxymethyl group, gave relatively high yields of 54-
75%at-84 �C.Thesemethylation reactionshave the advantage
of using multiple renewable resources: pyruvic acid and L-, D-,
and D-/L-lactic acids without the need of high optical purity.

HIBA was obtained by the hydrolytic deprotection of
methylated products with high yields of >74%. The cyclic
dimerization ofHIBAproceeded smoothly in the presence of
the dehydration catalyst methane: sulfonic acid to isolate the
cyclic dimer: TMG in a 67% yield. The ring-opening anionic
polymerization of TMG that followedwas achieved by using
three initiators: EtOLi, n-BuLi, and t-BuLi, resulting in the
preparation of a high molecular weight PTMG (Mn 90 000)
as shown in Table S1.

Previously, Deibig et al.9 showed Tm of PTMG in a range
of 180-190 �C, but no glass transition (Tg) temperature was
reported. The isolated PTMG showed Tm and Tg at 191 and
70 �C (Figure 1), respectively, about 15 �C higher than those
of PLLA. TheTg transition signal was very weak, and theTm

peak shifted into higher temperatures of up to 206 �C with a
corresponding increase in the heat treatment temperature.
The weak Tg signal and high Tm value of PTMG suggest
superior crystallization and heat resistance, respectively.

Scheme 1. Total Synthetic Processes of PTMG and Its
Depolymerization

*Corresponding author: Fax (þ81) 93-695-6060; e-mail nishida@
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An additional interesting result is the controllable depo-
lymerization behavior of PTMG into TMG and methacrylic
acid (MA). In the thermal degradation of PTMG, it has been
reported that TMG, methacrylic acid, acetone, etc., are
recovered as volatile products without any catalyst needed
for the reaction control.12,14-17 In this study, by using
appropriate catalysts for the selective depolymerization,
the thermal degradation of PTMG was controlled success-
fully to generate TMGormethacrylic acid as shown inTable 2.
Recovered TMG can be used to reproduce PTMG. Another
selectable product:MAwas converted into amethacrylic ester:
methyl methacrylate (MMA) after an esterification reaction.
From the obtained MMA, a biomass-based poly(methyl
methacrylate) (PMMA) with high molecular weight (Mn

70 000 and Mw 238000) was produced by free-radical poly-
merization in bulk. This is an early report on the preparation of
biomass-based PMMA.

These results reveal PTMG as a superior recyclable ma-
terial by the virtue of its controllable conversion into each
monomer.

In conclusion, the biomass-based and racemization-free
polyester PTMG was synthesized from lactic and pyruvic
acids as renewable resources. The high Tm (∼206 �C) and Tg

(70 �C) values of PTMG were confirmed, and the superior
resource recyclability of PTMG was demonstrated showing
selective reduction to TMG or methacrylic acid. Moreover,
the preparation of biomass-based PMMA was reported.

Supporting InformationAvailable: Experimental details and
the characterization data of 1H NMR, GPC, and DSC. The
material is available free of charge via the Internet at http://
pubs.acs.org.
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Table 1. Synthesis of r-Hydroxyisobutyric Acid (HIBA) Esters from Methyl Pyruvate and Hydroxyl Group Protected Ethyl Lactate (HPEL)

run substrate (S) reagent (R1/R2) S/R1/R2 [molar ratio] temp/time [�C/h] yielda [%]

1-1 methyl pyruvate MeMgBr 1.0/1.0 rt/1 50
1-2 HPELc LiTMP/MeI 1.0/1.2/2.0 -84/4 54
1-3b HPEL LDA/MeI 1.0/1.3/2.0 -84/4 75

aCalculated from GC. bUnder the same conditions at ref 13. cEthyl D-/L-lactate protected by a methoxymethyl group.

Figure 1. DSC profiles of heat-treated PTMG. Heating rate: 10 �C
min-1 under a nitrogen flow of 20 mL min-1. Heat treatment: 10 min.

Table 2. Catalytic Thermal Depolymerization of PTMGa

volatile products [%]d

run catalystb tempc [�C] TMG methacrylic acid acetone

2-1 283 2.9 57.1 40.0
2-2 Sn(Oct)2 265 80.8 19.2 0
2-3 MgO 235 17.7 80.6 1.6

aPTMG: Mn 22 000, Mw 32 000. bCatalyst 1 wt %. c Isothermal
heating. dFrom 1H NMR analysis.
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Materials containing networks of pores smaller than 2 nm in
diameter, termed microporous by IUPAC convention,1 are of
interest for applications including gas storage and separations,
adsorption, and catalysis. Rather than relying on templating or
cross-linking to induce microporosity, polymers of intrinsic
microporosity (PIMs) feature porosity derived from inefficient
packing due to a combination of rigid segments and sites of
contortion within the macromolecular backbone.2

PIM-1, a polybenzodioxane with a ladder-type structure (see
Figure 1), is the most extensively characterized PIM with a
Brunauer-Emmett-Teller (BET) surface area of 720-780 m2/g
and pores 5.2-10.7 Å in size.2-4 The variability inmeasurements
of these key properties is due to the influenceof sample processing
(thermal history and methanol or gas exposure3) as well as
assumptions necessary to interpret data from various character-
ization techniques.

In this paper, we present the first broad scattering vector (q)
range X-ray scattering data for PIM-1. We also compare wide-
angle X-ray scattering (WAXS) patterns with structure factors
calculated from molecular dynamics (MD) simulations. In addi-
tion to providing a useful validation of PIM simulations, this
greatly enhances our understanding of PIM scattering features,
building on previous interpretations of WAXS patterns from
microporous polymers.5-8

PIM-1 was synthesized as described previously,9 and 100 μm
thick films were cast from chloroform solution under ambient
conditions. Powder samples were precipitated by adding a solu-
tion of PIM-1 (in tetrahydrofuran) to methanol. Prior to scatter-
ingmeasurements, all samples were degassed in a vacuumoven at
120-130 �C for at least 24 h.

WAXS patterns were collected using a Rigaku DMAX-
RAPID instrument with an image-plate detector. Small-angle
X-ray scattering (SAXS) patterns were collected using a Molec-
ularMetrology instrument with a pinhole camera, multiwire area
detector, and sample-to-detector distances of 1.5 and 0.5 m. Both
WAXS and SAXS instruments usedCuKR radiation (λ=1.54 Å)
and yielded isotropic two-dimensional patterns, which were azi-
muthally averaged into one-dimensional profiles of intensity I(q) vs
scatteringvector q=4π(sinθ)/λ.Ultrasmall-angleX-ray scattering
(USAXS) patterns were collected with a Bonse-Hart camera using
an incident energy of 12 keV (λ=1 Å) at beamline 32-ID10 of the
Advanced Photon Source; these have been desmeared. Back-
grounds were subtracted from all scattering patterns.

Tomodel PIM-1, chainswere grownat a lowdensity to a target
length of 10 repeat units and then compressed to a 45-Å box with

a realistic density using LAMMPS11 with bonded parameters
from GAFF,12 nonbonded parameters from TraPPE,13 and
charges from ab initio calculations with Gaussian 0314 and
RESP.15 These molecular dynamics simulations are described in
detail elsewhere.16

The structure factor S(q) was computed using ISAACS
software17 from 10 snapshots acquired during a 500 ps NVT
run following compression. The low-q limit of S(q) is defined by
the box size: 2π/[(45 Å)/2]=0.28 Å-1. Because a united-atom
model was used, S(q) does not include contributions from
hydrogen atoms; however, hydrogen is present at a low mole
fraction and scatters X-rays much more weakly than heavier
elements. The total structure factor for an isotropic system is
computed from a Fourier transform of the sum of partial radial
distribution functions gAB(r) weighted by atomicX-ray scattering
lengths bi and mole fractions ci:

17-19
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where gAB(r) represents the probability of finding an atom of
species B at a distance r from an atom of species A, normalized to
1 at large distances, and
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i
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with the index i spanning the atom types present in the simulated
structure. We also define partial structure factors SAB(q), similar
to the Faber-Ziman definition but scaled by mole fractions and
scattering lengths:
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Low-q intensity is proportional to q-3 over several decades
(Figure 2), which is consistent with the limiting case of either a
densemass fractal (D=3) or a rough, space-filling surface fractal

Figure 1. Chemical structure and representative single-chain confor-
mation of PIM-1.

*Corresponding author. E-mail: runt@matse.psu.edu.
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(Ds = 3).18 If the spatial distribution of voids (pores) in PIMs at
these large length scales is fractal, this must be induced by the
same unusual chain statistics that give rise to the large concen-
tration of interconnected free volume; chain statistics in PIMs
have yet to be directly investigated. The low-q power law, flat
SAXS intensity, and shoulder in the WAXS region are also seen
in amorphous, nanoporous activated carbons.20 Although the
shoulder or knee feature from 10-1 to 2 Å-1 should contain
information about the pore size distribution, developing a model
such as a modified Guinier function to extract this information is
complicated by the superimposition of several broad peaks and
the presence of a high concentration of pores of poorly defined
geometry.

Features in WAXS patterns from amorphous polymers are
typically limited to one or two amorphous halos, representing
distances of closest approach between segments of different
chains. Unlike materials with larger, patterned pores, PIMs have
no “bulk” phase, only interconnected unoccupied volume. Pore
dimensions in PIMs are therefore defined by intersegmental
distances. Figure 3 shows that high-resolution WAXS patterns
include characteristic peaks at q= 0.89, 1.25, and 1.63 Å-1.
Because these peaks are superimposed on a smooth shoulder not
found in nonporous polymers, it is not immediately clear that
they should be interpreted as amorphous halos representing
intersegmental distances. Weaker features above 2 Å-1 are
related to correlations on the scale of bond lengths; the exaggera-
tion of these features in the calculated S(q) could arise in part
from the approximation of atomic scattering lengths as
q-independent.17

WAXS patterns from PIMs typically include several broad
peaks. Ritter et al. have observed that for polyimide-based PIMs
both the degree of microporosity and the relative intensities of
amorphous halos, but not their q values, are sensitive to proces-
sing conditions.6 Our data (Figure 3) also indicate that for PIM-1
the 1.25 and 1.63 Å-1 peaks are of higher relative intensity in
powders than in films.Methanol treatment significantly increases
the permeability of a film, and thermogravimetric measurements
suggest that this is due to the removal of adsorbed species that
persist after degassing.4 Soaking a film in methanol prior to
degassing does not affect the relative peak intensities, but it does
increase the low-q intensity of the shoulder. A reduction in the
intensity of the scattering shoulder when some pores are occupied
is consistent with the idea that scattering in this q range and at
smaller q contains information about pore sizes.

S(q) from the simulated sample, which certainly includes no
adsorbed species, reproduces the low-q shoulder intensity of a
methanol-treated sample and the relative peak intensities of
solution-cast films, expected to be closer to equilibrium than
precipitated powders. The reproduction of processing-indepen-
dent WAXS features from the simulated structure indicates that
the force-field parameters and structure generation used accu-
rately reproduce intersegmental interactions, crucial in PIMs due
to the equivalence of porosity, free volume, and intersegmental
distances.

Comparing simulated S(q) to a methanol-treated PIM-1 film,
there is some excess intensity at the lowest q; this is likely a box-
size effect, an inherent limitation related to periodic boundary
conditions. There is also a small, seemingly superfluous peak in
S(q) near 0.52 Å-1. Examining the partial structure factors
(Figure 4 and Supporting Information) reveals that there are
many positive and negative contributions to this portion of the
scattering pattern, which in PIM-1 nearly cancel. When the
chemical structure of PIM-1 is modified to include larger spir-
ocenter substituents;one or two phenyl groups instead of two
methyl groups21;an additional peak appears here in experimen-
tal scattering patterns (unpublished data). It is reasonable to
conclude that this simulated structure does not precisely repro-
duce the history of these experimental samples, but examining
partial structure factors can still clarify the meaning of proces-
sing-independent scattering features.

Figure 4 shows the contribution to the total S(q) from several
partial structure factors. SR-R(q) is defined as the sum of all
SAB(q) (eq 2) such that A and B are atoms located in rigid
segments; SS-S(q) includes contributions from atoms in spiro-
centers, and SR-S(q) includes cross-terms. Note that S(q) =
SR-R(q) þ SR-S(q) þ SS-S(q). Simulations included 10 atom
types, and partial structure factors for all pairs are shown in the
Supporting Information.

The rigid segments overwhelmingly define the shape of the
shoulder, a feature that is not present in nonporous polymers and
which we conclude contains information about pore sizes. In
contrast, spirocenters contribute mainly to the broad peaks
superimposed on the shoulder. The lowest-q peak at 0.52 Å-1

contains contributions from both rigid segments and spirocen-
ters; it represents the correlation between adjacent spirocenters

Figure 3. Simulated structure factor S(q) (;) compared to experimen-
tal WAXS intensity of PIM-1 samples with three different processing
histories: a precipitated powder (O), a solution-cast film (0), and an
identical film that was also treated with methanol (Δ). For clarity, only
every 50th experimental data point is indicated with a symbol.

Figure 2. Broad q range X-ray scattering data for a PIM-1 film. SAXS
(0) and WAXS (;) patterns were scaled so that overlapping q ranges
match USAXS data (O), which was desmeared and calibrated on an
absolute-intensity scale. For clarity, only every 8th SAXS data point is
shown.
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along a single chain ∼15 Å apart. Notably, neither of the two
strongest experimental features (0.89 and 1.25 Å-1) is an
integer multiple of 0.52 Å-1, suggesting that these represent
distances between spirocenters or segments either on different
chains or on the same chain, farther apart than the persistence
length.

Comparing experimental and simulated scattering patterns
serves not only to validate the model structure arising from
interchain interactions in simulations but also to guide inter-
pretation of experimentally observed scattering features.
While correlations between nearest-neighbor segments in non-
porous amorphous polymers give rise to one or two amor-
phous halos against a relatively flat WAXS background,
intersegmental distances in PIMs instead contribute to a
scattering shoulder, underscoring the fundamental difference
in the organization of free volume in these highly permeable
polymers. The broad peaks observed superimposed on this
shoulder represent characteristic distances between segments
or sites of contortion on different chains. Further study will
focus on the development of a model to extract pore size
distributions from PIM scattering patterns.
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Introduction. Highly efficient blue emitting polymer with
good color purity is one of the key issues of the commercial-
ization of the polymer light emitting diodes (PLEDs)1 for
the next-generation flat-panel displays. Although many
efforts have been focused on poly( p-phenylene)s, polycarba-
zoles, polythiophenes, etc., 2,7-fluorene-based polymers2 are
regarded as the most successful blue light emitters. Very
recently, Yang et al.3 and Chen et al.4 reported highly
efficient blue emitting PLEDs based on alkoxyphenyl-sub-
stituted poly(2,7-fluorene) derivatives. On the other hand,
poly(9,9-dialkylsilafluorene)s are another promising candi-
date for blue light emitting PLEDs, which was first reported
by Holmes’ group5 and us nearly the same time in 2005.6 In
general, polysilafluorenes exhibit even more stable blue
emission due to the higher oxidative stability of Si at the
9-position of polysilafluorenes as compared to that of
the C-9 carbon of polyfluorenes, which usually result in the
formation of the keto defects.7 Moreover, Si-containing
polymers are expected to have higher electron affinity owing
to the σ*-π* conjugation.8 As a result, photovoltaic cells
based on 9,9-dialkylsilafluorene-based copolymers have
been demonstrated to have higher open voltage circuit as
compared to that based on its polyfluorene analogue,9 and
the related PLEDs exhibit very good EL performance,10,11

which received intense attention.12 However, we note that
the device based on the homopolymer of 9,9-dialkylsilafluor-
ene shows a moderate external quantum efficiency (EQE) of
0.66% and a maximal luminous efficiency of 0.53 cd/A.10

Given the fact that polymers with aryl side chains usually
have higher thermal stability due to higher glass transition
temperatures than those with alkyl side chains,13,14 bulky
aryl substitutes were thought to result in more effective
suppression of aggregation than alkyl substitutes. As it can
lead to the suppression of excimer formation and long-
wavelength emission,15 it is very interesting to develop
homopolymers of 9,9-diarylsilafluorene for blue light emit-
ting devices. Although some 9,9-diarylsilafluorene-contain-
ing compounds had been reported previously,16 to the best of
our knowledge, processable homopolymers of 9,9-diarylsila-
fluorene have not appeared in the literature.

In this Communication, we report the synthesis a soluble
poly(9,9-dialkoxyphenyl-2,7-silafluorene) (PSF) by the Yama-
moto reaction. The thermal, photophysical, and EL properties
of the obtained polymer were investigated.

Experimental Section. The synthesis of PSF is shown in
Scheme 1. 9,9-Dichloro-2,7-dibromosilafluorene17 is the key
intermediate for the synthesis of 9,9-di(4-(30,70-dimethyl-
octyloxy))-2,7-dibromosilafluorene (1). We tried another
intermediate;9-phenyl-9-chloro-2,7-dibromosilafluorene;but
it is difficult to get the objective product (1). In order to get high
yield of 9,9-dichloro-2,7-dibromosilafluorene, excess SiCl4 was
added to suppress the formation of spirosilafluorene18 andwas
stripped eventually before the addition of alkoxyphenyl-
lithium. PSF was obtained via the Yamamoto reaction. After
the solution of 1 and nickel catalyst was stirred at 85 �C for
2 days, bromobenzene was added to diminish the bromo end
groups which may cause formation of green emission aggre-
gates.19After purification, PSF with Mn of 23 000 and Mw of
92000 was obtained. PSF was readily soluble in common
organic solvents, including toluene, chlorobenzene, chloro-
form, and THF.

Results and Discussion. The UV-vis absorption spectra
and photoluminescent spectra (PL) of PSF in CH2Cl2 and in
solid state are shown in Figure 1. It can be seen that the absorp-
tion spectrum of PSF in solution are almost identical to that in
film, with the absorption maximum at 391-392 nm, implying
that the conjugation length does not change upon the film was
formed after spin-coating. The absorption onset of PSF is
around 438 nm; thus, the optical bandgap (Eg) of PF is esti-
mated at ca. 2.83 eV, slightly smaller than that of poly(9,
9-dialkysilafluorene) (2.93 eV).5 As the onset potential of the
oxidation process (p-doping) of PSF occurs at about 1.38 V
againstHg/Hg2Cl2 (as shown inFigure S5), theHOMO level of
PSF was calculated to be -5.78 eV according to the empirical
formula EHOMO =-(Eoxþ 4.4) (eV),20 which is quite close to
that of poly(9,9-dialkysilafluorene) (-5.77 eV).5 The LUMO
levelwas calculated tobe about-2.95 eV from theHOMOlevel
and the optical bandgap (Eg).

As can be seen from the PL spectra of PSF in CH2Cl2 (ca.
5 ppm) and in the solid state, which were obtained by a
Fluorolog JY luminescence spectrometer under excitation of
340 nm, the PL spectrum of PSF in film shows a 14 nm of red
shift as compared with that in CH2Cl2 while both PL spectra
show strong vibronic structure. The PL maximum of PSF in
film is located at 437 nm, which shows about 12 nm of red
shift compared with poly(9,9-dialkysilafluorene) film,5 with
two vibronic sidebands at 461 and 495 nm, respectively. The
PL quantum yields of PSF in dilute 1,2-dichloroethane and
in filmwere estimated to be ca. 95% and 75%asmeasured in
an integrated sphere, respectively.

To investigate the electroluminescence properties of the
PSF, single-active-layer devices with the configuration ITO/
PEDOT:PSS/PSF/Ba/Al and ITO/PEDOT:PSS/PVK /PSF/
Ba/Al have been fabricated, where poly(N-vinylcarbazole)
(PVK)was used as hole transporting layer. TheEL spectra of
the devices and the PL spectra of thePSFare shown inFigure 2.
We note that the EL spectra of the devices in both configura-
tions are nearly identical to that of the PL spectrum, with an
emission peak at ca. 435 nmand a shoulder at 458 nm, implying
that EL and PL have the same origin. Unlike poly(dioctylfluo-
rene), in which pronounced emission in the longer wavelength
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region typically exists and unstable blue emission upon increase
of temperature andoperation stress,15 theELspectraof thePSF
devices remain nearly unchanged even the devices were an-
nealed at 120 �C for 30 min. The excellent spectral stabilities of
PSF can be attributed to the bulky 9,9-diphenyl substitutes,
which could result in the suppression of aggregation and/or
excimer formation.

The CIE coordinates of the blue emission were found to
be around from (0.17, 0.12) to (0.17,0.13), representing deep
blue emission in the 1931 CIE diagram. Table 1 summarizes the
performance of the PSF devices fabricated from two device
configurations. With a device configuration of ITO/PEDOT:
PSS/PSF/Ba/Al, the maximal LE of 0.53 cd/A (corresponding
toanEQEof0.51%.)wasobtainedafter annealingat 120 �Cfor
0.5 h.Upon the incorporation of a thin layer of PVK (∼30 nm),
despite the turn-on voltage (defined as the voltage at which a
luminance of 1 cd/m2 was measured) slightly increased, the LE
dramatically increased to 2.3 cd/A, while the EQE of the device
reached 2.2%. We noticed that the best performance of a

polyfluorene analogue;poly[9,9-bis(4-(2-ethylhexyloxy)phe-
nyl)fluorene-2,7-diyl];was reported to a luminous efficiency
of 1.9 cd/A (corresponding to an EQE of 1.8%) with CIE
coordinates of (0.16, 0.12).3 The current density-luminance-
voltage (J-L-V ) characteristics of device A and the LE-
current density (LE-J ) characteristics of both devices are
plotted in the Figures S6 and S7.

The thermal properties of PSF were investigated using ther-
mogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) under a nitrogen atmosphere. PSF exhibits
excellent thermal stability from the TGA and DSC measure-
ments (shown inFiguresS8andS9). In theDSC traceof heating
(10 �C/min), PSF exhibited a glass transition at about 120 �C,
which is slightly higher than that of poly(9,9-dialkoxyphenyl-
2,7-fluorene) (108 �C)14 and much higher than that of poly(9,
9-dihexyl-3,6-fluorene) (83 �C).6 TGAcurve shows that decom-
position temperature of PSF starts at 426 �C (5% weight loss),
which is close to that of poly(9,9-dialkysilafluorene).5 We attri-
bute the excellent thermal stabilities of PSF to the 9,9-diphenyl
substitutes.

Conclusion. In conclusion, the soluble poly(9,9-dialkoxy-
phenyl-2,7-silafluorene) was prepared via Yamamoto reac-
tions. This polymer with high glass transition temperature of
120 �C exhibits a high external quantum efficiency of 75%
and a luminous efficiency of 2.1-2.3 cd/A.
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ABSTRACT: The effect of stabilizers, additives, and low molecular weight fractions on cavitation during
tensile drawing was studied in polypropylene. The additives were extracted from compression molded
samples by critical CO2 and also by a mixture of nonsolvents. The extract was an oily liquid composed of
antioxidant, processing stabilizer, and a spectrum of low molecular weight fractions of polypropylene.
Purified polypropylene exhibited surprisingly more intense cavitation than pristine polypropylene as it was
determined by small-angleX-ray scattering and volume strainmeasurements. Intensification of the cavitation
process in the purified samples was explained by the changes in the amorphous phase, namely, the changes in
free volume by eliminating low fractions and soluble additives. An increase in free volume was probed with
positron annihilation lifetime spectroscopy. Intense formation of cavitation pores in purified polypropylene
proves that initiation of cavitation in polypropylene has a homogeneous nature.

Introduction

In the simplest kind of deformation, tensile drawing, deforma-
tion ofmost crystallinematerials is accompanied by formation of
cavities, which manifests itself by strong whitening of the materi-
al. For years cavitationwas regarded as an artifact accompanying
deformation of selected materials, having no considerable influ-
ence on the course of material deformation. The research con-
ducted during recent years allowed to understand better many
aspects connected with formation of discontinuities in the ma-
terial and demonstrate that cavitation is actually an important,
unignorable phenomenon, which nevertheless frequently masks
true mechanisms of deformation. Even though a number of
factors influencing the intensity of cavitation are known, such
as thickness and orientation of crystals,1,2 molecular weight of a
polymer,3,4 deformation rate and temperature,3,5-7 or thickness
of interlamellar regions,1 the nature of nuclei initiating cavita-
tion in polymer materials during their deformation as well as
the influence of the physical parameters of amorphous phase on
the phenomenon are still not known. Itwas clearly demonstrated1

that during plastic deformation there is a kind of “rivalry”
between activation of deformation mechanisms of crystalline
phase and cavitation occurring in amorphous regions. The com-
petition between crystal plasticity and cavitation during tensile
drawing of crystalline polymers was first addressed by us.1,8 The
competition between the two phenomena is best described by the
hypothesis of Ludwig-Davidenkov-Orovan (see ref 9) that was
adopted to polymers from mechanics of metals and ceramics. In
simpler words, easier phenomenon occurs before the one that is
more difficult. In the description of cavitation, we used the term
“cohesion of the amorphous phase” for the quantitative descrip-
tion of its strength. Its measure is a 3-D stress needed for initia-
tion of cavitation. The 3D stress is important in cavitation of
semicrystalline polymers, and we may learn, for example, from
the studies by Castagnet et al.10 We have correlated the strength
of amorphous layers against cavitation with their thickness and
crystallinity degree and not with the thickness of crystals alone
because in the instant of cavity formation the cavity diameter is

limited by the amorphous layer thickness, otherwise lamellae
have to be broken. The cohesion of the amorphous layers is
dependent on their thickness because when crystallinity is higher,
most of the entanglements are rejected into the amorphous phase,
then the thinner and the stronger is the amorphous phase. We
may refer to papers of Bartczak11-13 in which he has demon-
strated that not only crystallinity degree and crystal thickness
(amorphous layer thickness) in PE is influencing the amount of
tie molecules, permanent entanglements and number of segments
between active cross-links but also the molecular character-
istics of PE that is used and pressure during PE processing.
In addition we have shown that cavities can be stable only if
the 3D stress resulting from tensile drawing is sufficient to
keep them open. There is a decisive role of surface tension
that tends to close a cavity and counteracts with a negative
pressure generated during tensile drawing. On the basis of
surface tension and thickness of amorphous regions, Pawlak
and Galeski1 estimated the negative pressure necessary to
generate stable cavitations, equivalent to the strength of the
amorphous phase, for several polymeric materials and also
for polypropylene.

Recently cavitation in polyethylene was described byHumbert
et al.14 in terms of “density of stress transmitters”. Such elements
as tie molecules, entanglements, and partial percolation of the
crystalline phase are considered as stress transmitters through
stacks of crystalline lamellae, and they are responsible for an
increase of elastic modulus of confined amorphous layers above
that typical for the bulk rubberymodulus.According toHumbert
et al., two parameters are governing cavitation: density of stress
transmitters and crystal thickness. Cavitation occurs when
the stress in the system exceeds a certain critical stress needed
for cavitation. Cavitation in the amorphous phase according
to Humbert et al.14 occurs under tensile stress, unlike in other
approaches to cavitation of liquids or rubbers requiring 3D stress
(negative pressure) [e.g., refs 15-17]. The conclusion drawn is
that cavitation is triggered under certain tensile stress that is
related to the strength of the amorphous phase against cavitation
governed by the ratio of stress transmitters and crystal thickness.

Low molecular weight liquids show no strength at all because
cavitation is immediate due to the presence of residual impurities

*To whom correspondence should be addressed. E-mail: andgal@
cbmm.lodz.pl.
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and dissolved gases acting as instantaneous heterogeneous nuclei
of cavitation. These facts are known since 1672 byHuygens18 and
detailed much later by Reynolds.19,20 Those studies allowed one
to understand better the nature of the phenomenon. Only very
pure liquids show strength and can transfer the stress without
breaking. In water, cavitation is nucleated by gas or vapor
microbubbles or solid, hydrophobic impurities, whose pores are
filled with air. Also during crystallization of polymers from the
molten state, cavitation is supported by the presence of additives,
whose surfaces exhibit weak adhesion to a melt.21 In both cases,
cavitation exhibits properties of a heterogenously nucleated
process. The above presented facts indicate that the amorphous
phase of crystalline polymers at a temperature above its glass
transition temperature differs markedly from low molecular
weight analogous liquids. Polymers are not specially purified; it
is opposite: they contain various additives such as stabilizers,
antioxidants, residue of catalysts, lowmolecular weight fractions,
lubricants, light stabilizer, etc. Despite these impurities and
additives, the amorphous phase of crystalline polymers exhibit
amazingly high strength in terms of cavitation stress, at the level
of 10-20 MPa; for comparison, tap water has no strength at all.
It is even more astonishing when considering that all those
substances and additives are rejected into amorphous layers
during polymer crystallization. Usually additives do not cocrys-
tallize with polymers, also low molecular weight fractions are
rejected from crystals to the amorphous phase because of
fractionation. Cavitation initiation in polymers seemingly has a
complicated nature, unlike in unpurified low molecular weight
liquids. The most probable reasons are confinement of amor-
phous layers between crystalline lamellae and macromolecular
chain entanglements, the factors that are absent in lowmolecular
weight liquids. One of the prime objectives of the paper is to
examine the influence of impurities on the nucleation of cavities
generated during deformation of a polymer. It seems by analogy
with low molecular weight liquids that substances present
in the amorphous phase of crystalline polymers, such as sta-
bilizers, processing additives, or low molecular weight fractions
(oligomers) as well as residues of catalyst can significantly
influence the intensity of the cavitation process. In order to
determine the role of the mentioned additives in nucleation of
cavitation, the material has been subjected to purification and
degassing and the influence of the mentioned “impurities” on
initiation and intensity of the cavitation process has been
examined. The conducted studies should determine if nuclea-
tion of cavitation during deformation of polymers takes place
in a similar, heterogeneous manner as in the case of liquids of
low molecular weight. The obtained results will allow one to
better understand the mechanism of cavity formation during
deformation of crystalline polymers and thus enable better
control of the phenomenon, e.g., elimination of cavitation
where it is undesired.

Experimental Section

Materials. Studies presented in the paper have been con-
ducted for a number of crystalline polymers, whose deforma-
tion was accompanied by cavitation. The materials used are
presented and characterized: polypropylene, Novolen 1100H
(Mw=400 kg/mol, Mn=80 kg/mol, Mw/Mn=5; manufac-
turer data), of melt flow indexMFI= 1.8 g/10 min (for 230 �C,
2.16 kg according to ISO 1133), density 0.91 g/cm3, by BASF.

Purification. The process of polypropylene purification has
been performed using the following methods: (1) purification
using supercritical CO2 extraction. Extraction was run for 13 h
at the temperature of 60 �C under pressure of 200 bar, very
slow decompression of the system was applied to enable slow
removal of CO2 and to avoid changes in the material struc-
ture; (2) purification using extraction with a nonsolvent mixture

(hexane/chloroform/ethanol 4/1/1, v/v/v)22,23 in Soxhlet appa-
ratus. Components of themixture are nonsolvents of the crystal-
line phase; however, they can permeate into the amorphous
regions of polyolefins. The extraction process was run for at
least 72 h. After completion of extraction, the purified material
was taken out of the nonsolventmixture and placed in a vacuum
drier at the temperature of 50 �C in order to remove nonsolvents.
The nonsolvent mixture, after extraction, was evaporated on a
vacuum evaporator, so as to perform quality and quantity
assessment of substances extracted from the material.

Mechanical Testing. Mechanical properties of the materials
examined in the paper were assessed using a testing machine
(Instron 5582) of load range 0-100kN. The shape of samples was
according to ISO 527-2 standard, with 1mm thickness and 4mm
width. The gauge length was 25 mm. Tests were performed at
room temperature at the rates 6.7� 10-4 and 3.3� 10-3 s-1. The
actual shape of a sample during deformationwas recorded using
a Nikon D50 digital camera. In order to determine the local
strain, markers of sputter coated gold located along the entire
gauge length at a distance of 1mm from one another, were being
placed on surfaces of the samples using an ion sputter coater and
a mask obtained with the use of photolithography. A similar
measuring technique was used in the papers.2,3,24-26 Local
strain was calculated as a change in distance between the
markers according to a relation: (l- l0)/l0, where l0 is a distance
between markers for the undeformed sample and l is a distance
between markers for the deformed sample. Volume strain
for local strains was determined using the following relation:
(V - V0)/V0, where V0 denotes volume of the undeformed
sample. To do so, a small mirror was set up during the photo-
graphic register of deformation, which directed an image of the
sample’s thickness to a digital camera. The volume of the sample
between markers was determined on the basis of a distance
betweenmarkers and the thickness of the photographed sample.

Deformation of samples during small-angle synchrotron
radiation scattering studies at Hasylab, Hamburg, Germany,
was performed on a specially designed testing machine which
enabled tension of samples with a simultaneous register of
SAXS scattering patterns. Symmetrically stretched samples
were monitored with the use of a camera, which enabled precise
calculation of local strain of the sample on the basis of change
in distance between the markers. Tests were performed at room
temperature at a standard rate 3.3 � 10-3 s-1. For selected
experiments, a deformation rate of 6.7 � 10-4 s-1 was used.
Deformation was conducted for 6 s, and next a scattering
pattern for a given strain (calculated on the basis of images
obtained with a photographic camera, with no tension) was
registered. The entire procedurewas cyclically repeated up to the
rupture of the sample.

Differential Scanning Calorimetry (DSC). Thermal analysis
of the examined materials was conducted using an indium-
calibrated DSC apparatus (TA 2920, Thermal Analysis). Sam-
ples of total mass of 6-8 mg were being placed in aluminum
pans and pressed slightly in order to ensure good contact with
the DSC cell surface. The data was registered during heating
at a constant rate of 10�/min, under nitrogen flow. The degree
of crystallinity of the studied samples was determined according
to a formula: Xc=ΔHm/ΔHm�, where: ΔHm is the measured
specific heat ofmelting,ΔHm� is the heat of fusion of the crystal.
For polypropylene, the value of ΔHm� = 209 J/g has been
assumed.27

Positron Annihilation Lifetime Spectroscopy (PALS). Positron
lifetime spectra measurements were performed using an ORTEC
“fast-fast” spectrometer,28 equipment of The Section of Applica-
tion of Nuclear Physics, Institute of Experimental Physics, Uni-
versity of Wroclaw. The resolution of the spectrometer was found
to be 270 ps.

In this method, positrons emitted by the radioactive source
(in this case 22Na) penetrate into two samples surrounding
the source and annihilate after thermalization. In the case of
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polymers, some positrons create a positronium (hydrogen-
like bound state of an electron and a positron) in the free
volume regions. A mean lifetime of a triplet positronium
(orthopositronium) is related to the size of the free volume
regions in which the atoms of the orthopositronium annihilate.
Reconstruction of the distribution of the positronium lifetimes,
on the basis of themeasured lifetime spectrum and determination
of shape of the free volume regions, enables one to determine
radius or volume distribution of these areas.

Positron lifetime spectrameasurements were performed in air
at room temperature. Measurement time for one spectrum
was 20 min, which corresponds to a total of approximately
1�106 counts under the measured spectrum. LIFETIME soft-
ware was used for the analysis.29

Nuclear Magnetic Resonance (NMR). 13C NMR spectra in a
liquid phase (deutered chloroform as a solvent) were recorded
using Bruker AV 200 apparatus operating at the frequency of
50.33 MHz. Chemical shifts of signals given in parts per million
(ppm) were measured relative to chloroform (13C 77.00).

Small-Angle X-ray Scattering (SAXS).The small-angle X-ray
scattering technique was used for detection of cavities and for
determination of a long period. The 0.5 m long Kiessig-type
camera was equipped with a tapered capillary collimator com-
bined with additional pinholes (300 μm in diameter) forming the
beam and imaging plates as a detector and recording medium
(Kodak). The camera was coupled to an X-ray source (sealed-
tube, fine point CuKR filtered radiation, operating at 50 kV and
40mA; Philips). The time of collection of the patternwas usually
around 3 h. Exposed imaging plates were read with Phosphor
Imager SI scanner and ImageQuant software (Molecular
Dynamics).

In situ studies with the use of synchrotron radiation, λ=
0.1542 nm, were performed at the A2 beamline in Hasylab
(Hamburg, Germany). Two-dimensional scattering patterns
were registered with the use of a MarCCD 165 detector (Mar
Research, Norderstedt, Niemcy) with a resolution of 2048 �
2048 pixels. The distance between the sample and the detector
was 2513 mm. The exposure time was 12 s.

Long periods were determined from one-dimensional sec-
tions of the 2-D pattern. Background and Lorentz corrections
were applied to the curves. A long period was then calculated
from the position of the maximum of the corrected curves using
Braggs law.

Wide-Angle X-ray Scattering (WAXS). Analysis of the crys-
talline structure of the materials and assessment of the degree of
their crystallinity was performed using wide-angle X-ray scat-
tering measurements by means of a computer controlled goni-
ometer coupled to a sealed-tube source of Cu KR radiation
(Philips), operating at 50 kV and 30 mA. The Cu KR line was
filtered using electronic filtering and the usual thin Ni filter. The
degree of crystallinity was calculated on the basis of diffracto-
grams registered at a step 2θ=0.05� by means of sufficiently
thin diaphragms. Since reflections from the crystalline phase
and the amorphous halo frequently overlap each other, it was
necessary to separate them. Analysis of diffraction profiles of
the examined samples and separation of peaks was performed
using WAXSFit software designed by M. Rabiej of the Uni-
versity of Bielsko-Biaza (AHT).30 The software allows one to
approximate the shape of the peaks with a linear combination of
Gauss and Lorentz or Gauss and Cauchy functions and adjusts
their settings and magnitudes to the experimental curve with
a “genetic” minimizing algorithm. Such calculated surfaces
of peaks, corresponding to given crystallographic planes, and
an amorphous halo allowed one to determine the degree of crys-
tallinity of the sample.

Results

The presence of impurities, both in liquids of low molecular
weight and in a melt of the crystallizing material, encourages for-
mation of cavitation bubbles. Stabilizers present in the material

(added by manufacturers to improve thermal parameters and
material processing), catalyst residue, crystallization nucleants,
and low molecular weight fractions, oligomers (result of an
imperfect process of synthesis), can act as impurities, which are
substances that affect the intensity of the cavitation process. The
above-mentioned substances do not cocrystallize with a polymer
and are preferentially located in the amorphous phase of the
material. In order to assess their impact on cavitation accom-
panying tensile drawing, commercial polypropylene was sub-
jected to purification using supercritical CO2 extraction and
extraction with a nonsolvent mixture (hexane/chloroform/etha-
nol 4/1/1, v/v/v) in Soxhlet apparatus. Both methods of purifica-
tion of the amorphous phase led to very similar results; hence,
only the detailed results obtained for the polypropylene purified
using extraction with the nonsolvent mixture will be presented
further. This type of extraction is used in research on thermal
and thermooxidative degradation and stability of polyolefin
materials22,23 as it does not cause any changes to the crystalline
phase. The samples in the form appropriate for mechanical and
X-ray studies were cut out from a film, 1 mm thick, prepared by
compression molding at the temperature of 220 �C.

In order to test the efficiency of the applied purification
method, an oily liquid extracted from the material (extrac-
tion process was run for at least 72 h, oily residue constituted
0.5-0.9% by weight) has been analyzed. Figure 1 presents a 13C
spectrum of nuclear magnetic resonance performed for the
extracted substance, dissolved in deutereted chloroform. The
presented spectrum allowed one to identify carbon atoms
(marked in the figure) forming a molecule of the material acting
as a stabilizer (pentaerythritol tetrakis(3-(3,5-ditert-butyl-4-
hydroxyphenyl)propionate), corresponding to the trade name
Irganox 1010) and molecules of propylene oligomers of various
size and architecture, overlappedwith signals from stearate. There-
fore, the applied method allowed one to remove molecules
of the stabilizer, processing aid, and low molecular weight
fractions from the examined material, substances whose pre-
sence should influence the intensity of the cavitation process.
In order to assess the influence of the extracted substances
(impurities) on cavitation during tensile drawing, the purifica-
tion process should not influence parameters of the crystalline
phase of the material.

Hence, with the use of X-ray techniques and differential
scanning calorimetry, selected parameters of the crystalline phase
of the examined material prior to and after extraction were
determined. Once the extraction process has been completed,
the samples were being dried at the temperature of 50 �C in order
to remove the residues of nonsolvents. Samples of the reference
material were subjected to an analogous procedure. Table 1
presents selected parameters of the crystalline phase determined
for samples prior to and after the purification process. Reference
and purified samples consist of only the R form crystals as it can
be judged from the X-ray diffraction reflexes from (110), (040),
(130), (060), and (113) crystallographic planes of monoclinic iPP
crystals (R form). No other crystals such as cocrystals with
additives were detected. SAXS patterns for both samples are
characteristic for stacking of crystalline lamellae interspersed
with amorphous layers with clear periodicity. Since the crystals
are free from additives, it is concluded that the additives are
concentrated in amorphous layers. Also low molecular weight
fractions are embeded in crystals as it can be deduced from a high
and sharp melting temperature (167.1 �C ( 0.1 �C). The pre-
sented data indicate a lack of substantial changes in the crystalline
structure of the material as a result of the extraction process.
Therefore, the appliedmethodofmaterial purification allows one
to obtain a desired effect without markedly influencing other
parameters of the material. Figure 2 illustrates the engineering
stress-strain curve of pristine polypropylene with polypropylene
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purified by extraction with the nonsolvent mixture. There is not
many changes caused by extraction except a slightly lower strain
to break. Very similar stress-strain curves for reference and
purified samples presented in Figure 2 prove that nothing serious
happened to the entanglement density and the number of taut
molecules spanning neighboring lamellae during purification.
They remained untouched as it can be judged from the lack of
changes in strain hardening behavior. The evident difference
between the two samples was that the purified sample during
tensile drawing exhibited even stronger stress whitening than
pristine sample.

In order to assess the influence of the purification process of
the material on the phenomenon of cavitation accompanying
tensile drawing, in situ small-angle X-ray scattering studies using
synchrotron radiation were performed. X-ray scattering is much
stronger from cavities than from the structural elements of the
material due to a difference in the electron density. The SAXS
method is therefore a very useful tool for examination of the cavi-
tation process in the material. Figure 3 presents SAXS scattering
patterns recorded for the reference and purified polypropylene
deformed at a rate 3.3 � 10-3 s-1, up to the local strain of 4.5.

In the case of the reference sample (RS), signals indicating
formation of cavities in the material, on SAXS scattering pat-
terns, are already observed at the local strain equal to 0.13. The
obtained scattering pattern indicates that cavities at this stage
of deformation are of ellipsoidal shape and are oriented by their
long axis perpendicularly to the direction of deformation (signal
in the meridional region on a scattering pattern). The specific
arrangement and shape of cavities is forced by the lamellar
structure of the material. On further deformation stages, an
increase in the intensity of the registered signal is observed in
the aforementioned region of a scattering pattern, up to the strain

of 0.8. At this stage of deformation, a signal in the equatorial
region of a scattering pattern is also registered, which indicates
the presence of the second population of cavities oriented parallel
to the direction of the applied force. Signal appearing in this
region of the scattering pattern at the cost of intensity in the
meridional region demonstrates that subsequent plastic deforma-
tion mechanisms of the material (lamellar fragmentation) acti-
vated at this stage of deformation also force reorganization of the
shape of cavities.

Further stages of deformation (>0.8) are accompanied by
a substantial decrease in size of cavitation pores perpendicularly
to the direction of deformation and their strong orientation
toward the direction of deformation. For a local strain equal to
4.5, one observes a decrease in the intensity of signal coming from
the cavities. The reason for this effect is that cavities enlarge with
deformation, and finally most of them scatter X-rays outside of
the SAXS detection limit.

Deformation of the purified samples is also accompanied
by cavitation. It proceeds almost identically as in the case of
reference material; however, a significant difference concerns the
intensity of scattering signals coming from cavities at subse-
quent stages of deformation. Analysis of the presented scatter-
ing patterns indicates that the intensity of the cavitation
process has increased in the purified material. The extraction
process, which resulted in the removal of substances capable
of nucleating cavitation, not only did not decrease the intensity
of cavitation but produced a reverse effect, an increase in the
number of cavitation pores formed during deformation of the
material.

Analogous conclusions can be drawn while analyzing volume
strain measurements performed for the examined material
prior to and after the purification process. Figure 4 presents the
relevant data. Deformation of the unmodified polypropylene
sample (RS) is accompanied by a strong increase in vol-
ume (of around 70%), an effect of discontinuities occurring in the
material. The purification process leads to an increase in the
intensity of cavitation, whose effect is a volume strain increase,
presented in Figure 4, up to around 95%. Removing stabilizers
and additives filling the amorphous phase of thematerial and low

Table 1. Parameters of Crystalline Phase of Polypropylene Samples
Prior to and after the Purification Process

sample
long period

[nm]
crystallinity

degree [%] (DSC)
crystallinity

degree [%] (WAXS)

reference (RS) 13.3( 0.2 47.8( 0.1 46.3( 0.5
purified (PS) 13.6( 0.2 48.0( 0.1 46.6( 0.5

Figure 1. 13C NMR spectrum of a substance extracted from the examined polypropylene.
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molecular weight fractions resulted in an increase of approxi-
mately 30% in the intensity of cavity formation in the material.

Intensity of cavitation accompanying tensile drawing of crys-
talline polymers is affected by numerous factors connected with
parameters of the material and conditions under which deforma-
tion takes place. One of such factors is the deformation rate.
Therefore, additional examinations of polypropylene were con-
ducted before and after purification for a lower deformation rate
(6.7 � 10-4 s-1).

Decreasing the deformation rate should decrease the intensity
of cavitation in both materials and at the same time intensify the
difference between them. Figure 5 presents SAXS scattering
patterns recorded during in situ studies using synchrotron radia-
tion for reference and purified polypropylene deformed at a rate
of 6.7� 10-4 s-1 up to a local strain of 4.5. Deformation of poly-
propylene samples prior to and after the purification process is
accompanied by cavitation; however, the intensity of the phe-
nomenon is significantly higher for materials after extraction of

Figure 2. Engineering stress-strain curve of the polypropylene sample subjected to purification and degassing compared with the stress-strain curve
for the reference sample.

Figure 3. Small-angle X-ray scattering patterns of a series of polypropylene samples: (a) RS and (b) PS. Patterns correspond to the local strain of
samples. Deformation rate, 3.3 � 10-3 s-1; direction of deformation, vertical.
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stabilizers and lowmolecular weight substances. At each stage of
deformation of the examined materials, one observes a substan-
tial difference in the intensity of the scattering signal between the
reference and the purified sample.

Figure 6 presents volume strain measurements for samples
prior to and after the purification process, deformed at a rate of
6.7� 10-4 s-1. Tensile drawing of the unmodified polypropylene
sample (RS) is accompanied by a substantial volume increase

(up to 50%), resulting from cavities generated in the material.
Purification of the material increases the intensity of cavita-
tion, whose effect is an increase in volume strain by approxi-
mately 70%, presented in Figure 6. Extraction leading to
removal of impurities from the amorphous phase of the
material, i.e., stabilizers and low molecular weight fractions,
results in an increase in cavity formation in the material by
around 40%.

Figure 5. Small-angle X-ray scattering patterns of a series of polypropylene samples: (a) RS and (b) PS. Numbers correspond to the local strain of
samples. Deformation rate, 6.7 � 10-4 s-1; direction of deformation, vertical.

Figure 4. Volume strain as a function of local strain for reference polypropylene (RS) and purified polypropylene (PS). Deformation rate
3.3 � 10-3 s-1.
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The above results are astonishing and against expectation.
There is no direct analogy between amorphous phase of crystal-
line polymers above Tg and lowmolecular weight liquid: it is not
the impurities that nucleate cavitation in the amorphous phase
during tensile drawing. Theremust be an inherent property of the
amorphous phase that upon purification intensifies nucleation of
cavitation.

The packing of the amorphous phase of thematerial, which is a
consequence of the chemical structure of macromolecules and
organization of the supermolecular structure, naturally generates
the free volume pores, whose size and dynamics of reorganization
caused by thermal movements of polymer chains may have a
direct influence on initiation of cavitation during deformation of
the material. The amorphous phase of polymers is characterized
by a more unordered structure than amorphous low molecular
weight materials due to steric hindrances introduced by chemical
bonds of long chains.Hence, an intrinsic element of the polymer’s
amorphous phase is a fraction of so-called “free volume” result-
ing from its incomplete packing. This results in a difference in
density betweenwell-packedpolymer crystals and the amorphous
phase. At the temperatures above the glass transition, the
amorphous phase exhibits certain dynamics of free volume,
“empty” spaces change in time as a result of thermal movements
of the polymer chains. The presence of “empty” spaces (vapor or
gas bubbles) in low molecular weight liquids is conducive to
formation of cavities. In polymers, the dynamic “empty” spaces
may also initiate nucleation of cavitation. The size of these empty
spaces is considerably smaller than the thickness of amorphous
layers, though it can increase under the influence of mechanical
stress during tensile drawing of a polymer, which is when they
may become cavitation nuclei.

In order to assess the influence of the extraction process on
parameters of the amorphous phase of the material (size of the

free volume of the amorphous phase), positron-lifetime spectra
measurements were performed. The choice of the model for
spectra analysis is extremely important. Results presented further
in the paper correspond to the model of spectra analysis, which
assumes (1) the intensity ratio of anihilating para- and orthopo-
sitronium of 1:3, (2) lifetime of annihilating parapositronium, τ1,
of 125 ps, (3) the presence of the log-normal distribution of mean
lifetimes corresponding to free annihilation of positrons and
annihilation of ortho-positrons by “pick off”. In the analyzed
spectrum, this corresponds to components of mean values Æτ2æ
and Æτ3æ, of mean lifetimes τ2 and τ3. Distribution of mean
lifetimes τ2 and τ3 are characterized by dispersion values
σ2 and σ3. The results of the obtained spectra are presented
in Table 2.

A simple quantum-mechanical model allows one to relate a
mean lifetime τ3 with the size of the free volume region. In
analysis of the results, as in the case of a model proposed by Tao
and Eldrup,31,32 the spherical shape of these regions has been
assumed. On the basis of the distribution of τ3 values, normalized
volume distributions of the free volume regions, V, were deter-
mined as presented in Figure 7.

The extracted mass amounted to 0.9 wt %. All of it was
localized in the amorphous phase before purification. The
volume of purified polypropylene was not decreased due to
purification as it is concluded from the long period values: 13.3
and 13.6 Å for the reference and purified samples, respectively.
Also the X-ray absorption coefficients 0.3295 and 0.3251 nm-1

for the reference and purified samples, respectively, measured in
WAXS apparatus indicate that purified sample is less absorbing
of X-rays. So, the compaction, if any, that occurred during
purification was very low. Apparently the sample shrinkage
was very limited because of a stiff crate construction that is made
up from crystalline lamellae. It leads to the conclusion that the

Figure 6. Volume strain as a functionof local strain for reference polypropylene (RS) andpurifiedpolypropylene (PS).Deformation rate 6.7� 10-4 s-1.

Table 2. Results of Positron Lifetime Spectra Analysis

mean lifetime component intensity

sample τ1[ps] Æτ2æ [ps] Æτ3æ [ns] σ2 [ps] σ3 [ns] I1 þ I3 [%] I2 [%]

reference sample (RS) 125 357.4( 1.6 2.37( 0.07 61.9( 0.6 0.95( 0.09 22.2 ( 0.4 77.8( 0.4
purified sample (PS) 125 371.9( 1.2 2.57( 0.02 72.2( 0.4 0.83( 0.04 19.7( 0.1 80.3( 0.1
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free volume in the amorphous phase was increased by a sig-
nificant amount. In order to estimate the increase in free volume
due to purification, we assumed the number of free volume holes
at 5.2� 1020 g-1 for the amorphous phase of polypropylene in the
rubbery state based on the studies by Baer et al.33 The mean free
volume hole size in the reference sample is 0.139 nm3 as it follows
from our PALS measurements. The fraction of free volume of
amorphous PP layers at room temperature is thenNFD ≈ 0.065,
whereN is the number of free volume holes in 1 g of amorphous
phase, F is the density of the amorphous phase, andD is themean
size of free volume holes (0.139 nm3). The additional free volume
generated by purification is 0.9 wt %/0.9 g/cm3 = 0.01 vol of a
sample. Considering that the new free volume is concentrated
only in the amorphous phase, we arrive at a total free volume
fraction of 0.09 in the amorphous phase. Since Figure7a illus-
trates normalized size distributions of free volume holes, the
curves should be corrected considering that the total free volume

for the reference sample is 0.065, while for the purified sample it is
0.09. The new plot is presented in Figure 7b.

Analysis of the presented data clearly indicates an increase
in the mean size and number of the free volume regions in the
purified material. Removal, as a result of extraction, of
stabilizers, other additives, and low-molecular weight frac-
tions filling the amorphous part of the material leads to
changes in the interlamellar regions, which results in the size
increase of empty spaces constituting an integral part of the
unordered phase.

Intensification of the cavitation process in the purified samples
can only be explained by the changes in the amorphous phase,
namely, the changes in free volume by eliminating low fractions
and soluble additives. The scheme illustrating the enlargement
of free volume pores in solidified polypropylene upon extraction
of stabilizers, additives, and low molecular weight fractions is
presented in Figure.8.

Figure 7. (a) Normalized size distributions of free volume pores of the amorphous phase of reference (RS) and purified polypropylene (PS), probed by
positronium. (b) Relative size distributions of free volume pores of the amorphous phase of reference (RS) and purified polypropylene (PS), probed by
positronium.
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Conclusions

Extraction of additives and the low molecular weight fraction
from solidified polypropylene by a mixture of nonsolvents or
by supercritical CO2 does not cause any detectable changes to
its crystalline phase. Neither the long period, as measured by
SAXS, nor the crystallinity of the samples have changed.
Changes introduced to the amorphous phase by extraction was
limited to a significant increase in the free volume; however, the
entanglement density and number of taut molecules spanning
neighboring lamellae remained untouched as it can be judged
from the lack of changes in strain hardening behavior. Also, the
natural draw ratio of samples before extraction and after extrac-
tion is very similar if the contribution to the cross section area in
the purified sample of additional cavities was taken into account
(see Figure 4 showing an increase in the volume of deformed
samples due to additional cavities).

Purification caused two detectable effects: increase in free
volume (by PALS) and increase in cavitation intensity (volume
strain, SAXS). Since all other parameters of thematerial were not
changed significantly, it is evident that there is a strong depen-
dence between free volume, which increased by extraction of
additives and lowmolecularweight oligomers, and intensification
of cavitation.

The dominant role of the free volume of the amorphous phase,
which is an integral part of unordered regions of all crystalline
polymers, in formation of cavitation pores proves that initiation
of the phenomenon is of a homogeneous nature.Wemean by the
term “homogeneous nucleation” a nucleation from the material
itself in contrast to heterogeneous nucleation on foreign sub-
stances. That was proven by removingmost of the heterogeneous
nuclei: impurities, additives, and gas. It appears that in crystalline
polymers a heterogeneous nucleation of cavitation is nearly
inactive. The observation of heterogeneous nucleation of cavita-
tion at the level of stress of 0.5MPaby chalkparticles byNowacki
et al.21 concerned the decohesion of polymer melt at much larger
sizes than the amorphous layers in polypropylene: 1-3 μm

against 10-20 nm and assuring weak bounding between
polymer melt and filler particles. In polypropylene, the homo-
geneous nucleation of cavitation occurs under a negative stress
of 10-20 MPa. We expect similar behavior connected with
extraction of additives and the low molecular weight fraction
in other crystalline cavitating polymers.
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ABSTRACT: The free-volume properties in a system of zinc oxide (ZnO) nanoparticles (20 nm) dispersed in
waterborne polyurethane (WBPU) were measured using positron annihilation lifetime spectroscopy. Two
glass-transition temperatures (Tg), lower Tg ∼ 220 K and higher Tg ∼ 380 K of the ZnO/WBPU nano-
composites, were found and both increase with increasing zinc oxide content from 0% to 5%. These two glass
transitions are interpreted from two segmental domains ofWBPU; the lowerTg is due to soft aliphatic chains
and high Tg is due to polar hard microdomains, respectively. The increase in Tg with the addition of ZnO
fillers is mainly attributed to interfacial interactions through hydrogen bonding, van der Walls forces, and
electrostatic forces between the polymer matrix and zinc oxide nanoparticles. These results are supported by
the data from the dynamic mechanical thermal analysis (DMTA). The relationship between the free volume
obtained from nanoscopic positron method and the physical cross-link density from macroscopic DMTA
method as a result of microphase separation of hard and soft segments in polyurethane is found to follow an
exponential function. Chemical properties and surface morphology of nanocomposites were examined by
Fourier transform infrared spectroscopy (FTIR) and by atomic force microscopy (AFM).

1. Introduction

Nanoparticles are a class of materials with unique chemical
and physical properties and wide application potential to diverse
areas.1-3 Dispersion of nanoscale inorganic fillers into organic
polymers to form polymer nanocomposites has gained increasing
interest in recent years.4-9 Controlling the nanostructure, com-
position, and morphology of nanocomposites plays an essential
role in their diverse applications. Novel properties and advan-
tages of nanocomposites can be obtained by successful imparting
of the characteristics of parent constituents to a single material,
such as increased mechanical strength, improved gas permeas-
electivity, and enhanced thermal and electrical properties.10-14

Zinc oxide (ZnO) is an important semiconductivematerial and
has drawn much attention due to its characteristics in optics,
photonics, electronics, and biological applications.15-23 For
example, ZnO has a special UV absorption with the band gap
of 3.4 eV, it also shows a marked antibacterial activity at pH
values in the range from 7 to 8 without the presence of light.15,16

ZnOnanoparticles can be obtained by variousmethods including
thermal evaporation, electrochemical deposition, sonochemical
method, sol-gel, hydrothermal synthesis and so forth.17 Various
one-dimensional (1D) ZnO nanostructures have been realized,
such as nanorods, nanowires, nanobelts, nanosheets, nanotubes,
nanonails, etc.19-23 Among the 1D ZnO nanostructures, nano-
rods have been widely studied because of their easy preparation
andwide applications.19 In the existing studies, ZnO nanoparticles
were blended with various types of polymers, such as polyethy-
lene,24polypropolyene,25,26 poly(methylmethacrylate) (PMMA),27,28

polystyrene,29 polyamide,30 polyacrylonitrile,31 polyacrylate,32

and recently polyurethane,33-35 to achieve specific materials
properties and performance.

Waterborne polyurethanes (WBPU), namely polyurethanes
dispersed in water, are a new generation of polyurethane (PU) in
manufacturing electronic, adhesive, coatings, membranes, and
biological applications.36-47 They represent a major trend in the
PU development because of the increasing interest about the
environmental pollution, the health and safety risks. A wide
variety of aqueous systems can be tailored with properties based
on polyurethane chemistry and technology and related to con-
ventional solvent-borne coatings, and with several technological
advantages, including low viscosity and good applicability as
coatings for different types of substrates (such as wood, concrete,
leather, metal, textiles, and some polymers).48-57 The WBPU
synthesis is based on a polymerization process which involves di-
or polyisocyanates and di- or polyols, which are essentially the
same used for the preparation of conventional PU.58 The large
applicability of WBPU results from the fact that their perfor-
mances can be modified by selecting appropriate raw materials,
catalysts, and auxiliary compounds, by employing various pro-
duction methods, and/or by using various methods for further
processing and/or for shaping the final products.

Polyurethanes offer good elasticity because of their specific
microstructure, which contains two parts: a rigid chain segments
(hard) and a flexible chain segments (soft).48-58 The soft seg-
ments originate from the polyol and impart elastomeric char-
acteristics to the polymer and the hard segments contain the
highly polar urethane linkages and act as a highmodulus “filler”.
The thermodynamic incompatibility of the polar hard segments
with the nonpolar soft segments produces microphase-separated*Corresponding author. jeany@umkc.edu.
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structures, forming microdomains. The properties of WBPU
depend on the relative amount of the soft and hard segments.

The diisocyanate residues and the chain extenders aggregate
into hard domains due to the intersegment hydrogen bonding
betweenN-HandCdOgroups.The hard domains are dispersed
throughout the soft segmentmatrix and impartmechanical strength
to the WBPU acting as physical cross-links. As a consequence,
the physical,59mechanical,60-62 and adhesive41 properties strongly
depend on the degree of phase separation and on the intercon-
nectivity of the hard domains.

Existing physical methods, such as NMR, FTIR, DMTA,
neutron diffraction, X-rays, AFM, SEM, XPS, etc.63-68 have
been employed to investigate basic properties polymer nanocom-
posites. Only recently, a novel method, positron annihilation
spectroscopy (PAS) has been used to investigate atomic and
molecular defects and interfacial properties.69-97 One of PAS
techniques, positron annihilation lifetime spectroscopy (PALS),
is capable of determining the free-volume and hole properties
directly at the atomic and nonoscales.98,99 This capability arises
from the fact that positronium (bound state of positron and
electron, Ps) is preferentially localized in regions of low electron
density sites, such as free volumes, holes, interfaces, and pores.
The primary mechanism of annihilation of triplet positronium
(o-Ps) is by pick-off with electrons of the polymeric materials
under study. Thus, the intrinsic o-Ps lifetime (142 ns) is shortened
to a few ns (1-10 ns) by two-γ annihilation processes. Generally,
the lifetime of o-Ps is determined by an overlap integral between
the positron and the electron densities in the free volumes of
molecular systems. Therefore, the o-Ps lifetime is expected to
correlate directly with the dimensions where Ps is localized. A
larger hole, which contains a lower mean electron density, results
in a longer Ps lifetime. A simple quantum mechanical model,
where o-Ps resides in a spherical well having an infinite potential
barrier of radius Ro with a homogeneous electron layer in the
region R < r < Ro, (Ro=R þΔR) has been proposed to derive
the relationship.100 Such a model provides a simple relation
between the o-Ps lifetime, usually denoted as τ3, the third mean
lifetime as analyzed from experimental PALS data and the mean
free-volume radius (R). A semiempirical equation by fitting the
measured o-Ps lifetime (τ3) in a spherical infinitive potential
model with known cavity sizes is established as:100-102

1=τ3 ¼ 2½1-R=R0 þð1=2πÞ sinð2πR=R0Þ� ð1Þ
where τ3 andR are expressed in the units of ns, and Å, respectively
and ΔR was calibrated to be 1.656 Å.

In this paper, we use PALS to measure free-volume sizes,
distributions, and relative fractions in ZnO/WBPU nanocompo-
sites with different % of ZnO nanoparticles and correlate
chemical, physical, and mechanical properties obtained by con-
ventional methods, FTIR, AFM, and DMTA.

2. Experimental Section

2.1. Materials and Sample Preparation. A waterborne disper-
sion of ZnO nanoparticles (NANOBYK, BYK) and a water-
borne dispersion of polyurethane (WBPU, Bayhydrol, Bayer
Material Science) were selected for this study. The chemical
structure of waterborne polyurethane (WBPU) is shown in
Figure 1. The WBPU was composed of long-chain aliphatic
polyester segments (R, R0), which form a low-melting-point
elastomeric matrix (soft) and of polar urea (-NHCONH-) and

urethane (-NHCOO-) groups, which aggregate into glassy
(hard) microdomains. This microphase separation is resulted
from the intersegmental hydrogen bonding between N-H and
CdO groups and due to the incomparability of the nonpolar
soft segments and the polar hard segments. The hard segmental
microdomains were winded throughout the soft segments and
behave as physical cross-linking, which contributes to the
mechanical strengths of the WBPU.59-68

The ZnO nanoparticle dispersion contains 45% by mass of
nonvolatile substance, in which 86% is ZnO (measured by
thermogravimetry analysis). The nominal diameter of the ZnO
nanoparticles is 20 nm (provided by the manufacturer). This
nanoparticle dispersion is designed by the manufacturer to
improve the long-term UV stability of coatings for wood and
furniture, as well as architectural applications. The WBPU is a
one component anionic dispersion of an aliphatic polyester
urethane resin in water/n-methyl-2-pyrrolidone. ZnO nanopar-
ticle/WBPU films (hereafter referred to as ZnO/WBPU) were
prepared by mixing the WBPU dispersion with different load-
ings of ZnO dispersion using a mechanical stirrer (Dispermat,
VMA) at 315 rad/s (3000 rpm) for 20min.After degassing for 1 h
in vacuum, themixture was then applied to the substrates. Thick
films having a thickness of 100 μmwere prepared by drawdown
technique on the glass substrate that was pretreated with a
releasing agent. All films were dried overnight under ambient
conditions, followed by an oven postcure at 423 K for 10 min.
Freestanding ZnO/WBPU films were obtained by removing the
thick films from the glass substrates. Thin films having a
thickness of approximately 6 or 100 μm were prepared by spin
coating onto calcium fluoride (CaF2) substrates at 209 rad/s
(2000 rpm) for 30 s. In addition, WBPU films without ZnO
nanoparticles also were prepared for comparison.

2.2. Measurements. 2.2.1. Dynamic Mechanical Thermal
Analysis (DMTA). The thermal mechanical properties of the
ZnO/WBPU films, such as storage module (G0), the loss module
(G00), and the loss tangent or dissipation (damping) factor (tan δ):

tan δ ¼ G00=G0 ð2Þ

were measured on an RSA III (TA Instruments) dynamic
mechanical thermal analyzer (DMTA). Figure 2 shows the
modules’ results from DMTA measurements.

The glass transition temperature (Tg) measurements were
determined from the peak positions of tan δ vs temperature
from ∼170 to 420 K at a temperature ramp of 3 �C/min, with a
frequency of 1.0Hz and a strain of 0.5%andwere the average of
three measurements.

2.2.2. Fourier Transform Infrared Spectroscopy (FTIR). Che-
mical structures of the ZnO/WBPU films coated on CaF2 were
measured by FTIR transmission using a PIKE autosampling
accessory (PIKETechnologies). The autosampler accessorywas
placed in an FTIR spectrometer compartment (Nicolet 560x)
equipped with a liquid nitrogen-cooled mercury cadmium tell-
uride (MCT) detector. Spectra were recorded at a resolution of
4 cm-1 and were averaged over 128 scans. The peak height was
used to represent IR intensity, which was expressed in absor-
bance. Four characteristic peaks are seen: 1250 cm-1 due to
ether C-O-C or C-N-C stretching, 1732 cm-1 due to carbo-
nyl stretching CdO, and 2928 cm-1 due to C-H stretching of
soft segment, and the longer ∼3330 cm-1 due to the stretching
vibration of N-H or O-H in hydrogen bonding.103,104 The
FTIR spectra (Figure 3) show no new covalent bonding between
ZnO and WBPU.

Figure 1. General chemical structure of waterborne polyurethane (WBPU).
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2.2.3. Atomic Force Microscopy (AFM) Measurements. In
recent years, AFM has been successfully used to image the
microdomains in polymers.105-107 A Dimension 3100 AFM
(Veeco Metrology) was used to image the morphology and the
microstructure of the nano-ZnO filled WBPU. The AFM was
operated in the tapping mode using commercial silicon probes
(TESP 70, VeecoMetrology). A resonance frequency of approxi-
mately 300 kHz and a free-oscillation amplitude of 62 nm(2 nm
were used. The set-point ratio (the ratio of set point amplitude to
the free amplitude) ranged from 0.60 to 0.80. Figure 4 shows the
AFM images of ZnO/WBPU systems.

The phase contrast image shown in Figure 4 reveals that the
WBPU films have a two-phase heterogeneous nanostructure
with bright domains about 10-20 nm in diameter. This can be
attributed to the microphase separation of the hard and soft
segments in the WBPU. No distinct differences are observed in
the phase contrast for the films with different ZnO loadings.
Note that these nonstructural domains are independent of their
surface topography and the phase contrast and the size of the
bright domains are similar. A number of particles that show
relatively bright contrast in the phase images are likely ZnO
nanoparticles; the diameters of these particles are around 30-50
nm. Considering the AFM tip effect, it is reasonable to suggest
that these particles are monodispersed ZnO nanoparticles;
a WBPU rich layer exists on the film surface.

2.2.4. Positron Annihilation Lifetime Spectroscopy (PALS).A
conventional fast-fast coincidence spectrometer with a time
resolution 280 ps was used for PALS measurements.98 WBPU

and ZnO/WBPU films (about 100 μm thickness) were staked
together to obtain a suitable thickness of the sample. The
positron source (10 μCi)22Na was deposited in an envelope of
KAPTON foils (6 μm thick) and then sandwiched in between
eight identical pieces of the samples. This sandwich was com-
pletely enclosed in a copper sample holder at the end of the
coldfinger of a close-cycle helium gas refrigerator (ADP). Each
selected temperature was kept constant within(1Kduring data
acquisition. The entire source-sample assembly was placed
under high vacuum. The following sequence of measurements
was carried out: first, the measurements were performed at r.t.
(293 K) on samples immediately after source installation. Sec-
ond, the temperature was lowered to 20 K and then the experi-
ments from low temperature to 420 K and then down and then
up for three cycles at a temperature interval of 5-20 K. One or
two million (some selected temperatures) counts were recorded
at each temperature for a typical period of acquisition 3-5 h. In
conventional analysis the PATFIT-88 program108 was em-
ployed. And the PALS spectra were analyzed into three com-
ponents (τ1, τ2 and τ3)with their intensities (I1, I2, and I3). Source
correction terms were made from each spectrum in data anal-
ysis. We further used LT.9 program109 to obtain the lifetime
distribution. Four-lifetime analyses were attempted and the results
did not show as systematic as from three-lifetime analysis. We
only present three-lifetime analysis results here.

3. Results and Discussions

3.1.Dependence of PositronAnnihilationLifetime onNano-
filler. We performed the PALS experiment as a function of
ZnO concentration at room temperature. Figure 5 shows
the o-Ps lifetime, τ3, (also free-volume radius, R) and o-Ps
formation intensity, I3, as a function of ZnO concentration.
It is observed that the o-Ps lifetime decreases with increasing
ZnO concentration which indicates the decrease of the mean
free-volume size. Similarly, I3 decreases with increasing ZnO
nanofiller concentration.

The relationship between free-volume parameters and
ZnO concentration is observed in addition by taking the
product of I3 and Vh=4πR3/3, where R is calculated from
eq 1 from τ3 data shown in Figure 5 and by a scaling factor,

98

which refers as the relative fractional free volume (FFV) as
shown in Figure 6. As expected, the free volume (Vh in
Figure 6) as a function of ZnO concentration has the similar
behavior as τ3 (Figure 5) does. However, the relative frac-
tional free volume (FFV) can be well fitted into a linear
equation with a good correlation factor r2=0.987 while the
free volume (Vh) could not fit well. The linear relationship

Figure 2. Log10 of storage and loss modules (G0 and G0 0 in the unit of Pa) of DMTA vs temperature in ZnO/WBPU nanocomposites.

Figure 3. FTIR transmission spectra of pristine WBPU and ZnO/
WBPU films containing 1%, 2%, and 5% ZnO loadings by mass.
The specimens are spin-coated films on CaF2 substrates.
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Figure 4. High magnification AFM height (left) and phase (right) images of the surfaces of pure WBPU and ZnO/WBPU films containing 0%, 1%,
2%, and 5% ZnO by mass. Lateral dimensions of the images are 1 μm � 1 μm. The height scale is 5 nm and the phase is 5�.

Figure 5. o-Ps lifetime and intensity as a function of ZnO concentration (Lines were smoothly drawn for eye-guide purpose only).

Figure 6. Free volume and relative fractional free volume as a function of ZnO concentration at room temperature. The line in free volume plot (left)
was drawn through data points and the line for FFV (right) is from linear regression.



Article Macromolecules, Vol. 44, No. 1, 2011 33

between relative FFV vs ZnO (%) may be understood that
ZnOhas no o-Ps110-112 and the correlation between τ3 and I3
(typical correlation coefficients=-0.7 to-0.8) in thePATFIT
analysis. It should be noted that FFV here in nanocompo-
sites is not referring to the number density of free volume
holes in polymer matrix itself.

The PALS data were further fitted into lifetime distribu-
tion using the LT program. Figure 7 shows the results of o-Ps
(τ3 or free-volume radius) distributions and the dispersions
of the distributions (σ3) from LT analysis. It is interesting to
observe a narrowing of distributions due to the addition of
nano fillers into polymers. This may be resulted from the
interfacial interactions between the surface of nanoparticles
and polymers.

3.2. Dependence of Positron Annihilation Lifetime on Tem-
perature. The temperature dependence of the o-Ps lifetime
and its intensity for pristine WBPU is shown in Figure 8. As
shown in this figure, while the o-Ps intensity (right plot)
scatters around at 8.9 ( 0.8% but no systematic variation
with the temperature (T), the o-Ps lifetime (left plot) in-
creases systematically with T. They compose of three re-
gions: the low temperature (T < 210 K); the intermediate
(210 < T < 380 K) and the high temperature T > 380 K,
respectively. These three-region variation from PALS is con-
sistentwith the reported results obtained bydifferent techniques
in similar polyurethane systems.113-117 We therefore fitted

three regions’ data in three linear regressions and obtained
three lines as shown in Figure 8. Then we calculated the two
intercept temperatures, one at 210.25( 2.82K, and the other
at 363.48 ( 9.91 K, respectively. We interpret these results
and the intercepts as two transition temperatures (Tg) as
follow.

First, cycling temperature up, down, and up three times,
the PALS results do not show any hysteresis that indicates
that there is no significant physical or chemical aging in the
temperatures between 20 to 420 K during a period of 3
months of PALS experiments. Therefore, we proceed to
interpret the increase of o-Ps lifetime or free-volume size as
a thermal expansion of free volume. Second, at the very low
T region (<210 K), we interpret that the increase of free
volume is dominantly contributed from the motion of the
soft segment of -O-(CH2)n- ofR andR0 inWBPU (Figure 1
of chemical structure) and we observe an onset of o-Ps
lifetime (free-volume radius) as shown in Figure 8. The first
on-set temperature (210 K) is assigned as the commonly
known Tg for WBPU and is consistent with the literature Tg

(215 K) obtained from DSC118 and DMTA119,120 methods.
Third, further increasing temperature above 360K, the slope
of o-Ps becomes less steep as shown in Figure 8. In homo-
geneous polymeric systems, this often occurs at T > Tg þ
∼ 100 K, where o-Ps lifetime reaches a plateau or very small
temperature dependence.93,98,99 This nearly temperature

Figure 7. o-Ps lifetime distributions and the dispersion of the o-Ps lifetime in different ZnO concentrations of WBPU matrices. Lines were smoothly
drawn for eye-guide only.

Figure 8. o-Ps lifetime (free-volume radius) and its intensity vs temperature in the pristine WBPU. Lines for o-Ps lifetime (left plot) were from linear
regression and for intensity (right) was drawn for eye-guide.
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independence region has been explained by the Ps-bubble
formation in low viscosity fluids such that an artificial
bubble is created due to the zero-point energy when Ps is
localized in liquids.98-100 In the current WBPU polymer
which contains two phases or domains, a soft segment and a
hard microdomain, the o-Ps lifetime variation needs further
consideration. At T> 360 K, the soft segmental region is in
the liquid state, where Ps-bubble formation will contribute
no or insignificant lifetime expansion as been observed in
most polymers.93,98,99 However, the hard segments become a
dominant contribution to the increase of o-Ps lifetime parti-
cularly when the glass transition temperature of the hard
segmental microdomains is reached. This hardmicrodomain
is responsible for the mechanical behavior of WBPU and its
Tg has been observed better by DMTAmethod. The dissipa-
tion factor (tan δ) plot of DMTA data (Figure 9) clearly
shows a predominate peak at T = 364 K, which agrees well
with the reported value of hard segmentalTg (364.5K).119,120

Therefore, we assigned the high temperature onset (364 K)
from PALS as the second Tg of WBPU. It is noted that the
low Tg (210 K) is also seen as a shoulder peak in Figure 9 but
not a remarkable peak. This is because the intrinsic property
of DMTAmainly for dynamic mechanical responses, at this
low temperature, the mobility of the soft domains is re-
stricted by the glassy hard domains. On the other hand, the
DSC results118 only clearly show the soft segment motion
since the heat capacity change for the hard segmental tran-
sition ismuch less than the soft segmentalmotion andnormally
escape from the DSC test. It appears that PALS can clearly
detect both soft (low Tg) and hard segmental (high Tg)
motions in terms of free volume. The Tg results from this
work are compared with others in Table 1.

3.3. Glass Transitions as a Function of ZnO Concentra-
tions. The results of o-Ps lifetimes vs temperature forWBPU
with different ZnO (%) nancomposites are shown inFigure 10.
Similarly, we observed: (1) o-Ps intensity scatters at a con-
stant value (data similar to Figure 8 and not shown) for each
of three ZnO concentrations similar to that as in Figure 8
except the absolute value decreases with the addition of ZnO;
(2) three regions of o-Ps lifetime variations vs T are seen as
in pristine WBPU; and (3) two intercept temperatures are

obtained from linear regression asTg (low) andTg (high) due
to soft and hard segmental motions, respectively. It is inter-
esting to further observe that the glass transition tempera-
tures of both soft and hard regions increase with the increase
of the concentration of ZnO. The obtained two Tg values
from the intercepted temperatures among three regions are
listed in Table 1.

The increase of Tg
0s vs % ZnO in WBPU is plotted in

Figure 11. As noticed from the Table 1 and Figure 11 thatTg

increases with increasing ZnO content for both soft and hard
segments. While the trend of the increase in high Tg is
consistent with the DMTA data, the amount of Tg increase
by PALS is slightly less than that by DMTA, as shown in the
Table 1. This is typical due to a much longer time of data
collection in each PALS spectrum (103-104 s).98

The increase in Tg with increasing ZnO nanoparticle
loading indicates that the mobility of the WBPU polymer

Figure 9. DMTA result: plots of tan δ vs temperature forWBPU/ZnO
nanocomposites.

Table 1. Glass Transition Temperatures from Various Methods in ZnO/WBPU Nanocomposites

samples existing Tg (K) [118-120] Tg from this DMTA work Tg (low) from PALS Tg (high) from PALS

0% ZnO/WBPU 215 [DSC], 356 [DMTA] 364.5( 1.2K 210.25( 2.82K 363.48( 9.91K
1% ZnO/WBPU 387( 4.8K 215.40( 2.19K 368.97( 6.86K
2% ZnO/WBPU 392( 1.5K 220.90( 3.23K 371.85( 9.79K
5% ZnO/WBPU 396( 1.3K 236.61( 2.75K 382.01( 5.55K

Figure 10. Temperature dependence of o-Ps lifetime in ZnO/WBPU
composites.

Figure 11. Glass transition temperatures as a function of ZnO con-
centration in the WBPU matrix.
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chains has been reduced after introducing nanoparticles into
the polymer, suggesting interfacial interactions could exist
between ZnO nanoparticles and WBPU molecules. Note
that the ZnO nanoparticles used in this study were modified
with wetting agents/surfactants by the manufacturer for the
dispersion and designed to be compatible with the water-
borne polymer matrix. Possible interfacial integrations are
hydrogen bonding, van der Walls forces, and electrostatic
forces. The hydroxyl groups on the surface of the ZnO
nanoparticles tend to form hydrogen bonding with the
urethane linkage in the hard segments and the ester linkage
in the soft segments of WBPU. The FTIR spectra (Figure 3)
show a slight variation of intensity in major bands ofWBPU
that mainly due to thickness variation, but no new peaks
from covalent bonding between ZnO and WBPU were
observed. An increase of Tg due to ZnO concentration can
be attributed to overall increased interfacial interactions
between nanoparticles and polymers that is because no
substantial differences in the degree of nanoparticle disper-
sion were observed for nanocomposites with different
amounts of ZnO nanoparticles (data not shown).

Next, from the o-Ps lifetime data of Figure 10 and their
corresponding free volume (Vh= 4πR3/3), we calculated the
thermal expansion coefficient of the free volume, Rfv using
the equation Rfv= (1/Vh)(ΔVh/ΔT).

98,99 The results of the
free-volume thermal expansion coefficients in three regions
Rfv1 (glassy state of soft segments), Rfv2 (rubbery state of soft
segments), and Rfv3 (rubbery state of hard segments, assum-
ing insignificant Ps-bubble expansion) are listed in Table 2.
These values (on the order of 10-3 K-1), which are signifi-
cantly larger than the thermal expansion coefficient of the
bulk of WBPU of 6.04 � 10-4 K-1.121-124 This large dif-
ference comes from the fact that PALS probes only the free
volumewhile the bulkRbulk is contributed from a fraction of
free-volume expansion.98,99 Furthermore, it is observed
that the free-volume thermal expansion coefficient in the
hard segment is only about one-third of the soft segments in
the rubbery state. This may explain why the thermal
expansion below the second Tg is dominated by the soft
segmental motions. The addition of the ZnO nanoparticles
appears to decrease the hard segment’s expansivity while it
does not affect systematically for the soft segmental free
volumes.

3.4. Relationship between Free Volumes and Mechanical
Properties. Information about the molecular motions of
WBPU chains can be obtained from the analysis of DMTA
data, which should have some links with the molecular level
free volumes from PALS. First, the plots of dissipation loss
factor, tan δ, versus temperature for the WBPU/ZnO sam-
ples shown in Figure 9 display a similar variation as the free-
volume (o-Ps lifetime) variation in Figure 10. Two peaks
were observed from DMTA: a very small peak for the glass-
transition temperature of the amorphous soft segments (Tgs)
at a lower temperature and a large peak corresponding to the
glass-transition temperature of the amorphous hard seg-
ments (Tgh) at a higher temperature in WBPU. In PALS,
two intercepting temperatures were detected as glass transi-
tion temperatures, corresponding to soft and hard segments.
However, DMTA is more sensitive to the hard segmental

motion than the soft segmental while the free-volume change
from PALS is more pronounced for the soft segments than
the hard segmental part of WBPU. Second, the trend ob-
served for the shift of the peak position in the plot of tan δ vs
temperature is consistent with the plot of the free volume
vs temperature when the amount of the ZnO nanoparticles
increases. For PALS, the addition of ZnO decreases o-Ps
lifetime (free volumes) as shown in Figures 8 and 10 and its
intensity as ZnO has no Ps formation.

Corresponding to the two glass transition temperatures
observed in DMTA tan δ vs temperature plot, the storage
module, G0, vs temperature (Figure 2) shows three general
regions: glassy state of soft segments (T < 220 K), rubbery
state of soft segments (220 K < T < 330 K), and rubbery
state of hard segments (T> 330 K). This is consistent with
the PALS results. It is well-known116,125 that the value of
G0, at the rubbery region can be used to estimate cross-link
density of the polymer network. Because the glassy hard
segments can act as physical cross-linkers for the soft
segments in the WBPU, we attempt to estimate such
physical cross-link density from rubbery state of soft seg-
ments in the DMTA. Here the physical cross-link density
arising from hydrogen bonding between hard segments
in WBPU is used in the estimation to replace the chemical
cross-linking in rubbery state. The hydrogen bonding may
dissociate as the temperature increases, resulting a loss of
physical cross-linkers.

The physical cross-link density (Xc) in WBPU can be
expressed in the following equation:125

Xc ¼ A expðEa=RTÞ ð3Þ
whereXc is the physical cross-linking density (mol/cm3),A is
a constant, R, the gas constant, T, the absolute temperature,
and Ea is the apparent activation energy for hydrogen
bonding dissociation. According to the kinetic theory of
elasticity, the storage modulus in the rubbery state of soft
segments can be expressed as the following equation:116

G0 ¼ XcRT ¼ ART expðEa=RTÞ ð4Þ
Thus, the above equation can be rewritten as

ln G0=T ¼ ln ARþEa=RT ð5Þ
Then, Ea and A are obtained from the slope and intersection
of plotting ln G0/T versus 1/T, as shown in Figure 12. The
values of Ea from the slope of the straight line are found to
be 76.23 kJ/mol for WBPU 0% ZnO; 55.07 kJ/mol for
WBPU/1% ZnO, 48.68 kJ/mol for WBPU/2% ZnO, and
45.57 kJ/mol for WBPU/5% ZnO, respectively. A decrease
of Ea vs % ZnO is observed as shown in Figure 13. This
decrease may be due to a strong interfacial interaction
between ZnO and WBPU that reduces the hard segmental
hydrogen bonding dissociation.

The ln of physical cross-link densities (Xc), calculated from
eq 3 vs 1/T, are shown in Figure 14. It follows a linear
relationship with respect to 1/T as plotted in Figure 14. We
also observe that physical cross-link density increases with
increasing ZnO content in the plateau temperature region.

Table 2. Thermal expansion coefficients of WBPU and ZnO/WBPU composites

samples Rfv1 (K
-1)a Rfv2 (K

-1)b Rfv3 (K
-1)c Rbulk at 293 K (K-1) [121-124]

0% ZnO/WBPU 2.33� 10-3 7.34� 10-3 3.06� 10-3 6.04� 10-4

1% ZnO/WBPU 1.90� 10-3 7.12� 10-3 2.76 � 10-3

2% ZnO/WBPU 2.30� 10-3 6.96� 10-3 2.40� 10-3

5% ZnO/WBPU 2.28� 10-3 8.86� 10-3 2.31� 10-3

aGlassy state of soft segments (<210 K). bRubbery state of soft segments. cRubbery state of hard segments (>360 K).
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It indicates that the addition of ZnO increases the physical
cross-link density in the WBPU matrix.

Since the free volume and cross-link density has an anti-
correlation, we plot the free volumes obtained by PALS vs
the cross-link density obtained from DMTA in Figure 15.
We fitted the free volume (Vh) and Xc and found that it
follows nicely in an exponential equation as below:

V h ¼ C expð-DXcÞ ð6Þ
where C and D are fitting parameters. It is interesting to
observe this negative exponential relationship, which is dif-
ferent from chemical cross-link density, that usually shows a
reciprocal relationship with free-volume parameters.98,126

This result shows a direct link between the nanoscopic free
volumes obtained from PALS and the cross-link density
derived from macroscopic DMTA tests for these ZnO filled
nanocomposites.

4. Conclusion

Wehave reported a systematic study of free volumes in a series
of ZnO dispersed waterborne polyurethane matrix as a function
of temperature between 20 and 420 K. We found the addition of
ZnO nanoparticles decreases the free volumes of ZnO/WBPU
systems. A systematic increase of free volume and distributions
was observed as a functionof temperature. From the free volume-
temperature data, we observed two glass transition temperatures
in ZnO/WBPU systems: low Tg (∼220 K) and high Tg (∼380 K)
due to the two segmental motions in WBPU, soft segments and
hard microdomains, respectively. This observation is consistent
with the DSC, and DMTA results. The increase in the both glass
transition temperatures with the increase of ZnO content can be
attributed to hydrogen bonding, van der Walls forces, and
electrostatic forces between surfaces of ZnO nanoparticles and
WBPU. We also observe an exponential relationship between
the free volumes from nanoscopic PALS probe and the physical
cross-link density from macroscopic DMTA method.

Acknowledgment. S.A. wishes to express thanks for the
financial support of the channel system and mission department
of Egypt. This research is supported by the NSF-sponsored
Nanoscale Science andEngineeringCenter forAffordableNano-
engineering of Polymeric Biomedical Devices (NSEC-CANPBD),
the National Institute of Standards and Technology, and the
Army Research Office (W911NF-10-1-0476).

Figure 12. Plots of ln G0/T and 1/T for ZnO/WBPU nanocomposites.

Figure 13. Variations of Ea for hydrogen bonding vs % ZnO in ZnO/
WBPUnanocomposites.The linewas smoothlydrawnthroughdatapoints.

Figure 14. Plots of ln(Xc, physical cross-link density) of WBPU/ZnO
nanocomposite as a function of reciprocal of temperature. Lines were
linearly fitted.

Figure 15. Relation between free volume (Vh) from PALS and the
cross-link density (Xc) for ZnO/WBPU nanocomposite. Lines fit well
with an exponential eq 6 .
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ABSTRACT: Ionic liquid polymeric gel membranes containing from 20 wt% to 80 wt% of the ionic liquid
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) in poly(vinylidene fluoride-
co-hexafluoropropylene) (p(VDF-HFP)) were prepared by solvent casting from a solution in acetone. The
effect of the ionic liquid on the performance and properties of the membranes was discussed and compared
with the neat polymer. In the presence of an excess of ionic liquid, p(VDF-HFP) membranes swell in a
significant way, especially above 70 �C, becoming completely soluble above 90 �C. DSC analysis shows a
gradual decrease of the melting point of the gel and a decrease in the overall melting enthalpy with increasing
IL content, whereas themelting enthalpy normalized for the polymer fraction shows an initial drop and then a
gradual increase. In the presence of the ionic liquid, the elastic modulus and break strength decrease
dramatically, while the maximum deformation first increases due to higher flexibility of the plasticized
polymer and then rapidly decreases above 40 wt % of IL as a consequence of the progressive decrease of the
number of entanglements. X-ray studies demonstrate a reduction in the overall crystal content. The position
of the strongest diffraction peak remains unaltered in all samples, suggesting that only the polymer chains
crystallize and that no cocrystallization of ionic liquid and polymer takes place. Preliminary gas permeation
measurements show a significant increase of the permeability in the presence of [EMIM][TFSI], especially for
carbon dioxide. This suggests a potential application in gas separation membranes, for instance for natural
gas treatment or for CO2 sequestration from flue gas.

Introduction

During the past few years, ionic liquids (IL) have been re-
cognized as a possible environmentally benign alternative to the
classical organic solvents, mainly due to their good thermal sta-
bility and ability to dissolve a large range of organic molec-
ules.1 Ionic liquids have also been successfully applied in a wide
range of applications, for instance in asymmetric synthesis, elec-
trochemical applications, extractive separation in biotechnology,2-4

and also in membrane gas separations5 and pervaporation.6

Their successful use is based on their extremely low volatility
and consequent stability of the membrane compared to tradi-
tional supported liquid membranes.

Ionic liquid membranes are usually prepared in the form of
supported liquid membranes, in which the pores of a porous
membrane are saturated with the room temperature ionic liquid
(RTIL).7 In suchmembranes, the ionic liquid is trapped inside the
pores by capillary forces. Although evaporation of IL can be
excluded, if suchmembranes come in contact with a liquid phase,
for instance in pervaporation, they can loose the ionic liquid from
inside the polymer network due to swelling and leaching into the
liquid phase.

To avoid this problem, in other cases membranes were
prepared from polymerized room-temperature ionic liquids.8,9

These RTILs are more stable but they require particular
polymerizable groups and sophisticated membrane prepara-
tion techniques.*Corresponding author. E-mail: jc.jansen@itm.cnr.it.
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IL Gels/Membrane Preparation and Their Use.Numerous
polymers may form thermoreversible gels from dilute or
concentrated solution in the proper solvent.10 A continuous
physical network structure extending throughout the volume
of the system is formed when at a certain reduced solvent
power of the medium the polymeric chains form association
complexes at widely separated points. In the majority of the
cases these gels derive from the existence of a crystalline
network structure, formed upon cooling from the homoge-
neous solution.

Such gels may also be formed starting from the polymer
solution in a solvent mixture, in which “the good solvent” is
allowed to evaporate and the second poor solvent is non-
volatile. Upon evaporation of “the good solvent”, the poly-
mer will phase separate. Under the proper conditions, and if
the polymer is far enough below its nominal melting tem-
perature, phase separation may take place as solid-liquid
demixing. In this case, the free energy minimization favors
the formation of small crystals as a solid phase in the liquid
mixture. In this process, the polymer chains in solution form
bridges between different crystals, diminishing chain mobi-
lity so much as to preclude subsequent macroscopic phase
separation. In other cases the crystallization may be pre-
ceded by liquid-liquid phase separation, if a poor solvent or
a solvent mixture is used and the process takes place not too
far below the polymer melting point.

Very few cases have been reported where the thermore-
versible gels are based on ILs as the poor solvent for the
polymer. Recently Harner and Hoagland reported thermo-
reversible poly(ethylene glycol)/1-ethyl-3-methylimidazo-
lium ethylsulfate [EMIM][EtSO4] ionic liquid gels.11 He
and Lodge reported gels of 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [EMIM][TFSI] in acryla-
mide and ethylene oxide-based triblock or pentablock co-
polymers.12 Kawauchi et al. reported thermoreversible ion
gels based on poly(methyl methacrylate)s in 1-butyl-3-
methylbenzimidazolium hexafluorophosphate.13

The supported liquid membranes have been tested for
targeted gas/gas separations and especially for separation
from air of volatile organic compounds,14,15 leaking from
gasoline during its storage, transportation and handling. In
comparison with frequently used polymers like polydi-
methylsiloxane (PDMS),16-18 polyether-polyamide block
copolymer (PEBA), poly(vinylidene fluoride) (PVDF), high-
free volume amorphous glassy perfluoropolymers,19 or
cross-linked fluorinated or poly(amide-imide) polymers,20,21

RTIL supported membranes are, highly absorbing for al-
kanes and aromates without enormous material swelling.
They also provide highermass fluxes of separated substances
or high separation factors.22

Scope. The aim of the present work is to develop, using a
simple solution casting technique, stable RTIL membranes
in which the IL is trapped inside a polymer gel phase. A
further aim is to gain insight into the thermal, mechanical
and structural properties of the gel phase and their correla-
tionwith the transport properties, in view of the potential use
of such membranes in gas separation processes.

Experimental Part

Materials.Acetone (analytical grade, Lachner, Czech Republic)
and ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide (puriss., 99%,Solvent Innovation,mp-20 �C)were
usedwithout furtherpurification.The ionic liquid (seeFigure 1)will
further be abbreviated as [EMIM][TFSI].

Poly(vinylidene fluoride-co-hexafluoropropylene) fluoroelas-
tomer, further abbreviated as p(VDF-HFP), with nominalMn=
130 000 g/mol, Mw=400 000 g/mol, melting point 140-145 �C

and molecular structure -[CH2-CF2]n-[CF2-CF(CF3)]m-
was supplied by Sigma-Aldrich.

The gases for the permeation tests (nitrogen, oxygen,
methane, helium, hydrogen, and carbon dioxide, all with purity
99.99þ%) were supplied by Pirossigeno, Italy.

Membrane Preparation. The polymer solution was prepared
by dissolving 10 wt % of p(VDF-HFP) in acetone at room
temperature under magnetic stirring for at least 1 h until a clear
homogeneous solution was obtained. Different amounts of the
ionic liquid [EMIM][TFSI] were added to the polymer solution
under magnetic stirring and they dissolved completely in a few
minutes.

The membranes were prepared by solution casting of the
polymer/ionic liquid mixture in acetone on a Petri dish and by
subsequent solvent evaporation at room temperature for 24 h.
The membranes were further dried at 70 �C for 4 h to guarantee
complete removal of the volatile solvent.

Membrane Swelling and Solubility Tests in [EMIM][TFSI].
Films of pure p(VDF-HFP) with a thickness of 0.15 mm were
dried under vacuum at 80 �C, weighed, and immersed in an
excess of pure [EMIM][TFSI] ionic liquid. After 48 h the films
were removed from the liquid, wiped with tissue paper, and
weighed again to determine the amount of ionic liquid absorbed.
The experiments were carried out at different temperatures from
25 to 85 �C.

DSC. The thermal properties of the membranes were deter-
mined by DSC analysis, using a Pyris Diamond differential
scanning calorimeter (Perkin-Elmer) equipped with Intracooler
refrigeration system. Samples of 10-16 mg were wrapped in a
small disk of aluminum foil (<5 mg) and were subjected to a
heating/cooling/heating cycle in the range from-50 toþ200 �C
at a rate of 20 �C/min. Given the low weight of the sample
holder, no reference was used. Baseline subtraction was used to
reduce the curvature of the baseline. The temperature and heat
flow were calibrated with indium and zinc standards.

Mechanical Properties. Tensile tests on the membranes were
carried out at room temperature on aZwick/Roell single column
Universal Testing Machine, model Z2.5, equipped with a 50 N
load cell and flat pneumatic clamps. The clamp surface was
covered with adhesive rubber to avoid slipping or damage of the
softer samples with high IL content.

Specimens with an effective length of 40 mm (distance be-
tween the clamps) and a width of 5 mm were tested at a
deformation rate of 20 mm min-1 (=50% min-1), with excep-
tion of the sample without IL, whichwas tested at a deformation
rate of 8mmmin-1 (=20%min-1) to avoid early rupture due to
its higher stiffness and fragility. The average value and the
standard deviation of the Young’s modulus, the break strength
and the maximum deformation were determined on a series of
4-6 samples.

X-ray. The XRD data of sample films (20 � 15 mm) were
collected at room temperature by an X’Pert PRO θ-θ diffract-
ometer (PANanalytical, The Netherlands) using Cu KR radia-
tion (λ=1.5418 Å, U=40 kV, I=30 mA) in parafocusing
Bragg-Brentano geometry. The data were scanned with an
ultrafast X’Celerator detector over the angular range 5-70�
(2θ) with a step size of 0.033� (2θ) and time per step 20.32 s.Data
evaluation was performed by the software package HighScore
Plus.

Gas Permeability Measurements. Gas permeation rate tests
on flat dense membranes were carried out at room temperature
(25 �C) by fixed-volume pressure increase instrument, described
indetail elsewhere.23After thorough evacuation of themembrane

Figure 1. Structure of the ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]).
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to remove all previously dissolved species, the membrane is
exposed to the feed gas and from thatmoment the pressure in the
fixed permeate volume is monitored. Measurements were car-
ried out with six permanent gases (He, H2, CH4, N2, O2, and
CO2). Permeability coefficients, P, were calculated from the
slope of time-pressure curve in steady state condition:24

pt ¼ p0 þð dp=dtÞ0tþ
RTA

VpVm

pf P

l
t ð1Þ

in which pt is the permeate pressure at time t, p0 is the starting
pressure, (dp/dt)0 is the baseline slope. R is the universal gas
constant, T is the absolute temperature, A is the exposed
membrane area, VP is the permeate volume, Vm is the molar
volume of a gas at standard temperature and pressure [0 �C and
1 atm], and pf is the feed pressure. The transport properties of the
gases were determined at the feed pressure of 1 bar. A total
membrane area of 11.3 or 34.2 cm2 was used.

Results and Discussion

Membrane Preparation. All membranes in this work were
cast from solutions in acetone, a good common solvent
for both the fluoroelastomer and the ionic liquid [EMIM]-
[TFSI]. The membranes were prepared by controlled solvent
evaporation. As a result of the evaporation of acetone (“the
good solvent”) the relative concentration of IL (“the less
good solvent”) and polymer increased. In this way, the
deteriorating solvent quality leads to gelation of the solution
by crystallization of the polymer and to the gradual forma-
tion of a solid film. Upon complete drying at higher tem-
perature, mechanically resistant transparent self-supported
membranes were obtained for all ratios of polymer and ionic
liquid. Often a small amount of IL exudate appeared on
the surface of the membranes as tiny droplets or as a thin
film.

Membrane Swelling and Solubility Tests in [EMIM][TFSI].
Swelling of pure p(VDF-HFP) films in excess IL was carried
out at different temperatures. The degree of swelling (DS) of
the neat polymer films after 48 h was calculated using the
relationship:

DS ¼ ðWS -W0Þ=W0 ð2Þ

where WS is the weight of the swollen sample and W0 is the
weight of the same film before immersion.

It was found that at room temperature (25 �C) the neat
p(VDF-HFP) film swells about 30 wt % in [EMIM][TFSI].
The swelling increases more or less linearly with temperature
up to about 60 �Cand then increases dramatically above 70 �C
(Figure 2). Above 90 �C, the polymer becomes completely

soluble. Once dissolved, the polymer remains in solution
even upon cooling down to room temperature. This behavior
confirms the good compatibility of the polymer with the
ionic liquid. The complete dissolution of the polymer above
90 �C is in accordance with the strong melting point depres-
sion of the membranes with the highest IL content observed
by DSC analysis. Obviously the melting of the crystalline
phase of the polymer corresponds with the point where the
polymer becomes soluble. In this light, swelling of a neat
polymer film in the IL could be a successful alternative
method to prepare IL-containingmembranes. However, this
is not suitable to reach high IL concentrations because the
membrane is easily deformed or damaged during the swelling
as a result of the dissolution and extraction of the low molar
mass fraction of the polymer.

Thermal Analysis of the Gel Membranes. The thermal
properties of the membranes were investigated by DSC

Figure 2. Temperature dependence of the swelling degree of the
p(VDF-HFP) fluoroelastomer in excess ionic liquid [EMIM][TFSI].

Figure 3. DSC thermograms of the freshly prepared samples during
heating (top), the successive cooling run (middle), and the second
heating run (bottom). Curves are shifted vertically for clarity.
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analysis. The results are displayed in Figure 3. With increas-
ing IL content there is a strong decrease of the melting
temperature of the gel in comparison with the pure polymer.
At the same time the strong and relatively sharp peak makes
place for a much weaker and broader melting peak, suggest-
ing a reduction of the average crystal size and/or purity. The
differences in the melting and crystallization peak tempera-
ture are related to the kinetics of the crystallization process.
In the present case the degree of supercooling depends on the
viscosity of the system (related among others to the molar
mass, chain flexibility and polymer concentration) and on
the probability that polymer chains approach one another to
form a stable nucleus (related again to the polymer concen-
tration in the ionic liquid).

Up to 80%of IL in themembrane the gelation is thermally
reversible above room temperature, as can be seen from the
strong endothermal crystallization peak in the cooling
curves. Both the crystallization temperature and the enthal-
py decrease markedly with increasing IL content.

The stable solution obtained during the swelling and
solubility tests of the polymer in the IL is apparently only
possible at very low polymer concentrations. The dissolution
temperature of 90 �C observed in the swelling tests in excess
IL corresponds approximately to the melting point of the
gels, if we extrapolate the data from Figure 3 to higher IL
content and to lower polymer concentration.

Given the thermal reversibility of the gel formation also
the thermally induced phase separation process (TIPS)
should in principle be a possible alternative for the current
solution-casting membrane formation process. Neverthe-
less, from the viewpoint of practical applicability the solu-
tion casting is the better process because it is easier to obtain
thin films, thus limiting the consumption of expensive ionic
liquid.

The overall melting enthalpy of the films decreases almost
linearly with increasing IL content, obviously due to the
lower polymer concentration (Figure 4). However, if this
value is normalized for the polymer concentration, a differ-
ent trend is found: after an initial decrease, going from neat
polymer to 20 wt % of IL, with a further increase of the IL
content the normalized melting enthalpy also slightly in-
creases. This is even more evident in the freshly prepared
sample, in which crystallization has taken place during evap-
oration of the solvent, and it is an indication that crystal-
lization is more efficient due to higher freedom of motion of
single chains in the diluted phase. The measured crystal-
lization enthalpy is somewhat lower than themelting enthalpy

in the second run. This indicates that at the given cooling rate
of 20 �C/min crystallization is not totally complete in the
measurement window shown in Figure 3. Evidently some
further crystallization takes place when the sample is cooled
to -50 �C before the next measurement.

In this light it is interesting to note that the samples with 60
and 80 wt % IL show a quite unique and remarkably sharp
melting peak just below 120 �C in the fresh sample. In the
case of PVDF, which has different crystal polymorphs, it is
known that in solution-cast films the type of solvent can
influence which polymorph will be formed predominantly,25

Also in the present p(VDF-HFP) copolymer we believe that
mainly the short VDF sequences are responsible for the
crystal fraction. Therefore, it is not unlikely that different
polymorphs may have been formed also in the most “di-
luted” samples of the present series. Indeed, the X-ray dif-
fraction pattern shows a significant peak at 2θ=12� only in
the samples with 60 and 80 wt % IL (Figure 5 and the text
below). More detailed studies, such as temperature depen-
dent X-ray diffraction, could confirm this presumption but
this is out of the scope of the present manuscript.

Membrane Structural Properties by X-ray Diffraction
Studies. The wide-angle X-ray diffraction patterns of the
IL gel membranes and the reference membrane of pure
polymer are displayed in Figure 5. The main diffraction
peaks are listed in Table 1. The diffraction patterns confirm
the general trend of decreasing crystallinity with increasing
IL content observed by DSC analysis. In all samples one of
the strongest peaks is located at 2θ=20�. The diffraction

Figure 4. Total melting and crystallization enthalpy of the overall membranes (left) and after normalization for the polymer content (right). Heat 1,
Heat 2, and Cool indicate the first and second heating run and the cooling run, respectively.

Figure 5. Wide-angle X-ray diffraction patterns of the membrane
samples (x-axis �2θ, y-axis counts or arbitrary units). The lines are
shifted vertically for better comparison.
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pattern of the pure polymer shows some remarkable simila-
rities with that of PVDF, which has two intermediate peaks
close together at 2θ=18 and 18.5�, related to the (100) plane
and the (020) plane of theR-polymorph, a very strong peak at
20� related to the (110) plane of theR-polymorph, and finally
another moderate peak at 27�, due to the (021) plane of the
R-polymorph. Upon addition of the IL, the peaks around
18 degrees and 27 degrees disappear completely and the peak
at 20� shifts to a slightly higher value. This is the typical
position for the (101) plane of the γ-polymorph of PVDF.
The only significant novel peak formed at higher IL content
appears in the samples with 60% and 80% of IL at ca. 13�,
corresponding to a d-spacing of 6.78 Å. Its origin is not clear,
but given the low polymer concentration, it should presum-
ably involve the IL itself. In these two samples also the DSC
first heating run shows a distinct melting peak which is
absent in the other samples.

The VDF/HFP ratio in the polymer is approximately 4:1
and statistically VDF sequences with an average of 4 mon-
omeric units should be present, The signals are not suffi-
ciently resolved for a positive identification of the crystal
structure but from the low HFP content and the above
evaluation it seems likely that short VDF sequences in the
copolymer are responsible for a PVDF-like crystal phase and
that the presence of the IL favors the formation of one
polymorph rather than the other, in the present case prob-
ably γ instead of R. The effect of solvents or additives on the
polymorph of solution-cast PVDF films is well-known.26

Also the melting enthalpy of our copolymer (42 J/g) is quite

close to that of PVDF (ca. 50 J/g in the second heating run27),
justifying the hypothesis of a PVDF-like crystal phase.

Mechanical Properties. All membranes were obtained as
flexible dense films with sufficient mechanical resistance to
be handled without difficulties. The tensile tests were per-
formed on small strips of the films and the results are given in
Figure 6 as a function of the ionic liquid content. The ionic
liquid has a very strong plasticizing effect on the polymer,
causing already at only 20wt%of IL a decrease of the elastic
modulus of an order of magnitude. This is also due to the
decrease in crystallinity compared to the neat polymer, as
confirmed by DSC. At the same time the break strength of
the polymer decreases as a result of the incorporation of the
IL. With further increasing IL content both the Young’s
modulus and the break strength decrease to about 3 and 2
MPa, respectively.

In contrast, themaximumdeformation first increases with
increasing IL content because of the reduced rigidity and the
increased flexibility of the plasticized polymer, and then it
rapidly decreases again above 40% of IL, when the gel
becomes too weak to undergo a strong plastic deformation.
At high IL content, the polymer is more diluted. Under these
conditions there is less overlap of the polymer coils in
solution and as a consequence the intrachain crystallization
becomes relatively more important than interchain crystal-
lization. The latter is responsible for the formation of the
physically cross-linked network, and as a consequence the
sample loses its mechanical strength and its elasticity.

Gas Transport Properties. The presence of the ionic liquid
strongly affects the transport properties of the polymer, but
up to about 60 wt % of ionic liquid the membranes still
behave more as a glassy polymer rather than as a rubbery
polymer. Thus, as the IL content in membrane samples rises,
the permeability of all gases investigated increases dramati-
cally (Figure 7). However, the less permeable species
(nitrogen and methane) and the most soluble carbon dioxide
increase their permeation rate much more than small mole-
cules like helium and hydrogen. Indeed, due to its very stiff
nature and the relatively high crystallinity, the neat polymer
behaves as a barrier material and its selectivity is mainly
determined by its size sieving properties. With increasing IL
content the samples becomemore flexible and this favors the
transport of the originally slow species, such as methane and
nitrogen, as well as the species with high solubility, such as
CO2. The much higher solubility of CO2 in comparison with
N2 and H2 determines the difference in the absolute value of

Table 1. Diffraction Angles (2θ) of the Main Diffraction Peaks
of the IL Gel Membranes with the Corresponding Interplanar

Distances (d-Spacing)

IL content (wt %)

diffraction angle,
2θ (deg) 0% 20% 40% 60% 80% d-spacing (Å)

13.0 ∼ þ þ 6.78
17.8 þþ ∼ 4.97
20 þþþ þþþ þþþ þþ þþ 4.43
27.1 þþ 3.28
36 þ þþ ∼ ∼ ∼ 2.49
38.9 þþþ 2.32
39.6 þþ ∼ ∼ 2.27
40.9 þ 2.20
42.1 þ ∼ 2.14
56 ∼ ∼ ∼ 1.64

Figure 6. Young’s modulus, E (left) and the maximum break strength, Rm, and maximum deformation, ε (right), as a function of the IL content.
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the permeability but does not influence to a large extent the
trend as a function of the IL content.

As a consequence theCO2/N2 and theCO2/CH4 selectivity
values undergo only a slight decrease, while the H2/N2

selectivity decreases rather strongly with increasing IL con-
tent (Figure 7).

On the contrary, as the IL concentration rises, the CO2/H2

selectivity shows a remarkable increase, because of the
significantly higher positive effect of the IL on the CO2

permeability than on the hydrogen permeability. The rela-
tively high CO2 permeability is probably an effect of the
affinity of CO2 for the ionic liquid, and thus of the high
solubility of this gas in the membrane. If this is generally

applicable, then the presented type of membranes can be
successfully used in the separation of those mixtures where
species with a significantly different affinity for the ionic
liquid are present.

Membranes with such a large CO2/H2 selectivity are quite
uncommon because hydrogen is usually the faster permeat-
ing species. Indeed, in his famous diagrams, Robeson repre-
sents the permeation data for the CO2 and H2 gas pair as the
H2/CO2 selectivity against the H2 permeability.28 Thus,
whereas one usually searches for membranes with a high
H2/CO2 selectivity, the present membranes behave in the
opposite way and might be interesting for those applications
where CO2 must be removed from a hydrogen stream and
where hydrogen should remain at high pressure. An alter-
native Robeson diagram of the CO2/H2 selectivity against
theCO2 permeability was presented byPatel et al.29 (Figure 8).
The increase of the upper bound line in this diagram corre-
sponds with the trend in our own experimental data. It is
interesting to note that all our data are significantly above the
general trend in the data, indicating that IL gel membranes are
indeed promising candidates for the given separation.

Conclusions

The fluoroelastomeric polymer p(VDF-HFP) forms stable gels
in the ionic liquid [EMIM][TFSI], enabling the successful pre-
parationof resistant free-standingmembranes by solution casting
of the polymer/ionic liquid mixture, followed by controlled
solvent evaporation. The membranes consist of a thermorever-
sible polymeric gel in which crystallization of p(VDF-HFP) is
responsible for the network structure, as supported by DSC and
X-ray diffraction analysis. The polymer shows a good compat-
ibility with the IL andmay swell up to 30% at room temperature,
while it becomes soluble at 90 �C or higher, depending on the
concentration of IL.

The presence of IL in the polymer causes a decrease of the
elastic modulus of several orders of magnitude and a significant

Figure 7. Permeability of six permanent gases as a function of the IL content (left) and corresponding selectivity between selected gas pairs (right).
Lines are plotted as a guide to the eye.

Figure 8. Robeson diagram for the gas pair CO2/H2 indicating the
experimental points of the present work ((). The approximate range for
common homopolymers (ellipse) and for poly(ethylene glycol) and
poly(propylene glycol) derivatives (square), adapted from Patel et al.,29

are indicated as a reference.
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reduction of the break strength over the entire concentration
range. On the other hand, the maximum deformation initially
increases to over 1000% and then decreases for an IL content
above 40%. This is due to a compromise between the increased
elasticity of the gel (lower Young’s modulus), leading to higher
elongations, and the reduced break strength, leading to lower
elongations.

DSC analysis shows a strong decrease of the polymer melting
point in the gel as a function of the IL content and a decrease of
the overall melting enthalpy. However, normalized for the poly-
mer concentration, the melting enthalpy tends to increase at the
higher IL concentrations, presumably due tomore efficient chain
folding as a result of the lower viscosity andhighermobility of the
polymer chains in the IL solution.

The gas permeability strongly rises with the IL concentration
and the transport of larger and more condensable species is
favored over that of the smaller molecules. The separation thus
changes from a diffusion-controlled process to a solubility-
controlled one. The CO2/H2 selectivity is unusually high for this
reason, offering perspectives for application of these membranes
in environments where carbon dioxide must be separated from
hydrogen while the latter remains at high pressure.
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ABSTRACT: We have uncovered a novel polycondensation strategy for the synthesis of well-defined poly-
amides of narrowmolecularweight distributions basedonmodifications of our sequential self-repetitive reaction
(“SSRR”) previously developed for diisocyanate-dicarboxylic acid polymerization. In our newly discovered
SSRR polyamide formation mechanism, a small amount of hindered carbodiimide, N,N0-bis(2,6-diisopropyl-
phenyl)carbodiimide (iPr-CDI) or a hindered isocyanate such as 2,6-diisopropylphenyl isocyanate (iPr-NCO),
was introduced to the polymerization as an initiator, followed by simultaneous addition of diisocyanates
and diacids monomers. By using this new reaction mode, the SSRR mechanism produces polyamide products
of narrow molecular weight distributions with their dispersities reduced to 1.2-1.4, which is far lower than a
range of >2.5 found in regular SSRR reactions. Significantly different from a conventional step-growth or
standard SSRR reaction, the formation of a polymer backbone is preferential when the diacid is added to the
requisite iPr-CDI in the first step, followed by a rearrangement to form amide and fragmented components for
SSRR. The control of molecular weight is mainly attributed to the acid addition favoring the unhindered poly-
CDI intermediates in the middle of the growing chains over the hindered-CDI at the chain terminals. It appears
that the formation of a “hindered isocyanate” and the subsequent formation of a “new hindered-CDI” at the
terminal end of growing amide-chains in each SSRR cycle force the acid again toward the preferred unhindered
CDI sites dictating the observed outcome. This simple polyamide synthesis methodology is unique and
unconventional, and it could significantly facilitate the development of tailored-made polyamides from a variety
of diisocyanates and diacids.

Introduction

In recent years, synthesis of structurally well-defined poly-
mers has been one of the most active areas of polymer research.
Particularly, living free radical polymerizations such as atom-
transfer radical polymerization (ATRP),1,2 nitroxide-mediated
free radical polymerization (NMRP),3,4 and reversible addition-
fragmentation chain transfer polymerization (RAFT)5-7 have
been extensively developed to synthesize polymers with narrow
molecularweight distributions.All of these syntheticmethods are
based on vinyl monomer addition to the terminal active sites of
the growing backbones. This vinyl monomer addition polymer-
ization differs from the conventional condensation polymeriza-
tionswhich proceed through a step-growthmechanism that allows
monomers and the growing oligomers to react randomly with
each other simultaneously. This random step-growth mechanism
in the condensation polymerization produces polymers with a
wide range of molecular weight distributions. However, Yokozawa
et al.8-16 have recently demonstrated the ability to control
molecular weights and dispersities of condensation polymers such
as polyamides, polyesters, and polyethers by “chain-growth con-
densation” of para-substitutedAB-type aromaticmonomers. They
manipulated the condensation reaction through introduction of
an activated functional group in the polymerization steps; thereby
creating a preferred site and thus a sequence for the newmonomer
addition. This general principle has inspired and ushered in new
efforts for finding “controlled” condensation polymerization.17

In our previous paper in this series, we described a “sequential
self-repetitive reaction (SSRR)” for the synthesis of polyamide
through condensation of diisocyanate with diacid in the presence

of a carbodiimide (CDI) catalyst.18,19 The standard “SSRR”
reaction involves three basic repetitive yet sequential reactions
including: (i) condensation of two isocyanates into a CDI in the
presence of a CDI catalyst (DMPO)20 (ii) addition of acid to the
CDI to yieldN-acylurea and (iii) thermal fragmentation of theN-
acylurea to form amide and isocyanate fragments both in half of
the originalmolar amount, (Scheme 1). It was observed that step i
and step ii were very facile even at a ambient temperature,
whereas step iii could only be effective at a temperature of greater
than 140 �C.21-23 However, when this three-step cycle repeats
under heated conditions with sufficient acid, all of the isocyanate
andCDI are converted into amide as the final product in excellent
conversion and selectivity.18,19 By extending this unique metho-
dology, we have devised a new twist to the SSRR process by
addition of small amount of a hindered carbodiimide (CDI) such
asN,N0-bis(2,6-diisopropylphenyl)carbodiimide, iPr-CDI 1, or a
hindered isocyanate such as 2,6-diisopropylphenyl isocyanate,
iPr-NCO 7. Doing so creates terminally new hindered-CDIs
(PiPr-CDI type 10, Scheme 4) on the growing polymer chains.
Introduction of the terminally new hindered-CDIs has been
found to form “less-reactive” CDI-sites than those of the un-
hindered CDI counterparts on the regular polymer chains for the
“SSRR” cycles. These sterically new hindered-CDIs were found
to control the site and sequence of the acid addition. As the con-
sequence, polyamides 4a0-4f0 of low dispersities were prepared
from varieties of diacids 2a-2f and methylene diphenylene
diisocyanate (MDI) 3 as shown in Scheme 2.

Results and Discussion

The new DMPO-catalyzed polycondensations from diisocya-
nates and dicarboxylic acids are basically the same as those of the
regular SSRR,18,19,24-26 where both intermediates were added
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(J.J.L.) E-mail: jianglin@ntu.edu.tw. Telephone:þ 886-4-2285-1283. Fax:
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into a solution containing a catalyst at about 180-200 �C. How-
ever, due to the new addition of iPr-CDI 1 in the beginning of the
new reaction, iPr-CDI 1 reacted with diacid 2 forming an amide
terminated monoacid 6 as one of the initiation steps of the poly-
merization (Scheme 3). In the meantime, 2,6-diisopropylphenyl
isocyanate (iPr-NCO, 7) generated was found to slowly create
new hindered-CDI at the terminal end of the growing polymer
chains as shown in Scheme 4, Scheme 5 and Scheme 6. Therefore,
two types ofCDIs, the diisopropyl-phenyl containingnewhindered-
CDI type at the terminal ends of the polymer chains and the unhin-
dered CDIs type, such as 10, 13 or 16 at the midportions of their
growing chainswere both created in the newSSRRpolymerization
process mainly through cross-condensation involving iPr-NCO 7.

First, condensation of MDI 3 monomer under the catalyst of
DMPO was converted into poly-CDI products 8 at a rapid rate.
iPr-NCO 7 being the “less-reactive” isocyanate serves as a regu-
lator in the polymerization by facilitating the capping of poly-
CDI 8 and residual isocyanates 9 slowly under the catalytic action
of DMPO (Scheme 4). Both condensation reactions create
unsymmetrically newhindered-CDI groups at the terminal end of
poly-CDI-chains 10. PiPr-CDI terminated poly-CDI 10 was
found to go forward with the chain-growth reaction with the
monoacid 6 in formation of acylureas 11 thereby starting the
SSRR sequence as shown in Scheme 5. By this mechanism, the

propagation of the growing polyamide chains takes place pre-
ferentially at the unhinderedCDI-sites (such as 13) throughSSRR.
Overall as shown in Schemes 5 and 6, the mode of polymeriza-
tion constitutes controlled insertions of diacid 2 onto unhindered
polyamide-CDIs sites at the midportions of the polymer chains
followed by fragmentation of the resulting acylureas to form
polyamide 16 and new isocyanates 12 for further repetitive
reactions leading to 4 as the final product.

The proof of the proposed mechanism operative in this new
SSRR is shown in the isolated polyamides which all possess
diisopropyl-phenyl groups at their terminal ends as evidenced by
the NMR spectroscopy of polymer products featured either in
part a or part b of Figure 1 as a urea-terminated PA due to water
treatment. This result confirms that iPr-CDI 1 indeed was
involved in the major polymerization process. The FT-IR mon-
itoring of the reaction mixture provided additional evidence of
the proposed reaction mechanism. Our FT-IR spectral analysis
based on authentic and synthesized model compounds, Figure 2
revealed that the initial CDI absorption at 2169 cm-1 of iPr-CDI
1 disappeared rapidly upon addition of diacid 2, indicating that
iPr-CDI 1was consumed readily. Coinciding with the disappear-
ance of the iPr-CDI 1 absorption is the emergence of a new
isocyanate absorption of iPr-NCO 7 at 2290 cm-1 confirming the
initiation reaction of iPr-CDI 1 (Figure 2a). Meanwhile, at the

Scheme 1. The Standard “SSRR” Reaction

Scheme 2. New “SSRR” Polyamide Synthesis with a Hindered Carbodiimide Initiated Polymerization of Diisocyanate and Diacid
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early stage of adding MDI 3/diacid 2 monomers to the reaction
mixture, the isocyanate IR absorption at 2260 cm-1 correspond-
ing to MDI 3 though visible, was converted into poly-CDI pro-
ducts 8 at a rapid rate, evidenced by the appearance of strong IR
doublet absorptions at 2136 and 2112 cm-1 (Figure 2a). This
observation is indicative of a rapid conversion of MDI 3 into
unhindered poly-CDI oligomers 8. Upon further propagation
between MDI 3 and diacids 2 at 190 �C, the hindered isocyanate
absorption of iPr-NCO 7 at 2290 cm-1 became gradually dimin-
ished as shown in Figure 2d. Toward the end of the reaction, twin
CDI peaks at 2136 and 2112 cm-1 which both correspond to the
poly-CDI 8 absorptions originating fromMDI 3 merged gradu-
ally intoonenewpeakat 2152 cm-1. This absorptionwas attributed
to polymers such as 10, 13, 16 or 4 with unsymmetrically new
hindered-CDI type at the terminal of the polymer chains. This IR

spectral assignment is consistent with that of the model unsym-
metrical N0-phenyl-N-(2,6-diisopropylphenyl) CDI, (PiPr-
CDI) 20 as shown in Figure 3b, and this model unsymmetrical
N0-phenyl-N-(2,6-diisopropylphenyl) CDI (PiPr-CDI) 20, and
thismodel unsymmetricalN0-phenyl-N-(2,6-diisopropylphenyl)
CDI, (PiPr-CDI) 20, was synthesized and isolated in 58% accord-
ing to the reactions shown in Scheme 7.27 The new hindered-CDI
absorption at 2151 cm-1 (Figure 2, parts c-f) persists in the poly-
meric solution toward the end of polymerization at 200 �C. These
observations are consistent with our proposed new SSRRmecha-
nism shown in Schemes 3, 4, 5, and 6 showing the initiation, CDI
active-site formations, propagation, and then the termination.

Most unexpectedly, the generated polyamides 40 by this new
SSRR process were found to have narrow molecular weight
(MW) distributions of less than 1.40 in molar ratios of iPr-CDI/
MDI/IAof 1/5/5 and 1/10/10 respectively byGPCanalysis shown
in Figure 4, parts a and b. The molecular weights increased
linearly indicating that the controlled mechanism is operative
from3838molecularweight for 1/5/5 for iPr-CDI/MDI/PAup to
6424 for 1/20/20 (Figure 5, parts a and b). These dispersities of
less than 1.40 are substantially different from those without the
use of hindered CDI 1 as the initiator such as in part c of Figure 4
showing a dispersity of >2.5. This general synthetic procedure
has been successfully extended to synthesize polyamides 40 with a
variety of diacids 2 including isophthalic acid (IA), 2,6-pyridine-
dicarboxylic acid (PA) and 4,40-sulfonyldibenzoic acid (SA),
adipic acid (AA), azelaic acid (AZA), and 1,10-decanedicarboxylic
acid (DA), all with MDI 3 as the common diisocyanate, and all
producing well-defined polyamides 4a0-4f0 with narrow MW
distributions of less than 1.4 as shown in Table 1.28

Other pieces of data supporting the proposed mechanism
were found through our model study shown in Scheme 8a where
benzoic acid 22 was added to a mixed solution containing five
molar excess of both unhindered diphenyl carbodiimide (diphenyl
CDI) 21 and the hindered iPr-CDI 1 in a competitive reaction.
Through the amide product analyses in HPLC after the reaction,
it was found that the relative addition rates of benzoic acid 22
to these twoCDIswas determined to be in a ratio of as large as 4 to
1 at 140 �C in favor of unhindered phenyl CDI 21 in formation of
the amides 23. Furthermore, in a similar model competitive study
for Scheme 8b between two addition sites of internal unsym-
metrical PiPr-CDI 20, the preferred addition site to form acylurea
is also shown to favor the unhindered side of intermolecular
dissymmetrical PiPr-CDI 20 by a ratio of 2.4 to 1.0 in formation

Scheme 4. Propagation Mechanism of PiPr-CDI Terminated 10
Formation through Capping of 8 and 9 by iPr-NCO 7

Scheme 3. Initiation Mechanism of New SSRR through iPr-CDI 1 and Diacid 2
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of their respective amides.29 Thus, both these data support our
proposed mechanism that the unhindered CDIs are favored
kinetically in the addition reaction in Schemes 5 and 6.

Moreover, DMPO catalyzed trans-CDI disproportion reaction
shown in Scheme 9a should also be taken into account in overall
mechanism because this disproportion reaction will also lead to
the formation of new hindered-CDI 20.30 This model study shown
in Scheme 9a was carried out by addition of DMPO catalyst into
the 1:1 molar mixture of mixed iPr-CDI 1 and diphenyl CDI 21
solution at 140 �C. It was found that 32% of PiPr-CDI 20, the
trans-CDI disproportion product, was found in the reaction
solution after 4 h of equilibration. Furthermore, mixing of iPr-
NCO 7 and diphenyl CDI 21 in mole ratio of 2 to 1 at 140 �C for
an hour has also resulted in an isocyanate-CDI exchange reaction
in formation of unsymmetrical CDI 20 as the major product
(83%) in the mixture shown in Scheme 9b.31 Therefore, this
trans-CDI disproportion reaction alongwith the isocyanate-CDI
exchange reaction are capable of shifting the long poly-CDI
chains 8 toward terminally hindered-CDI compounds such as 10.
In another words, these reactions are alternative paths of forming
intermediates of new hindered-CDI type 10 with two discernible
CDI-reaction sites.

Finally, proof of our proposed mechanism was further re-
inforced by a controlled polymerization experiment, where high
molecular weight unhindered poly-CDI containing polyamides
26 was prepared first by mixing excess MDI 3 and diacids 2c in
the molar ratio of 10 to 8 at 180 �C in solution with DMPO.

As indicated by GPC in Figure 6a, several high molecular unhin-
dered poly-CDI containing polyamide components 26 were
observed, but the major fraction is the one having a molecular
weight of 52 373 and a dispersity of 2.15. After the reaction was
stabilized, a small amount of iPr-CDI initiator 1 togetherwith the
rest of requisite diacid 2c were added to the reaction mixture as
the second step. We observed the reshuffling of the product
distribution in the ensuing reactions at 180 �C, and after 3 h of
stirring, a new polyamide 4c0-2withMn= 18,538 with dispersity
of 1.22 (shown in Figure 6b) was isolated. On the basis of the
results revealed in GPC analysis in Figure 6, we could postulate
reaction sequences of the change in Scheme 10 and this result
reinforces the fact that iPr-CDI 1 is essential and critical in our
controlled polyamide formation. However, it is important to
point out that the additionof iPr-CDI 1works in those cases, only
when polyamides still possess CDI or isocyanate groups in its
main chains. This is due to the need for the regulator to operate
through trans-CDI disproportion reaction and isocyanate-CDI
exchange reaction. We also found that this controlled polymer-
ization could be also accomplished by replacing iPr-CDI 1 by iPr-
NCO 7 as the initiator which achieves the same result (see exam-
ple polyamide 4c0-3) because interconversion of iPr-NCO 7 and
PiPr-CDI 20 is rapid as shown in Scheme 9b.

Conclusions

A unique and simple methodology has been found for synthe-
sizing well-defined polyamides from diisocyanates such as MDI

Scheme 5. Propagation Mechanism of iPr-amide Terminated Poly-CDI Formation 13 through Addition of Monoacid 6



50 Macromolecules, Vol. 44, No. 1, 2011 Chen et al.

and diacids to form polyamides of narrow molecular weight dis-
tributions (dispersity<1.4). The new SSRRmechanism involves
creation of two types of CDIs of different reactivity toward
carboxylic acid, i.e. the new hindered-CDI and unhinderedCDIs,
through the introduction of iPr-CDI, followed by sterically con-
trolled addition of carboxylic acid to the preferred unhindered
CDI initially. In this new process, the new hindered-CDI sites
play a regulating role until unhindered CDIs are consumed
preferentially. This preferred reaction at center each timewill gen-
erate intermediates and products of type 10 and type 13 of
approximately the same lengths, and thus it results in the
formation of controlled polyamides with low dispersities. The

chemistry behind the new mechanism seems complex; however,
the process itself is straightforward, with high-yield and versati-
lity for making final well-defined polyamides. More results of
this developed polymerization strategies in other polymer appli-
cations will be reported shortly.

Experimental Section

Materials. N,N0-Bis(2,6-diisopropylphenyl)carbodiimide (iPr-
CDI) 1was supplied under the trade name of Stabaxol 1 byRhein
Chemie Rheinau GmbH and used without further purifica-
tion. Isophthalic acid (IA) 2a was purchased from Lancaster,

Scheme 6. Polyamide 4 Formation through Selective Addition of Diacid 2 to iPr-amide Terminated Poly-CDI 13 in The New SSRR Cycles
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2,6-pyridinedicarboxylic acid (PA) 2b fromAldrich, 4,40-sulfonyl-
dibenzoic acid (SA) 2c from Acros, adipic acid (AA) 2d from
Showa, azelaic acid (AZA) 2e from Aldrich, and 1,10-decanedi-
carboxylic acid (DA) 2f fromAlfa.All of the above chemicalswere
used without further purification. 4,40-Methylenebis(phenyl iso-
cyanate) (4,40-MDI) 3 was received from BASF, and freshly
distilled under reduced pressure before use. 1,3-Dimethyl-3-phos-
pholene oxide (DMPO) was received fromGRECOof Taichung,
Taiwan. 2,6-Diisopropylphenyl isocyanate 7, phenyl isothiocya-
nate 17, and 2,6-diisopropylaniline 18were purchased fromAcros

and used without further purification. Sodium hydroxide was
purchased fromFisher Chemical and tetra-n-butylammonium
bromide was received from Alfa. Benzoic acid 22 and sodium
hypochlorite solution (12%) were purchased from Showa and
used as received. Phenyl isocyanate 25was purchased from Fluka
and used without further purification. Acetonitrile (AN) and
dichloromethane (DCM) were purchased from Tedia. Tetrahy-
drofuran (THF) and chloroform were purchased from Tedia,
distilled over calcium hydride and stored on molecular sieves.
N-Methyl-2-pyrrolidone (NMP) was received fromTedia, distilled

Figure 1. 1HNMRspectra for (a) aromatic polyamide 4a0-2 (iPr-CDI/MDI/IA=1/10/10) and (b) aryl-aliphatic polyamide 4e0 (iPr-CDI/MDI/AZA=
1/10/10).
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over calciumhydride and storedonmolecular sieves before use.N,
N-Dimethylformamide (DMF) was received from Mallinckrodt
Chemicals, distilled over calcium hydride, and stored on molecu-
lar sieves before use.

Measurements. 1H NMR spectra was recorded on Varian
Inova 200 MHz. Chemical shifts were given in δ, and the cou-
pling constants Jwere given in Hz. The spectra were recorded in
solvents such as CDCl3 or DMSO-d6 at room temperature, and
chemical shifts were given relative to the solvent signals. FT-IR
was carried out using a Perkin-Elmer Spectrum One FT-IR
spectrometer. Elemental CHN analysis was performed on a
Heraeus CHN-OS rapid analyzer. Electron ionization mass
(EIMS) analysis was performed on a ThermoQuest MAT
95XL apparatus. The molecular weights (Mn) were determined
by gel permeation chromatography (ShodexGPCwith a Shodex
RI detector) and calibrated by polystyrene standards. In the
GPC analysis, both degassed N,N-dimethylformamide (DMF)
andN-methyl-2-pyrrolidone (NMP) were used as the eluent and
performed at a flow rate of 1.0 mLmin-1. NMPwas used partly
in the cases where less soluble polyamide and analyzed. HPLC
was performed using a 5 m spherical particle/100 Å pore size
column (Hypersil-100 C18, Thermo Electron Corporation)
using aUV detector with its UV band set at 254 nmwith 50%or
100% of AN/water as an eluent at a flow rate of 0.5 mL/min.
The resulting polyamide products were quenched by pouring
into water followed by filtration. Polyamide products were
purified by low-polar solvent (chloroform or THF) and were
vacuum-dried into polyamide powder before testing.

Synthesis of Polyamides 4a0-4f0 (Scheme 2). Synthesis of
Aromatic Polyamides 4a0-4c0. Reaction of N,N0-bis(2,6-diiso-
propylphenyl)carbodiimide (iPr-CDI) 1with 4,40-methylenebis-
(phenylisocyanate) (MDI) 3 and isophthalic acid (IA) 2a in the
molar ratio of iPr-CDI/MDI/IA=1/10/10 is given here as a
typical example. Into a 100 mL, three-necked, round-bottomed

flask equipped with a thermometer, a nitrogen gas inlet tube, a
reflux condenser, an oil bath, and a magnetic stirrer, was placed
10 mL of dry NMP and was heated to 180 �C. 1,3-Dimethyl-3-
phospholene oxide (DMPO, 0.050 g) and iPr-CDI 1 (0.363 g,
1 mmol) were added into the hot NMP solution and stirred for
30 s.Freshly distilledMDI3 (2.500 g, 10mmol) and IA 2a (1.660 g,
10 mmol) were dissolved in 20 mL of dry NMP and were then
added dropwise into the NMP solution in 6 min at 180 �C. The
reaction was further heated to 202 �C for 3 h. The reaction was
monitored by FT-IR. The peak absorption at 2112, 2136, 2260,
and 2290 cm-1 disappeared and was replaced by new hindered-
CDI absorption at 2151 cm-1 in approximate 30 min. The new
peak absorption at 2151 cm-1 was persisted to the rest of 2.5 h.
The resulting product 4a-2 solution was quenched by 500 mL of
water, filtered and dried, to yield 3.582 g (99%) of crude poly-
amide 4a0-2 (light yellow solid). FT-IR analysis of the crude
product showed the CDI peak absorption at 2151 cm-1 dis-
appeared and was replaced by urea/amide complex absorption
at 1668 cm-1. A small portion of product (0.5 g) was further
purified by dissolving in about 5 mL of NMP solvent, following
by precipitating from 50 mL of chloroform (70% yields). The
detail results of FT-IR, 1H NMR, and GPC for aromatic
polyamides were described below.

Synthesis of Aromatic Polyamide 4a0-1. Reaction of N,N0-
bis(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and isophthalic
acid (IA) 2a in the molar ratio of iPr-CDI/MDI/IA = 1/5/5.
Yield = 98% of a light yellow solid. FT-IR (KBr cm-1): 1668
(amide, CdO), 3288 (amide, N-H). 1H NMR (200 MHz,
DMSO-d6, δ, ppm): 1.05-1.18 (t, 24H, iPr-CH3), 3.25-
3.43 (t, 4H, iPr-CH), 3.90 (s, 2nH, Ph-CH2), 7.20-7.24
(d, (4n þ 6)H, Ar-H), 7.66-7.73 (t, 5nH, Ar-H), 8.10-8.13
(d, 2nH, Ar-H), 8.50 (s, 1nH, Ar-H), 10.37 (s, 2nH, N-H).
GPC (DMF): dispersity = 1.27, Mw=18923, Mn=14900.

Figure 2. FT-IR monitoring of spectra of polyamides 4a-1 (iPr-CDI/MDI/IA= 1/5/5) after completing addition of monomers at 200 �C: (a) 0 min;
(b) 7 min; (c) 15 min; (d) 30 min; (e) 1 h (f) 3 h.
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Synthesis of Aromatic Polyamide 4a0-2. Reaction of N,N0-
bis(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and isophthalic
acid (IA) 2a in the molar ratio of iPr-CDI/MDI/IA = 1/10/10.
Yield = 99% of a light yellow solid. FT-IR (KBr cm-1): 1668
(amide, CdO), 3288 (amide, N-H). 1H NMR (200 MHz,
DMSO-d6, δ, ppm): 1.05-1.18 (t, 24H, iPr-CH3), 3.26-3.32
(t, 4H, iPr-CH), 3.90 (s, 2nH, Ph-CH2), 7.19-7.24 (d, (4nþ 6)H,
Ar-H), 7.66-7.72 (d, 5nH,Ar-H), 8.10-8.14 (d, 2nH,Ar-H),
8.50 (s, 1nH, Ar-H), 10.37 (s, 2nH, N-H). GPC (DMF):
dispersity=1.30, Mw=22880, Mn=17600.

Synthesis of Aromatic Polyamide 4a0-3. Reaction of 4,40-
methylenebis(phenylisocyanate) (MDI) 3 with isophthalic
acid (IA) 2a in the molar ratio of iPr-CDI/MDI/IA = 0/1/1.
The detail procedure for preparing polyamide 4a0-3 was de-
scribed below. Yield = 98% of a light yellow solid. FT-IR
(KBr cm-1): 1668 (amide, CdO), 3288 (amide, N-H).
1H NMR (200 MHz, DMSO-d6, δ, ppm): 3.90 (s, 2nH,
Ph-CH2), 7.20-7.24 (d, (4n þ 6)H, Ar-H), 7.62-7.73
(m, 5nH, Ar-H), 8.10-8.13 (d, 2nH, Ar-H), 8.50 (s, 1nH,
Ar-H), 10.37 (s, 2nH, N-H). GPC (DMF): dispersity = 6.06,
Mw = 122419, Mn = 20201.

Figure 3. Model FT-IR spectrum of (a) diphenyl carbodiimide 21; (b) N0-phenyl-N-(2,6-diisopropylphenyl) carbodiimide 20; (c) N,N0-bis(2,6-
diisopropylphenyl) carbodiimide 1; and (d) hindered CDI-capped polyamide 4a-1 (iPr-CDI/MDI/IA = 1/5/5).

Scheme 7. Synthesis of Model Unsymmetrical N0-Phenyl-N-(2,6-diisopropylphenyl) Carbodiimide (PiPr-CDI) 20: (a) Synthesis of N0-Phenyl-
N-(2,6-diisopropylphenyl) Thiourea 19; (b) Synthesis of Model N0-Phenyl-N-(2,6-diisopropylphenyl) Carbodiimide (PiPr-CDI) 20
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Synthesis of Aromatic Polyamide 4b0-1. Reaction of N,N0-
bis(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and 2,6-pyridinedi-
carboxylic acid (PA) 2b in the molar ratio of iPr-CDI/MDI/
PA=1/5/5. Yield = 91%of a light red brown solid. FT-IR
(KBr cm-1): 1677 (amide, CdO), 3297 (amide,N-H). 1HNMR
(200 MHz, DMSO-d6, δ, ppm): 1.13-1.15 (s, 24H, iPr-CH3),
3.23-3.42 (t, 4H, iPr-CH), 3.95 (s, 2nH, Ph-CH2), 7.27-7.30
(d, (4nþ 6)H, Ar-H), 7.79-7.83 (d, 4nH,Ar-H), 8.28-8.34 (t,
3nH, Ar-H), 10.97 (s, 2nH, N-H). GPC (NMP): dispersity =
1.29, Mw = 4951, Mn = 3838.

Synthesis of Aromatic Polyamide 4b0-2. Reaction of N,N0-
bis(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and 2,6-pyridinedi-
carboxylic acid (PA) 2b in the molar ratio of iPr-CDI/MDI/
PA= 1/7.5/7.5. Yield= 93% of a light red brown solid. FT-IR
(KBr cm-1): 1677 (amide, CdO), 3297 (amide,N-H). 1HNMR
(200 MHz, DMSO-d6, δ, ppm): 1.12-1.15 (d, 24H, iPr-CH3),
3.23-3.42 (t, 4H, iPr-CH), 3.95 (s, 2nH, Ph-CH2), 7.27-7.30
(d, (4n þ 6)H, Ar-H), 7.79-7.83 (d, 4nH, Ar-H), 8.29-8.34
(t, 3nH, Ar-H), 10.97 (s, 2nH,N-H). GPC (NMP): dispersity=
1.29,Mw=5270,Mn = 4085.

Synthesis of Aromatic Polyamide 4b0-3. Reaction of N,N0-
bis(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and 2,6-pyridinedi-
carboxylic acid (PA) 2b in the molar ratio of iPr-CDI/MDI/
PA=1/10/10. Yield = 96% of a light red brown solid. FT-IR
(KBr cm-1): 1677 (amide, CdO), 3297 (amide,N-H). 1HNMR
(200MHz, DMSO-d6, δ, ppm): 11.11-1.14 (d, 24H, iPr-CH3),
3.30-3.38 (t, 4H, iPr-CH), 3.93 (s, 2nH, Ph-CH2), 7.25-7.28
(d, (4n þ 6)H, Ar-H), 7.78-7.82 (d, 4nH, Ar-H), 8.28-8.32
(d, 3nH,Ar-H), 10.96 (s, 2nH,N-H).GPC (NMP): dispersity=
1.30,Mw = 6042,Mn = 4648.

Synthesis of Aromatic Polyamide 4b0-4. Reaction of N,N0-
bis(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and 2,6-pyridinedi-
carboxylic acid (PA) 2b in the molar ratio of iPr-CDI/MDI/
PA= 1/12.5/12.5. Yield = 95% of a light red brown solid.
FT-IR (KBr cm-1): 1677 (amide, CdO), 3297 (amide, N-H).
1H NMR (200 MHz, DMSO-d6, δ, ppm): 1.13 (s, 24H,
iPr-CH3), 3.26-3.40 (t, 4H, iPr-CH), 3.94 (s, 2nH, Ph-CH2),
7.26-7.29 (d, (4n þ 6)H, Ar-H), 7.78-7.82 (d, 4nH, Ar-H),
8.33 (s, 3nH, Ar-H), 10.96 (s, 2nH, N-H). GPC (NMP):
dispersity=1.35, Mw = 6817, Mn = 5049.

Synthesis of Aromatic Polyamide 4b0-5. Reaction of N,N0-
bis(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and 2,6-pyridinedi-
carboxylic acid (PA) 2b in the molar ratio of iPr-CDI/MDI/
PA=1/15/15. Yield = 94% of a light red brown solid. FT-IR
(KBr cm-1): 1677 (amide, CdO), 3297 (amide,N-H). 1HNMR
(200 MHz, DMSO-d6, δ, ppm): 1.13 (s, 24H, iPr-CH3), 3.36
(s, 4H, iPr-CH), 3.94 (s, 2nH, Ph-CH2), 7.29 (s, (4n þ 6)H,
Ar-H), 7.78-7.82 (d, 4nH, Ar-H), 8.33 (s, 3nH, Ar-H),

10.96 (s, 2nH, N-H). GPC (NMP): dispersity=1.38,Mw=7176,
Mn = 5200.

Synthesis of Aromatic Polyamide 4b0-6. Reaction of N,N0-
bis(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and 2,6-pyridinedi-
carboxylic acid (PA) 2b in the molar ratio of iPr-CDI/MDI/
PA= 1/17.5/17.5. Yield = 93% of a light red brown solid.
FT-IR (KBr cm-1): 1677 (amide, CdO), 3297 (amide, N-H).
1H NMR (200 MHz, DMSO-d6, δ, ppm): 1.08-1.13 (d, 24H,
iPr-CH3), 3.35-3.38 (d, 4H, iPr-CH), 3.93 (s, 2nH, Ph-CH2),
7.25-7.28 (d, (4n þ 6)H, Ar-H), 7.78-7.81 (d, 4nH, Ar-H),
8.28-8.32 (d, 3nH, Ar-H), 10.95 (s, 2nH,N-H). GPC (NMP):
dispersity=1.37, Mw = 7971, Mn = 5818.

Figure 4. GPC profiles (DMF) of polyamides 4a0-1-4a0-3 prepared by new SSRR: (a) polyamide 4a0-1 of iPr-CDI/MDI/IA= 1/5/5; (b) polyamide
4a0-2 of iPr-CDI/MDI/IA =1/10/10; (c) polyamide 4a0-3 of iPr-CDI/MDI/IA= 0/1/1 (no iPr-CDI 1 as initiator).

Figure 5. GPC results (NMP) of polyamides 4b0-1∼b0-7: (a) Mn and
Mw/Mn values as a function of the feed ratio of MDI/PA to iPr-CDI;
(b) GPC profiles obtained as a function of the feed ratio of iPr-CDI/
MDI/PA.
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Synthesis of Aromatic Polyamide 4b0-7. Reaction of N,N0-
bis(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and 2,6-pyridinedi-
carboxylic acid (PA) 2b in the molar ratio of iPr-CDI/MDI/
PA = 1/20/20. Yield = 96% of a light red brown solid. FT-IR
(KBr cm-1): 1677 (amide, CdO), 3297 (amide,N-H). 1HNMR
(200 MHz, DMSO-d6, δ, ppm): 1.12-1.14 (d, 24H, iPr-CH3),
3.25-3.43 (m, 4H, iPr-CH), 3.93 (s, 2nH, Ph-CH2), 7.25-7.28
(d, (4n þ 6)H, Ar-H), 7.78-7.81 (d, 4nH, Ar-H), 8.27-8.32
(d, 3nH,Ar-H), 10.95 (s, 2nH,N-H).GPC (NMP): dispersity=
1.36,Mw = 8737,Mn = 6424.

Synthesis of Aromatic Polyamide 4c0-1. Reaction of N,N0-
bis(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and 4,40-sulfonyldi-
benzoic acid (SA) 2c in the molar ratio of iPr-CDI/MDI/SA =
1/10/10. Yield = 95% of a light yellow solid. FT-IR (KBr cm-1):
1668 (amide, CdO), 3288 (amide, N-H). 1H NMR (200 MHz,
DMSO-d6, δ, ppm): 1.06-1.14 (t, 24H, iPr-CH3), 3.28-3.40
(m, 4H, iPr-CH), 3.87 (s, 2nH, Ph-CH2), 7.16-7.20 (d,
(4n þ 6)H, Ar-H), 7.62-7.66 (d, 4nH, Ar-H), 8.07-8.17
(t, 9nH, Ar-H), 10.40 (s, 2nH, N-H). GPC (DMF): dispersity =
1.21,Mw = 22821,Mn = 18860.

Synthesis of Aromatic Polyamide 4c0-2. Reaction of N,N0-
bis(2,6-diisopropylphgenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and 4,40-sulfonyldi-
benzoic acid (SA) 2c in the overall molar ratio of iPr-CDI/MDI/
SA=1/10/10. The detail procedure for preparing polyamide
4c0-2 was described below. Yield = 92% of a light yellow solid.
FT-IR (KBr cm-1): 1668 (amide, CdO), 3288 (amide, N-H).
1H NMR (200 MHz, DMSO-d6, δ, ppm): 1.05-1.13 (t, 24H,
iPr-CH3), 3.31-3.35 (d, 4H, iPr-CH), 3.87 (s, 2nH, Ph-CH2),
7.17-7.21 (d, (4n þ 6)H, Ar-H), 7.62-7.66 (d, 4nH, Ar-H),
8.09-8.17 (t, 8nH, Ar-H), 10.40 (s, 2nH, N-H). GPC (DMF):
dispersity = 1.22, Mw = 22617, Mn = 18538.

Synthesis of Aromatic Polyamide 4c0-3. Reaction of 2,6-
diisopropylphenyl isocyanate 7 with 4,40-methylenebis(phenyl-
isocyanate) (MDI) 3 and 4,40-sulfonyldibenzoic acid (SA) 2c in
the molar ratio of iPr-NCO/MDI/SA= 2/10/10. The detail
procedure for preparing polyamide 4c0-3 was described below.
Yield = 95% of a light yellow solid. FT-IR (KBr cm-1): 1668
(amide, CdO), 3288 (amide, N-H). 1H NMR (200 MHz,
DMSO-d6, δ, ppm): 1.06-1.14 (t, 24H, iPr-CH3), 3.44 (s, 4H,
iPr-CH), 3.88 (s, 2nH, Ph-CH2), 7.17-7.21 (d, (4n þ 6)H,
Ar-H), 7.63-7.66 (d, 4nH, Ar-H), 8.12 (s, 8nH, Ar-H), 10.42
(s, 2nH, N-H). GPC (DMF): dispersity = 1.27, Mw = 22275,
Mn = 17466.

Synthesis of Aliphatic Polyamides 4d0-4f0. Reaction of N,N0-
bis(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and azelaic acid
(AZA) 2e in themolar ratio of iPr-CDI/MDI/AZA=1/10/10 is
given here as a typical example. Into a 100 mL, three-necked,
round-bottomed flask equipped with a thermometer, a nitrogen
gas inlet tube, a reflux condenser, an oil bath, and a magnetic
stirrer, was placed 10mL of dryNMP andwas heated to 180 �C.

1,3-Dimethyl-3-phospholene oxide (DMPO, 0.050 g) and
iPr-CDI 1 (0.363 g, 1 mmol) were added into the hot NMP
solution and stirred for 30 s. Freshly distilled MDI 3 (2.500 g,
10 mmol) and AZA 2e (1.880 g, 10 mmol) were dissolved in
20mLof dryNMPandwere then added dropwise into theNMP
solution in 6 min at 180 �C. The reaction was further heated to
202 �C for 3 h. The reaction was monitored by FT-IR. The peak
absorption at 2112, 2136, 2260, and 2290 cm-1 disappeared and
was replaced by new hindered-CDI absorption at 2151 cm-1

in approximate 30 min. The new peak absorption at 2151 cm-1

was persisted to the rest of 2.5 h. The resulting product 4e
solution was quenched by 500 mL of water, filtered, and dried,
to yield 3.752 g (98%) of crude polyamide 4e0 (white solid).
FT-IR analysis of the crude product showed the CDI peak
absorption at 2151 cm-1 disappeared and was replaced by urea/
amide complex absorption at 1660 cm-1. A small portion of
product (0.5 g) was further purified by dissolving in about 5 mL
of NMP solvent, following by precipitating from 50 mL
of chloroform (80% yields). The detailed results of FT-IR,
1H NMR, and GPC studies for aliphatic polyamides were
described below.

Table 1. Molecular Weights and Polydispersities of Polyamides 4a0-4j0a

entry composition molar ratio feed [min] Mw Mn dispersity [Mw/Mn]

4d0 iPr-CDI/MDI/AAb 1/10/10 7 17 650 14 355 1.23
4e0 iPr-CDI/MDI/AZAb 1/10/10 7 13 621 12 197 1.11
4f0 iPr-CDI/MDI/DAb 1/10/10 7 11 264 10 444 1.08
4a0-2 iPr-CDI/MDI/IAb 1/10/10 7 22 800 17 600 1.30
4c0-1 iPr-CDI/MDI/SAb 1/10/10 7 22 821 18 860 1.21
4b0-1 iPr-CDI/MDI/PAc 1/5/5 7 4951 3838 1.29
4b0-3 iPr-CDI/MDI/PAc 1/10/10 7 6042 4648 1.30
4b0-5 iPr-CDI/MDI/PAc 1/15/15 7 7176 5200 1.38
4b0-7 iPr-CDI/MDI/PAc 1/20/20 7 8737 6424 1.36

aAliphatic diacids 2d-2f: AA = adipic acid 2d, AZA = azelaic acid 2e, DA = 1,10-decanedicarboxylic acid 2f. Aromatic diacids 2a-2c: IA =
isophthalic acid 2a, SA= 4,40-sulfonyldibenzoic acid 2c, PA=2,6-pyridinedicarboxylic acid 2b. bMeasured byGPC ofN-dimethylformamide (DMF)
was used as the eluent. cMeasured by GPC of N-methyl-2-pyrrolidone (NMP) was used as the eluent for less soluble polyamide.

Scheme 8. Model Competitive Studies: (a) Reaction of iPr-CDI 1 and
Diphenyl CDI 21 with Benzoic Acid 22; (b) Reaction of PiPr-CDI 20

with Benzoic Acid 22
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Synthesis of Aliphatic Polyamide 4d0. Reaction of N,N0-bis-
(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and adipic acid (AA)
2d in the molar ratio of iPr-CDI/MDI/AA= 1/10/10. Yield =
91% of a white solid. FT-IR (KBr cm-1): 1658 (amide, CdO),
3301 (amide, N-H). 1H NMR (200 MHz, DMSO-d6, δ, ppm):
1.05-1.08 (d, 24H, iPr-CH3), 1.58 (s, 4nH, -CH2-), 2.27
(s, 4nH,-CH2-), 3.34 (s, 4H, iPr-CH), 3.78 (s, 2nH,Ph-CH2),
7.05-7.09 (d, 4nH, Ar-H), 7.44-7.48 (d, 4nH, Ar-H), 9.78
(s, 2nH, N-H). GPC (DMF): dispersity = 1.23, Mw = 17650,
Mn = 14355.

Synthesis of Aliphatic Polyamide 4e0. Reaction of N,N0-bis-
(2,6-diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-
methylenebis(phenylisocyanate) (MDI) 3 and azelaic acid (AZA)
2e in themolar ratio of iPr-CDI/MDI/AZA=1/10/10. Yield=
98% of a white solid. FT-IR (KBr cm-1): 1660 (amide, CdO),
3301 (amide, N-H). 1H NMR (200 MHz, DMSO-d6, δ, ppm):
1.07 (s, 24H, iPr-CH3), 1.27 (s, 6nH, -CH2-), 1.55 (s, 4nH,
-CH2-), 2.25 (s, 4nH, -CH2-), 3.34 (s, 4H, iPr-CH), 3.78
(s, 2nH, Ph-CH2), 7.06-7.10 (d, 4nH, Ar-H), 7.45-7.49
(d, 4nH, Ar-H), 9.76 (s, 2nH, N-H). GPC (DMF): dispersity =
1.11,Mn = 12197,Mw = 13621.

Synthesis of aliphatic polyamide 4f0.Reaction ofN,N0-bis(2,6-
diisopropylphenyl)carbodiimide (iPr-CDI) 1 with 4,40-methyl-
enebis(phenylisocyanate) (MDI) 3 and 1,10-decanedicarboxylic
acid (DA) 2f in themolar ratio of iPr-CDI/MDI/DA=1/10/10.
Yield= 92% of a white solid. FT-IR (KBr cm-1): 1660 (amide,
CdO), 3301 (amide, N-H). 1H NMR (200 MHz, DMSO-d6,
δ, ppm): 1.10 (s, 24H, iPr-CH3), 1.24 (s, 12nH, -CH2-), 1.54
(s, 4nH, -CH2-), 2.24 (s, 4nH, -CH2-), 3.20-3.42 (t, 4H,
iPr-CH), 3.78 (s, 2nH, Ph-CH2), 7.05-7.09 (d, 4nH, Ar-H),
7.44-7.48 (d, 4nH, Ar-H), 9.75 (s, 2nH,N-H). GPC (DMF):
dispersity = 1.08, Mw = 11264, Mn = 10444.

Synthesis of Model Unsymmetrical N0-Phenyl-N-(2,6-diiso-
propylphenyl) Carbodiimide (PiPr-CDI) (Scheme 7). Synthesis
of N0-Phenyl-N-(2,6-diisopropylphenyl) Thiourea 19 (Scheme 7a).
Into a 250 mL three-necked round-bottomed flask equipped
with a thermometer, a nitrogen gas inlet, an ice bath, and a
magnetic stirrer were placed phenyl isothiocyanate 17 (8.03 g,
58 mmol) and 10 mL of dry THF. After the mixture was cooled
to 0-4 �C, 2,6-diisopropylaniline 18 (10.19 g, 52 mmol) dis-
solved in 10 mL of dry THF was added dropwise to the stirred

solution. After the addition, the reaction was continued at room
temperature for 2 h. The resulting solution was then poured into
100 mL of petroleum ether. The precipitated product was fil-
tered and dried at room temperature under vacuum. The yield
of N0-phenyl-N-(2,6-diisopropylphenyl) thiourea 19 was 99%
(16.36 g). Mp = 173-174 �C. FT-IR (KBr cm-1): 1330
(thiourea, CdS), 3340 (thiourea, N-H). 1H NMR (200 MHz,
DMSO-d6, δ, ppm): 1.12-1.23 (m, 12H, iPr-CH3), 3.06-3.13
(t, 2H, iPr-CH), 7.17-7.35 (m, 6H, Ar-H), 7.59-7.62 (d, 2H,
Ar-H), 8.41,9.00 (s, 2H, N-H), 9.60,9.84 (s, 2H, N-H). Anal.
Calcd for C19H24N2S: C, 73.03; H, 7.74; N, 8.97; S, 10.26.
Found: C, 73.07; H, 7.73; N, 8.92; S, 10.25. Mass spectrum
(m/e): 312 (Mþ, 100% relative abundance).

Synthesis of N0-Phenyl-N-(2,6-diisopropylphenyl) Carbodii-
mide (PiPr-CDI) 20 (Scheme 7(b)). Into a 100 mL three-necked
round-bottomed flask equipped with a thermometer, a nitrogen
gas inlet tube, and a magnetic stirrer were added N0-phenyl-
N-(2,6-diisopropylphenyl) thiourea 19 (9.36 g, 30 mmol) and 50
mL of DCM. After the mixture was cooled to 0-4 �C in an ice
bath, sodium hydroxide (2.40 g, 60 mmol) and tetra-n-butylam-
monium bromide (0.10 g, 3 mmol) dissolved in 50 mL of H2O
were added dropwise to the stirred solution. To this solution
was then added 12% of sodium hypochlorite solution (55.83 g,
90 mmol), and the combined solution was maintained at room
temperature with stirring for 7 h until the color of the solution
changing fromdeep orange to light yellow. The reactionmixture
was extracted three times with dichloromethane (DCM). The
organic layer was dried with MgSO4. The crude product was
purified by rapidly passing through a short chromatograph col-
umn packed with silica gel with DCM as the eluent. After
evaporation of DCM, N0-phenyl-N-(2,6-diisopropylphenyl) car-
bodiimide (PiPr-CDI) 20 (4.84 g; 58%) was isolated as a color-
less viscose liquid. FT-IR (KBr cm-1): 2156, (carbodiimide,
-NCN-). 1H NMR (200 MHz, DMSO-d6, δ, ppm): 1.17-1.20
(d, 12H, iPr-CH3), 3.23-3.39 (m, 2H, iPr-CH), 7.16 (s, 6H,
Ar-H), 7.31-7.38 (t, 2H, Ar-H). Mass spectrum (m/e): 278
(Mþ, 100% relative abundance).

Experiments on Model Competitive Study (Scheme 8). Diphenyl
Carbodiimide (Phenyl-CDI) 21 andN,N0-Bis(2,6-diisopropylphenyl)-
Carbodiimide (iPr-CDI) 1 Reacted with Benzoic Acid 22
(Scheme 8a). Into a 100 mL three-necked round-bottomed flask
equipped with a thermometer, a nitrogen gas inlet tube, an oil

Scheme 9. Trans-CDI Disproportion and Isocyanate-CDI Exchange Reactions: (a) Reaction of iPr-CDI 1 with Diphenyl CDI 21;
(b) Reaction of iPr-NCO 7 with Diphenyl CDI 21; (c) Reaction of iPr-NCO 7 with Phenyl Isocyanate 25
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bath, and a magnetic stirrer was placed 4 mL of dry NMP, and
the flask was heated to 140 �C. 1,3-Dimethyl-3-phospholene
oxide (DMPO, 0.050 g) and benzoic acid 22 (0.12 g, 1.0 mmol)
were added into the solution and stirred for 5min.N,N0-Bis(2,6-
diisopropylphenyl)carbodiimide 1 (1.81 g, 5.0 mmol) and di-
phenyl carbodiimide 21 (0.97 g, 5.0 mmol) dissolved in 6 mL
of dry NMP and were then added into the reaction mixture at
140 �C. The reaction wasmonitored byFT-IR. The peak of CDI
absorption at 2102, 2137, and 2166 cm-1 did not diminish in

60 min. The resulting mixture was quenched by concentrated
H2SO4 (1 mL) and H2O (4 mL) and poured into 200 mL of
water, filtered, and dried, to yield 2.75 g of crude amide product.
FT-IR analysis of the crude product showed the CDI peak
absorptions at 2102, 2137, and 2166 cm-1 have been converted
into urea absorption at 1641 cm-1. HPLC analysis of the crude
reaction products showed the yields ratios of 80:20 for phenyl
benzamide 23 and N-(2,6-diisopropylphenyl) benzamide 24
respectively.

N0-Phenyl-N-(2,6-diisopropylphenyl) Carbodiimide (PiPr-CDI)
20 Reacted with Benzoic Acid 22 (Scheme 8(b)). Into a 100 mL
three-necked round-bottomed flask equipped with a thermo-
meter, a nitrogen gas inlet tube, an oil bath, and a magnetic
stirrer was placed 3mL of dryNMP, and the flask was heated to
140 �C. 1,3-Dimethyl-3-phospholene oxide (DMPO, 0.050 g)
and N0-phenyl-N-(2,6-diisopropylphenyl) carbodiimide (PiPr-
CDI) 20 (1.01 g, 3.63 mmol) were added into the solution and
stirred for 5min. Benzoic acid 22 (3.63 g, 7.26mmol) dissolved in
2 mL of dry NMP and was then added into the reaction mixture
at 140 �C. The reaction was monitored by FT-IR. The peak of
PiPr-CDI absorption at 2156 cm-1 and isocyanate absorption at
2260 and 2290 cm-1 disappeared to finish reaction in 90 min.
The resulting mixture was quenched by the addition of concen-
tratedH2SO4 (0.5mL) andH2O (2mL) and poured into 200mL
of water, filtered, and dried, to yield 5.56 g of crude amide
product. FT-IR analysis of the crude product showed amide
absorption at 1653 cm-1. HPLC analysis of the crude reaction
products showed yield ratios of 29:71 for phenyl benzamide 23
and N-(2,6-diisopropylphenyl) benzamide 24, respectively.

Experiments on Trans-CDI Disproportion and Isocyanate-
CDI Exchange Reactions (Scheme 9). Reaction of N,N0-Bis-
(2,6-diisopropylphenyl)Carbodiimide (iPr-CDI) 1with Diphenyl
Carbodiimide (diphenyl CDI) 21 (Scheme 9a). Into a 100 mL
three-necked round-bottomed flask equipped with a thermo-
meter, a nitrogen gas inlet tube, an oil bath, and a magnetic
stirrer was placed 8 mL of dry NMP, and the flask was heated

Scheme 10. Mechanism of the Two Step Method: (a) First Step, Synthesis of Polyamides 26 Containing Unhindered Poly-CDI; (b) Second Step,
Addition of iPr-CDI Initiator 1 and Residual Diacids 2c To Control The Molecular Weight and Finish the Reaction

Figure 6. GPC spectra (DMF) of polyamide 4c0-2 (iPr-CDI/MDI/SA
=1/10/10) prepared by a two stepmethod: (a) the first step: synthesis of
polyamides 26 with unhindered poly-CDI containing (iPr-CDI/MDI/
SA = 0/10/8); (b) second step: addition of iPr-CDI initiator 1 and SA
diacids 2c to control the molecular weight (iPr-CDI/MDI/SA = 1/10/
10). (c) One step method by new SSRR for polyamide 4c0-1 (iPr-CDI/
MDI/SA = 1/10/10).
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to 140 �C. 1,3-Dimethyl-3-phospholene oxide (DMPO, 0.050 g)
and diphenyl carbodiimide 21 (2.02 g, 10.4 mmol) were added
into the solution and stirred for 5 min. N,N0-Bis(2,6-diiso-
propylphenyl)carbodiimide 1 (3.77 g, 10.4 mmol) dissolved in
12 mL of dry NMP and was then added into the reaction
mixture at 140 �C. The reaction was monitored by FT-IR. The
peak absorption at 2107, 2137, and 2166 cm-1 were converted
into new CDI absorption at 2156 cm-1 in 240 min. The result-
ing mixture was quenched by concentrated H2SO4 (1 mL) and
H2O (4 mL) and poured into 200 mL of water, filtered and
dried, to yield 4.89 g of crude urea product. FT-IR analysis
of the crude product showed the new CDI peak absorption
at 2156 cm-1 have been converted into urea absorption at
1643 cm-1. The urea product ratios of 32:23:45 for N0-phenyl-
N-(2,6-diisopropylphenyl) urea, diphenyl urea, and N,N0-bis-
(2,6-diisopropylphenyl) urea respectivelyweremeasuredbyHPLC
analysis. This ratio of 32:23:45 was assumed to be the ratio of
the corresponding CDIs forN0-phenyl-N-(2,6-diisopropylphenyl)
carbodiimide (PiPr-CDI) 20, diphenyl carbodiimide 21 and
N,N0-bis(2,6-diisopropylphenyl)carbodiimide 1 respectively
before their hydrolysis.

Reaction of 2,6-Diisopropylphenyl Isocyanate (iPr-NCO) 7
with Diphenyl Carbodiimide (diphenyl CDI) 21 (Scheme 9b). Into
a 100 mL three-necked round-bottomed flask equipped with a
thermometer, a nitrogen gas inlet tube, and a magnetic stirrer
was placed 6 mL of dry NMP and was heated to 140 �C. 1,
3-Dimethyl-3-phospholene oxide (DMPO, 0.050 g) and diphenyl
carbodiimide 21 (0.51 g, 2.64 mmol) were added into the
solution and stirred for 5 min. 2,6-Diisopropylphenyl isocya-
nate 7 (1.07 g, 5.28 mmol) was dissolved in 7 mL of dry NMP
and was then added into the reaction mixture at 140 �C.
The reaction was monitored by FT-IR. The peak absorption at
2290 cm-1 rapidly diminished and disappeared, while a new
CDI IR absorption at 2156 cm-1 became the major absorption
in 60min. The resultingmixturewas quenchedby the addition of
concentrated H2SO4 (0.5 mL) and H2O (2 mL) to convert all
CDIs in the solution into urea derivitives. The resulting solu-
tionwas poured into 200mLofwater, filtered and dried, to yield
1.22 g of crude urea product. FT-IR analysis of the crude
product showed the new CDI peak absorption at 2156 cm-1

have been converted into urea absorption at 1643 cm-1. The
composition of this urea product mixture was analyzed through
HPLC where the relative ratio of ureas were determined to be
83:17 forN0-phenyl-N-(2,6-diisopropylphenyl) urea and diphenyl
urea. This ratio of 83:17 was assumed to be the ratio of the
corresponding CDIs for N0-phenyl-N-(2,6-diisopropylphenyl)
carbodiimide (PiPr-CDI) 20 and diphenyl carbodiimide 21
respectively before their hydrolysis.

Reaction of 2,6-Diisopropylphenyl Isocyanate (iPr-NCO) 7
with Phenyl Isocyanate (Phenyl NCO) 25 (Scheme 9c). Into a
100 mL three-necked round-bottomed flask equipped with a
thermometer, a nitrogen gas inlet tube, and a magnetic stirrer
was placed 5 mL of dry NMP, and heated to 140 �C. 1,3-
Dimethyl-3-phospholene oxide (DMPO, 0.05 g) and phenyl
isocyanate 25 (0.29 g, 2.43 mmol) were added into the solution
and stirred for 5 min. 2,6-Diisopropylphenyl isocyanate 7 (0.50 g,
2.43 mmol) dissolved in 5 mL of dry NMP was then added into
the reaction mixture at 140 �C. The reaction was monitored by
FT-IR. The peak absorption at 2260 and 2290 cm-1 disappeared
and was replaced by new CDI absorption at 2156 cm-1 in
120 min. The resulting mixture was quenched by concentrated
H2SO4 (0.5 mL) and H2O (2 mL) and poured into 200 mL of
water, filtered, and dried, to yield 0.51 g of crude urea product.
FT-IR analysis of the crude product showed the new CDI peak
absorption at 2156 cm-1 has been converted into urea absorp-
tion at 1643 cm-1. The composition of this urea productmixture
was analyzed throughHPLCwhere the relative ratio of ureawas
determined to be 72:28 forN0-phenyl-N-(2,6-diisopropylphenyl)
urea and diphenyl urea, respectively. This ratio of 72:28
was assumed to be the ratio of the corresponding CDIs for

N0-phenyl-N-(2,6-diisopropylphenyl) carbodiimide (PiPr-CDI)
20 and diphenyl carbodiimide 21 respectively before their
hydrolysis.

Synthesis of Polyamide 4a-3 with No iPr-CDI Initiator in
Regular SSRR (Figure 4c). Synthesis of Aromatic Polyamide
4a0-3 with No iPr-CDI Initiator 1 (Figure 4c). Reaction of 4,40-
methylenebis(phenylisocyanate) (MDI) 3 with isophthalic acid
(IA) 2a in the molar ratio of iPr-CDI/MDI/IA = 0/1/1 is given
here as a typical example. Into a 100 mL, three-necked, round-
bottomed flask equipped with a thermometer, a nitrogen gas
inlet tube, a reflux condenser, an oil bath, and a magnetic stirrer
was placed 10 mL of dry NMP, and the flask was heated to
180 �C. 1,3-Dimethyl-3-phospholene oxide (DMPO, 0.050 g) was
added into the hot NMP solution and stirred for 30 s. Freshly
distilledMDI 3 (2.500 g, 10 mmol) and IA 2a (1.660 g, 10 mmol)
were dissolved in 20 mL of dry NMP and were then added
dropwise into theNMP solution in 6min at 180 �C. The reaction
was further heated to 202 �C for 3 h. The reactionwasmonitored
by FT-IR. The peak absorption at 2112 and 2136 cm-1 dis-
appeared in 10min.NoCDI peak absorptionwas generated and
persisted to the rest of 170 min. The resulting product 4a-3
solution was poured into 500 mL of water, filtered and dried, to
yield 3.214 g (98%) of crude polyamide 4a0-3 (light yellow solid).
FT-IR analysis of the crude product showed amide absorp-
tion at 1668 cm-1 and no CDI peak absorption at 2112 and
2136 cm-1. A small portion of product (0.5 g) was further puri-
fied by dissolving in about 5 mL of NMP solvent, following by
precipitating from 50mLof chloroform (78%yields). The detail
results of FT-IR, 1H NMR, and GPC for aromatic polyamides
4a0-3 were described above.

Demonstration of the Importance of iPr-CDI to Control
The Molecular Weight in New SSRR (Scheme 10). First Step:
Synthesis of Polyamides 26 with Unhindered Poly-CDI Contain-
ing (Scheme 10a).Reaction of 4,40-methylenebis(phenylisocyanate)
(MDI) 3with 4,40-sulfonyldibenzoic acid (SA) 2c in themolar ratio
of iPr-CDI/MDI/SA= 0/10/8 is given here. Into a 100 mL, three-
necked, round-bottomed flask equipped with a thermometer, a
nitrogen gas inlet tube, a reflux condenser, an oil bath, and a mag-
netic stirrer,was placed 6mLof dryNMP, and the flaskwas heated
to 180 �C. 1,3-Dimethyl-3-phospholene oxide (DMPO, 0.050 g)
was added into the hot NMP solution and stirred for 30 s. Freshly
distilled MDI 3 (2.500 g, 10 mmol) and SA 2c (2.450 g, 8 mmol)
were dissolved in 15mLofdryNMPandwere thenaddeddropwise
into the NMP solution in 10 s at 180 �C. The reaction was further
heated to 202 �C for 2 min. The resulting product solution became
viscousandsticky in theprocess.The resultingproduct solutionwas
monitored by FT-IR. The peak absorption was converted into
poly-CDIabsorption at 2112 and 2136 cm-1 in 2min.Taking small
resulting product solution (about∼2mL) was quenched by 50mL
ofwater, filteredanddried, to yield0.008gofhighmolecularweight
polyamide 26 product with unhindered poly-CDI containing
(yellow and viscous solid). GPC (DMF): dispersity = 2.15,Mw =
114752,Mn = 52373.

Second Step: Synthesis of Aromatic Polyamide 4c-2 with
Adding iPr-CDI Initiator 1 and SA Diacids 2c To Control The
Molecular Weight and Finish The Reaction (Scheme 10b). Reac-
tion of N,N0-bis(2,6-diisopropylphenyl)carbodiimide (iPr-CDI)
1 and 4,40-sulfonyldibenzoic acid (SA) 2c with the first step of
the resulting product in the overall molar ratio of iPr-CDI/
MDI/SA = 1/10/10 is given here. The first step of the resulting
product solution was carried onto the second step. Initiator iPr-
CDI 1 (0.363 g, 1 mmol) and residual SA 2c (0.612 g, 2 mmol)
were dissolved in 9 mL of dry NMP and were then added
dropwise into theNMP solution in 6min at 202 �C. The reaction
was further heated to 202 �C for 3 h. The viscous resulting
product solution clarified immediately in the process. The
reaction was monitored by FT-IR. The peak absorption at
2112, 2136, and 2290 cm-1 disappeared and was replaced by the
new hindered-CDI of absorption at 2151 cm-1 in 30 min. The
newpeakabsorptionat 2151cm-1waspersisted to the rest of 2.5h.
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The resulting product 4c-2 solution was quenched by 500 mL of
water, filtered and dried, to yield 4.60 g (92%) of crude poly-
amide 4c0-2 (light yellow solid). FT-IR analysis of the crude
product showed the CDI peak absorption at 2151 cm-1 dis-
appeared and was replaced by urea/amide complex absorption
at 1668 cm-1. A small portion of product (0.5 g) was further
purified by dissolving in about 5 mL of NMP solvent, following
by precipitating from 50 mL of THF (80% yields). The detail
results of FT-IR, 1H NMR, and GPC for aromatic polyamides
4c0-2 were described above.

Demonstration of iPr-NCO as the Initiator To Control The
Molecular Weight in New SSRR (Example Polyamide 4c-3).
Synthesis Aromatic Polyamide 4c0-3 with iPr-NCO 7 as the
Initiator.Reaction of 2,6-diisopropylphenyl isocyanate (iPr-NCO)
7 with 4,40-methylenebis(phenylisocyanate) (MDI) 3 and 4,40-
sulfonyldibenzoic acid (SA) 2c in the molar ratio of iPr-NCO/
MDI/SA = 2/10/10 is given here. Into a 100 mL, three-necked,
round-bottomed flask equipped with a thermometer, a nitrogen
gas inlet tube, a reflux condenser, an oil bath, and a magnetic
stirrer, was placed 10 mL of dry NMP and was heated to 180 �C.
1,3-Dimethyl-3-phospholene oxide (DMPO, 0.050 g) and iPr-
NCO 7 (0.203 g, 2 mmol) were added into the hot NMP solution
and stirred for 30 s. Freshly distilledMDI 3 (2.500 g, 10mmol) and
SA 2c (3.063 g, 10mmol) were dissolved in 20mLof dryNMPand
were then added dropwise into the NMP solution in 6 min at
180 �C The reaction was further heated to 202 �C for 3 h. The
reaction was monitored by FT-IR. The peak absorption at 2112,
2136, 2260, and 2290 cm-1 disappeared and was replaced by
new hindered-CDI of absorption at 2151 cm-1 in 30min. The new
peak absorption at 2151 cm-1was persisted to the rest of 2.5 h.The
resulting product 4c-3 solution was quenched by 500mL of water,
filtered, and dried, to yield 4.72 g (95%) of crude polyamide 4c0-3
(light yellow solid). FT-IR analysis of the crude product showed
the CDI peak absorption at 2151 cm-1 disappeared and was
replaced by urea/amide complex absorption at 1668 cm-1. A small
portion of product (0.5 g) was further purified by dissolving in
about 5 mL of NMP solvent, following by precipitating from
50mLofTHF(78%yields).Thedetail results ofFT-IR, 1HNMR,
and GPC for aromatic polyamides 4c0-3 were described above.
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ABSTRACT: Replica exchange molecular dynamics (REMD) simulations using explicit solvents were used
to study the folding behaviors of a group ofm-poly(phenylene ethynylene)s (mPPEs), which are being actively
investigated for a variety of biological and catalysis applications. The mPPEs considered in this study have
different endohelix functional groups, which in the helical conformation of the polymer are localized within
the helical cavity. The results showed that, formPPEswith ester functional groups arranged on the exohelix of
the helical polymer, altering the endohelix functional groups did not significantly affect folding behaviors in
acetonitrile. This result is consistent with experimental data and indicates that the properties of the helical
cavity may be tailored for certain applications without destabilizing the helix conformation, so long as the
exohelix functional groups are esters. We also present simulation results for a set of mPPEs with endohelix
functional groups that enhance the stability of the helical conformation via the formation of intra- and
interturn hydrogen bonds (HBs). If mPPE folding is viewed as a nucleation/growth process, intraturn HB
interactions facilitate both nucleation events and growth, while interturn HBs and π-stacking interactions
affect only the growth process. These mPPEs, which lack exohelix functional groups, were shown to fold into
stable helical secondary structures in acetonitrile, methanol, and even chloroform, although chlorinated
solvents have previously been known to denature mPPE helical structures. Our results predict that this
stabilization occurs to the extent that a variety of exohelix functional groups can be incorporated into mPPE
backbones, while maintaining a stable helical secondary structure, includingmany functional groups that are
known to destabilize the helix in non-hydrogen-bonded mPPEs.

Introduction

m-Poly(phenylene ethynylene)s or mPPEs are a class of poly-
mers known for their ability to formhelical secondary structure in
suitable solvent conditions.1 This special ability not only invites
the opportunity formany different applications but also provides
a simple and interesting platform for studying the conformational
behavior of macromolecules. Thus, understanding and control-
ling the factors that affect their folding behavior is crucial in
designing an effective functionalizedmPPE for a given application.
It is especially important to understand the impact of functional
groups on the polymer backbone, as such knowledge is extremely
useful in studying secondary structure formationofmacromolecules
in general.

Primarily, two types of functional groups can be employed to
modify the properties of a given mPPE, as shown in Figure 1. On
the basis of their locations on the expected helical structures, we
refer to those in position R1 as exohelix functional groups. These
groups are at meta positions to the ethynylene linkages and
arranged on the outer wall of the helical conformation. Similarly,
we refer to groups at position R2 as endohelix functional groups.
These are located at the position that is ortho to both ethynylene
linkages on a phenyl ring, and they are encased inside the cavity of
the mPPE in its helical conformation.

The exohelix functional groups of mPPEs have been shown by
many experimental and modeling studies to directly affect the
solubility and folding behaviors of their respective mPPEs.1-10

The endohelix functional groups, on the other hand, have been
employed mostly to control the environment inside the helix
cavity. For example, Tanatani et al.11 employed methyl func-
tional groups to reduce the size of the helix cavity of an mPPE,
effectively blocking the entrance of small molecules into the
cavity. In another study, Prince et al.12 used nitrile endohelix
functional groups to form a silver ion complex within the helix
cavity. The bonds between the ion and the nitrile functional
groups of the complex provided an additional stabilizing effect
for the helical structure in tetrahydrofuran solution.

Aside from their ability to change the environment inside the
mPPE helix cavity, endohelix functional groups may also influ-
ence helix stability by enhancing the π-stacking of overlapping
aromatic rings. This effect is brought about because, in general,
substituted benzyl rings have stronger π-stacking interactions in
comparison to benzene.13,14 On the other hand, they could also
inhibit helical formation through steric interactions. The steric
effect was shown by Arnt and Tew2 with an mPPE having large
ether endohelix functional groups and by Adisa and Bruce4 in a
modeling study with similar mPPE structures. Steric interactions
of course depend on the size of the functional groups, and in our
previous study,10 the folding behavior of an mPPE having small
endohelix functional groups was found to be similar to that of an
mPPE with only hydrogen endohelix functional groups.

In this study, we examine how the stability of themPPEhelical
structure is affected by endohelix functional groups, including
those that are capable of forming hydrogen bonds. The idea of
incorporating hydrogen bonds into an mPPE structure was
previously explored by Cary and Moore,15 by placing suitable
functional groups at the position that is ortho to the ethynylene
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linkages as well as on the outer wall of the mPPE helical
structures. In that study, hydrogen bonds between the functional
groups significantly improved the stability of helical structures,
allowing them to withstand a higher ratio of chlorinated solvent
in solvent mixtures. Because hydrogen bonds are far stronger
than the π-stacking effect, they would presumably lead to more
stable helical structures and bring the mPPE secondary confor-
mations a step closer to those of biological macromolecules,
which are primarily stabilized by a series of hydrogen bonds.

In an earlier study,10 we employed a replica exchange molec-
ular dynamics (REMD) simulation protocol to examine the effect
of exohelix functional groups on the folding behaviors of a wide
range of functionalized mPPEs. While experimental results have
shown that the factors affecting secondary structure in mPPEs
are so exceedingly complex that they preclude classification by
simple heuristics, we found that our simulation results proved an
accurate indicator of whether a given mPPEwill fold under given
conditions.

The excellent agreement of our previous simulation results
with numerous published experimental results as well as the
results from other published modeling works indicate that
molecular simulation is a useful tool for exploring the folding
behavior of mPPEs, presenting a cost-effective alternative to
laboratory synthesis and characterization. Thus, in this study, we
employed our REMD protocol as well as classical molecular
dynamics (MD) to study the effect of the aforementioned
endohelix functional groups on the folding behaviors of their
respective mPPEs.

Methods

TheREMDprotocol employed in this paper is identical to that
described in earlier work3,10 and, as such, is only briefly described
here. All constant volume REMD and MD simulations were
conducted using Gromacs, version 3.3.1,16-22 on the Palmetto
supercomputer23 at Clemson University. The starting mPPE
structures, which contained 12 monomer units (from Figure 1,
n= 12), were built in Materials Studio 4.4,24 then transferred to
Gromacs. Isothermal conditions for all simulations were main-
tained usingBerendsen temperature coupling25 (T=300K, τT=
0.1 ps), whereas Parrinello-Rahman pressure coupling26 (P=1
bar, τP = 1 ps) was used to maintain system pressure during 200
ns isothermal-isobaric simulations that were used to equilibrate
the solvatedmPPE systemsprior toREMDandMDsimulations.
TheLINCSalgorithm20was employed tohold constant allmPPE
bond lengths. Finally, Visual Molecular Dynamics27 was used to
render graphics of mPPE structures.

To evaluate the folding behaviors of a given mPPE system, we
usedGromacs to conduct twoREMDsimulations, one initialized
with themPPE in a random extended structure and the otherwith
the polymer in a helical conformation. Results were used to

categorize the various mPPEs into groups, based on the time
evolution of the radius of gyration (Rg) observed during simula-
tions of the polymers.These groups are designated by a number, 1
to 4, and indicate the likelihood that the mPPEwill form a stable
helix in the given solvent (group 1 being least likely and group 4
being most likely). Refer to our previous work10 for a detailed
description of the method and classification system. In order to
monitor the mPPE conformation changes during the simulation,
we employed several different parameters including the radius of
gyration, the Lennard-Jones interactions between mPPE and
solvent molecules, the Lennard-Jones interactions between
mPPE atoms, the solvent accessible surface area, the average
distances between overlapping aromatics rings as well as visual
inspectionof the trajectories.All of these parameters showsimilar
correlation with the folding process. Thus, only the time evolu-
tion of the radius of gyration is reported in the text.

ThemPPE and solvent models were taken from the Optimized
Potentials for Liquid Simulations (OPLS),28-30 following the
procedure described earlier.3,4 The endohelix functional groups,
numbered 6 to 10 inFigure 1,were selected to represent a range of
size, polarity, and their ability to form hydrogen bonds. Further-
more, we selected only groups whose sizes were small enough to
fit inside the helix cavity to avoid any steric effects, as such
interactions could severely hinder formation of the helical
structure.4 Three explicit solvents were used for this study:
acetonitrile,methanol, and chloroform.Hydrogen bond analyses
were performedusingGromacs, with a cut off distance of 0.35 nm
and an angle cut off of 30�, as in a previous study.31

For this study, 12 different exohelix functional groups were
investigated. Among them, R1 = -COOCH3 and H were fully
studied for all seven endohelix functional groups, R2 from 6 to 12
(see Figure 1). The others were only studiedwithR2=-CH2NH2

and -CH2OH. REMD and MD simulations for mPPEs with
R1 = -COOCH3 and H and R2 = -CH2NH2 and -CH2OH
were conducted in explicit acetonitrile,methanol and chloroform.
For the other mPPEs, only REMD simulations in explicit
acetonitrile were conducted.

Results and Discussion

In addition to the predictive value of the REMD simulations,
the results of this work provide insight into the folding process
of mPPEs, and of macromolecules in general. Particularly, we
offer new observations for mPPEs that are capable of forming
hydrogen bonds, elucidating the role that such hydrogen bonds
play in the folding process. Inwhat follows,wepresent simulation
results which will be of use to researchers designing mPPE
architectures with tailored properties and stable helical secondary
structure.

Secondary Structure of mPPEs with Ester Exohelix Func-
tional Groups (R1 = 1). The ester-functionalized mPPE
(R1=1) is one of the fewmPPEs thatmaintains a stable helical
structure independent of the nature of endohelix functional
groups attached to the aromatic rings of the polymer. This
allows for control over the environment within the helical
cavity without disrupting polymer structure. In this section,
we report REMD simulation results for several ester-func-
tionalized mPPE structures having different endohelix func-
tional groups, including those reported in the literature.11,12

Simulations were conducted in explicit acetonitrile for
seven mPPE systems with ester exohelix functional groups
(R1 = 1). The time evolution of Rg is shown in Figure 2 for
each of these simulations. Among them, six mPPEs were
observed to have similar folding behaviors to that of the
hydrogen functionalized ester mPPE (R1= 1, R2= 2). That
is, the simulations indicated the polymers would be fully
folded in acetonitrile. The only exception to this is the mPPE
having R2 = -CN, which was observed to only partially
fold. This exception is similar to results from our previous

Figure 1. Structure of functionalized mPPEs. R1: exohelix functional
group, which would be on the outer wall of the helical structure. R2:
endohelix functional group, whichwould be encased inside the cavity of
the helical structure.
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simulation study10 in which an mPPE with the same func-
tional group in the exohelix position (R1 = -CN) only
partially folded in acetonitrile and other solvents.

Of the endohelix functional groups considered in Figure 2,
two are nonpolar (R2= 6 and 7), one has a moderate dipole
moment (R2 = 8), and four are strongly polar (R2 = 9, 10,
11, 12). Because each of these substituents bear essentially
the same results in Figure 2, it is reasonable to conclude that
the polarities of endohelix functional groups are unlikely to
have a strong effect on the folding behavior of mPPEs
functionalized with ester exohelix groups. These results

further indicate that the helix cavity of an mPPE can be
tailored to be polar or nonpolar as needed for a given
application without compromising the mPPE’s ability to
fold, so long as the exohelix functional group is an ester.

Hydrogen bonding in mPPEs with R1 = -COOCH3.
Further analysis of the REMD simulations for mPPEs with
ester exohelix functional groups (R1 = -COOCH3) and
polar endohelix functional groups (R2= 9, 10, 11 or 12)
showed that hydrogen bonds were formed between the
endohelix functional groups. Specifically, two kinds of hy-
drogen bonds were observed: (i) those between functional
groups of adjacent residues, i.e., between residues numbered
n and nþ1.We refer to this type of interaction as an intraturn
hydrogen bond (intraturn HB), an example of which is
pictured in Figure 3a; and (ii) those between functional
groups of overlapping residues, i.e., between residues num-
bered n and nþx, with x g 5. Such an interaction is referred
to as an interturn hydrogen bond (interturn HB), an example
of which is depicted in Figure 3b.

The geometries ofmPPEs are such that both intraturn and
interturn hydrogen bonds are possible, depending on the
functional groups and their positions on the phenylene rings.
For example, in a typical mPPE helical conformation with
endohelix functional groups R2=-CH2NH2 or-CH2OH,

Figure 2. Time evolutions of Rg for seven mPPEs in acetonitrile
containing ester exohelix groups (R1 = -COOCH3) but differing
endohelix functional groups (R2). Data points are averages over 500
ps, placed at the middle of the time range.

Figure 3. Representative distances between hydrogen bond (HB) do-
nors and acceptors attached to the exohelix of helical mPPEs: HB
distances between (a) adjacent and (b) overlapping residues for an
mPPEwith endohelix functional groupsR2=-CH2OH.Also pictured
are HB distances for (c) anmPPEwith exterior functional groups R1=
-CH2OH, and (d) an mPPE with endohelix functional groups R2 =
-OH. Atom colors for oxygen, hydrogen, and carbon are red, white,
and cyan, respectively.
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the distances between hydrogen donors (-NH2 or -OH)
and hydrogen acceptors (-N or -O) are approximately 0.2
to 0.25 nm for groups on adjacent phenylene rings and
approximately 0.17 nm for groups on overlapping rings.
These values are within the normal range for hydrogen
bonds. On the other hand, when these groups (-CH2NH2

or -CH2OH) are at the R1 exohelix positions, we see a
donor-acceptor separation of more than 0.3 nm between
adjacent rings, indicating that intraturnHBs are not likely to
form in such mPPEs (Figure 3c). A similar conclusion could
be made for mPPEs containing endohelix groups R2=-NH2

or -OH (see Figure 3d); the distance between neighboring
functional groups is too far to allow intraturn HBs to form.

When analyzing hydrogen bond formation in REMD
simulations of mPPEs containing endohelix functional groups
R2=-NH2 or -OH, only interturn HBs were observed,
while formPPEs havingR2=-CH2NH2or-CH2OH, both
interturn HBs and intraturn HBs were present. These ob-
servations are consistent with the donor-acceptor distance
analysis described above.

Effect of Hydrogen Bonds on Folding Behavior. Hydrogen
bonds are far stronger than π-stacking interactions, which
are the primary contributor to stabilization of the helical
conformation in most mPPEs. A typical nonionic hydrogen
bond in an organic molecule has a bond dissociation energy
of about 4-5 kcal/mol,31 which is stronger than the π-
stacking interaction (dissociation energy of about 1.5-2.5
kcal/mol13,32-34). The strong stabilizing effect of hydrogen
bonds on mPPE helical structures was experimentally con-
firmed by Cary and Moore15 for a mPPE having hydrogen
bonds formed between exohelix functional groups. Thus, it is
logical to conclude that the presence of hydrogen bonds
would make the helical structures significantly more stable
than those without hydrogen bonds. Further, the quick
convergence of the folding process observed in simulations
initializedwith extended structures (e.g., Figure 2, parts f and
g) suggests that hydrogen bond formation may significantly
increase the rate ofmPPE folding, although theMonteCarlo
exchange moves incorporated into REMD prevent a quan-
titative comparison of kinetics from these simulations.

When examining the role that hydrogen bonds play in the
folding process, several scenarios are possible. In one sce-
nario, the hydrogen bonds form prior to the onset of folding,
possibly playing a role in initializing the folding process.
Alternatively, the hydrogen bonds may form consecutively
as folding progresses, indicating that hydrogen bond forma-
tion is a possible driver of the folding process. A third
possibility is that the mPPE helical structures form due to
the usual π-stacking interactions, as they would in non-
hydrogen-bonded mPPEs, with the hydrogen bonds formed
only after the required proximity is obtained through π-
stacking. This information is easily gathered from the
REMD simulations, and may be different for intraturn
HBs and interturn HBs.

Results from the simulations initialized with the respective
mPPE in an extended structure showed that interturn HBs
formed only while the mPPEs folded, inversely correlating
with the decrease in Rg of the mPPE (as shown in Figure 4).
This is expected, since interturn HBs can only form once the
position advantage of an overlap is available to them. On the
other hand, for mPPEs having R2 = -CH2NH2 or
-CH2OH, where both interturn HB and intraturn HB
hydrogen bonds were observed, results indicate the presence
of intraturn HBs prior to the onset of folding, with the
number increasing as folding progresses.

By their nature, intraturn hydrogen bonds between en-
dohelix functional groups promote cissoid conformations

withinmPPE chains, which is a necessity for helix formation.
Furthermore, cissoid conformations are stabilized by intra-
turn HBs in a single step;that is, bond rotation about a
single ethynylene linkage. This situation is considerably
different in mPPEs that cannot form intraturn HBs, because
stabilization occurs only when an overlap interaction is
formed, either through π-stacking of aromatic rings or
through the formation of interturn hydrogen bonds. How-
ever, a set of coordinated rearrangements is required before
the first overlap forms. Therefore, intraturn HBs accelerate
the folding process in two ways: by facilitating the initial
overlap interaction, and by providing an additional driving
force for the formation of each subsequent cissoid conforma-
tion. If mPPE folding is viewed as a nucleation/growth
process, intraturn HB interactions facilitate both nucleation
events and growth, while interturn HBs and π-stacking
interactions affect only the growth process. Therefore, the
additional effect of nucleation due to intraturn HBs is likely
responsible for the enhanced folding rates evident inFigure 2,
parts f and g.

Secondary Structure of mPPEs without Exohelix Func-
tional Groups (R1 = -H). In order to clarify the effect of
the endohelix functional groups on the folding behavior of
mPPEs, and to explore the role of hydrogen bonds in helix
formation, we conducted a series of REMD simulations for

Figure 4. Time evolutions of the numbers of hydrogenbonds (interturn
HBs and intraturn HBs) during simulations initialized with extended
structures for mPPEs having exohelix functional group R1 =
-COOCH3 in acetonitrile. Data points are averages over 500 ps, placed
at the middle of the time range. The absence of intraturn HBs in parts
a and b is expected, as the small size of endohelix groups R2 = -NH2

or -OH prohibits their formation.
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several mPPEs having only hydrogen in the exohelix func-
tional group position (R1 = H). The absence of exohelix
functional groups in these oligomers allows for a better
examination of the effect of the endohelix functional groups
on their respective mPPE folding behaviors. Further, these
may be compared to previous work in which we considered
mPPEs with similar functional groups in the R1 position
instead of the R2 position.

10 The simulation results for these
mPPEs are shown in Figure 5 and summarized in Table 1.

Simulation results showed that five in seven mPPEs, those
having functional groups R2 = 6, 7, 8, 9, and 10 at the
endohelix positions, were similar to those mPPEs with the

same groups placed at exohelix positions (R1). This indicates
that the positions of the functional groups do not have a
significant effect on their respectivemPPE folding behaviors,
suggesting that the effect of functional groups on π-stacking
has stronger implications for secondary structure formation
than does the placement of solvophobic and solvophilic
interactions along the chains.

The results for mPPEs having R2 = -NH2 and -OH
demonstrate that the interturn HBs present in the helical
mPPE structures at the beginning of the simulations were not
sufficient to maintain the stability of the helices, causing the
polymers to transition to less ordered conformations.
Further, the absence of any helical secondary structure in
simulations initialized with extended conformations demon-
strates that the interturn HBs in these mPPEs are not able to
stabilize the π-stacking pairs, should any occur.

As shown in Table 1, the two mPPEs capable of forming
endohelix intraturn HBs (those with R2 = -CH2NH2 or
-CH2OH) have completely different folding behaviorswhen
compared to mPPEs with these groups at the exohelix
position R1, where group spacing prohibits the formation
of intraturn HBs. At the exohelix position, these groups
resulted in nonfolding (group 1) behavior, while at the
endohelix position, they resulted in fully folding (group 4)
behavior. These results again suggest that the ability to form
intraturn HBs is a significant advantage in terms of second-
ary structure formation, when compared to interturn HBs.

For further investigation of the effect of intraturn HBs on
secondary structure formation, REMD simulations were
conducted for mPPEs having R2=-CH2NH2 or-CH2OH
in two additional solvents. We chose to examine their
behavior in methanol, as this solvent is capable of forming
hydrogen bonds that may disrupt the intraturn HBs, and in
chloroform, which is known to deter helical structure for-
mation in most mPPEs. The results are given in Figure 6,
showing that the mPPEs were indeed able to fold in both
methanol and chloroform. Although the transitions from
extended conformations to helical conformations in chloro-
form were slower than those observed in acetonitrile or in
methanol, results clearly show that the helical structure is
stable and that the extended structure has a tendency to fold
into the helix. Should this prediction be correct, we feel that
anmPPEwith the ability to fold in chloroform is a significant
finding, since chloroform generally acts as a denaturing
solvent for most known mPPEs.1,10,35 Further, the polymers
often have low solubility in solvents that promote folding
into helical structures, and this result shows that it may be

Figure 5. Time evolutions of Rg for seven mPPEs having hydrogen as
the exohelix functional group (R1 = -H) in acetonitrile. Data points
are averaged over 500 ps and placed at the middle of the time range.

Table 1. REMD Simulation Results for Various Functionalized
mPPEs in Acetonitrilea

mPPEb folding behavior in acetonitrile

functional group

(endohelix)c

R1 = H,
R2 = specified group

(exohelix)d

R1 = specified
group, R2 = H

6 (-CH3) 1 1
7 (-OCH3) 1 1
8 (-CN) 1 2
9 (-NH2) 1 1
10 (-OH) 2 1
11 (-CH2NH2) 4 1
12 (-CH2OH) 4 1

aFolding behaviors range from 1 to 4, with 1 indicating the least
likelihood of folding into a helical conformation and 4 indicating the
greatest. bThe reported mPPE structures having specified functional
groups either at endohelix (R2) or exohelix (R1) positions. Hydrogens
were placed at the remaining functional group positions. cBased on
REMD simulation results in this study. dOn the basis of results in a
previous study.10
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possible to obtain anmPPE/solvent system that exhibits high
solubility in addition to secondary structure.Our result is not
without precedent. An earlier study by Cary and Moore15

showed that mPPE helices stabilized by hydrogen bonds are
much more resistant to denaturation than similar mPPEs
without hydrogen bonds. Our finding suggests that addi-
tional hydrogen bonds could strongly stabilize the mPPE
helical structure even in denaturing solvents such as pure
chloroform.

Analysis of Hydrogen Bonds for R2 = 11 and 12. Time
averages of the number of hydrogen bonds during REMD
simulations are shown in Table 2. The average number of
hydrogen bonds in mPPEs with R2 = -CH2OH are always
higher than those in mPPEs with R2 = -CH2NH2, consis-
tent with the higher level of electron affinity of oxygen (3.5)
as compared to nitrogen (3.0). These affinities also reflect the
strength of hydrogen bonds in those cases: hydrogen bonds
between -OH and O are stronger than those between -NH
and N. In most of the cases, we observed that the average
numbers of intraturnHBs are higher than those for interturn
HBs. This latter observation results from the interturn HBs
being dependent on the distances between overlapping
aromatic rings,meaning any disturbance in these distances could
easily lead to interturn HB breaking. There is one exception
to this rule, observed for mPPEs having R2 = -CH2OH in
acetonitrile. For this case, there are more interturnHBs than
intraturn HBs, indicating the hydrogen bonds of mPPE
helical structures are less likely to be disturbed than in
methanol or chloroform.

When the exohelix (R1) functional groups attached to
these polymers are changed from -H to -COOCH3, there
is a significant change in the number of hydrogen bonds
formed between the endohelix (R2) functional groups in
acetonitrile, methanol, and chloroform. Additionally, in
acetonitrile and chloroform, which do not have the ability
to form hydrogen bonds, the difference between the average
number of intraturn HB and interturn HB is less apparent;
on the other hand, in methanol, we observed a clear decrease
in the number of interturn HBs, probably resulting from the
competition between intramolecular hydrogen bonds be-
tweenmPPE functional groups and intermolecular hydrogen
bonds between mPPE functional groups and solvent mole-
cules. When the exohelix functional group is set to hydrogen
(R1=-H), this same trend is observed for the mPPE having
R2=-CH2OH. However, the mPPE having R1=-H and
R2=-CH2NH2 exhibited the opposite behavior, with the
number of mPPE hydrogen bonds inmethanol being slightly
greater than in the other solvents.

Effect of Hydrogen Bonds on mPPE Folding Kinetics. To
determine the effect of hydrogen bonds on folding kinetics,
which cannot be obtained from REMD simulations, we
conducted MD simulations initialized from the extended
structures of the mPPEs having hydrogen bonds. These were
carried out in three explicit solvents: acetonitrile, chloro-
form, and methanol. During these MD simulations, helical
structures were observed after significantly shorter times
than those reported in earlier studies5,7 (see Table 2). In all
cases studied, the mPPEs folded into a helical conformation

Figure 6. Time evolutions of Rg for mPPEs having R2 = -CH2NH2 or -CH2OH in methanol and in chloroform. Plots on the left are for mPPEs
with R1 = -COOCH3, while plots on the right are for mPPEs with R1 = -H. Data points are average over 500 ps and placed at the middle of the
time range.
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in less than 35 ns, even less than 5 ns in several cases,
especially for simulations in chloroform. Though these
simulations were not repeated for multiple initial conforma-
tions of the uncoiled polymers, we do believe that the
observed folding times are representative of average values
based upon observations from the REMD simulations.
Further, after the helical structure formed in each simula-
tion, it was stable for the remainder of the simulationwithout
any unfolding event, even when the total time was extended
up to 100 ns, demonstrating that the helical structure is
highly stable for these mPPEs.

Effect of Hydrogen Bonds on the Geometry of mPPE
Helical Structures. Comparing the helical structures of
mPPEs that form intramolecular hydrogen bonds to those
that do not, there is an apparent difference: the former show
much less regularity in the overlap of aromatic rings on
adjacent turns as compared to the latter (see Figure 7). The
regular helical structures formed by mPPE systems lacking
the ability to form intramolecular hydrogen bonds are
stabilized by a series of π-stacking interactions, leading to
conformations in which the aromatics rings overlap directly
uponone another.On the other hand, themPPE systems that
readily form intramolecular hydrogen bonds often do not
maintain perfect overlap of the aromatic rings on adjacent
turns. This results from it being more energetically favored
for the mPPE to form hydrogen bonds between neighboring
functional groups than to orient the polymer backbone in
such a way as to optimize the weak π-stacking interactions
between overlapping aromatic rings. In these polymers, a
slight structural variation in the helical arrangement of the
polymer backbone can significantly increase the number of
intramolecular hydrogen bonds, which leads to a lower
energy mPPE conformation and simultaneously maximizes
the stability of the helical structure.

The difference in the mPPE helical structures with and
without intramolecular hydrogen bonds is apparent when
comparing the geometries of the two polymer types. The
distance between adjacent helical turns is approximately 0.37
nm for the hydrogen bonded mPPE polymers, whereas the
interturn distance increases to nearly 0.45 nm for mPPEs
unable to form intramolecular hydrogen bonds. While the
non-hydrogen bonded mPPEs have exactly six aromatics
rings per turn, the studied hydrogen bonded structures have
slightly less than this. Such a change in pitch allows for the

formation of a small number of interturn HBs between
functional groups attached to residues numbered n and n þ
5 along the chain, whereas a non-hydrogen bonded mPPE
with six rings per turn has π-stacking interactions only
between residues numbered n and n þ 6. The internal
diameter of the hydrogen bonded helical mPPEs is 1.27 nm
on average, as measured by the distance between two en-
dohelix carbon atoms of two opposite aromatics rings in the
helix. This is smaller than the internal diameter of the helical
structures without hydrogen bonds, 1.35 nm, giving a further
indication of a more compact structure for the hydrogen
bonded polymers.

REMD Simulations for Hydrogen-Bonded mPPEs with
Other Exohelix Functional Groups.As shown in our REMD
results for mPPEs with R2=-CH2NH2 (11) and-CH2OH
(12), the presence of hydrogen bonds can significantly sta-
bilize the helical structure of mPPEs, such that they will fold
under conditions in which folding would otherwise not be

Table 2. Hydrogen Bond Analysis from MD Simulations of Four mPPEs (R1 = -COOCH3 or -H, R2 = -CH2NH2 or -CH2OH) in Three
Solvents (Acetonitrile, Methanol, and Chloroform)a

mPPE, R1 = -COOCH3, R2 = -CH2NH2 mPPE, R1 = -COOCH3, R2 = -CH2OH

property acetonitrile methanol chloroform acetonitrile methanol chloroform

total hydrogen bondsb 4.46 4.00 4.53 8.25 4.02 7.99
intraturn HBs 3.41 3.18 3.49 4.00 3.28 4.82
interturn HBs 1.00 0.70 0.95 4.09 0.54 2.76
bond length (nm) 0.22 0.22 0.22 0.20 0.20 0.20
average angles (deg)c 16.1 16.0 15.5 13.1 13.0 13.0
folding time (ns)d 10 8 <5 17 35 10

mPPE, R1 = -H, R2 = -CH2NH2 mPPE, R1 = -H, R2 = -CH2OH

property acetonitrile methanol chloroform acetonitrile methanol chloroform

total hydrogen bondsb 2.47 3.05 2.75 7.50 4.96 6.31
intraturn HBs 1.47 2.87 2.54 3.08 3.19 4.58
interturn HBs 0.99 0.16 0.20 4.39 1.74 1.56
bond length (nm) 0.23 0.22 0.23 0.20 0.20 0.21
average angles (deg)c 18.3 15.7 15.2 13.9 13.2 13.2
folding time (ns)d 23 12 10 18 9 <5

aValues are averaged over 1 ns of REMD simulation. bThe total number of hydrogen bonds includes all types of intraturn HBs and interturn HBs,
but does not account for mPPE-solvent hydrogen bonding. cThe HB angles are reported as donor-hydrogen-acceptor. dTime at which the first
helical structure was observed during MD simulation.

Figure 7. Representative helical structures of mPPEs functionalized
with hydrogen bonding groups: (a) a hypothetical helical structure for
an mPPE with R1 = -COOCH3 and R2 = -CH2OH, where there is
optimal overlap of aromatic rings from adjacent turns; (b) the energy-
minimized helical structure from REMD for the same oligomer as in
part a; and (c) the energy-minimized structure fromREMD for anmPPE
with R1 = -COOCH3 and R2 = -CH2NH2. Atom colors for oxygen,
hydrogen, nitrogen and carbon are red, white, blue and cyan, respectively.



Article Macromolecules, Vol. 44, No. 1, 2011 67

expected to occur. Thus, in this section, we revisit some of
our previous simulations study,10 in which we considered
different exohelix functional groups (R1), by incorporating
the endohelix functional groups R2 = 11 and 12 in those
polymers. These simulations were performed to ascertain
whether hydrogen bonded endohelix functional groups can
induce folding in mPPEs having exohelix functional groups
that are known to inhibit folding.

REMDsimulationsofninemPPEs (R1=3to12,R2=-CH2-
NH2 as shown in Figure 1) were conducted in explicit
acetonitrile. Nearly identical results were observed for all
of these mPPEs: all of themwere predicted to fold into stable
helices (group 4). These results suggest that mPPEs with
endohelix hydrogen bonding may be modified using differ-
ent exohelix functional groups;allowing them to be com-
patible with a wide range of solvents;while maintaining
their stable helical structure.

Conclusion

The simulation results in this work present several insights into
secondary structure formation in mPPEs, which may also have
significant impact on the study of secondary structure in macro-
molecules in general. Our results indicate that the folding
behavior of a given mPPE should be relatively unaltered by
moving its external functional groups to positions inside the
helical core. This suggests that the placement of solvophobic and
solvophilic sites on the polymer is less important for mPPEs than
the effect of aromatic substituents on π-stacking interactions.
This finding differs substantially from our current understanding
of secondary structure in biopolymers, for example, in which
solvophobic/solvophilic interactions play a major role.

Our simulations also identified two general approaches that
will aid in designing mPPEs for specific applications. First, we
demonstrated that choosing an exohelix functional group with a
known propensity to induce folding will result in considerable
freedomwhen choosing an endohelix functional group.When the
ester group was used (R1 = 1), results showed that small
endohelix (R2) functional groups did not significantly change
the folding behavior of their respectivemPPEs. This indicates the
feasibility of tailoring the environment inside the cavity of an
mPPE, whether in terms of polarity, size, or other factors,
without altering its folding behaviors. Second, we found that
choosing hydrogen bonded endohelix (R2) functional groups
gives the same level of freedom in selecting exohelix (R1) func-
tional groups, without disrupting the helical secondary structure.
Thus, prudent selection of the appropriate endohelix functional
groups would ensure that an mPPE with desired exohelix
functionality would exhibit a helical conformation in a wide
range of solvents, as dictated by a given application.
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ABSTRACT: The atom-economical alkyne polyhydrothiolations of aromatic diynes (1) and dithiol (2)
catalyzed by rhodium complexes proceed smoothly under mild conditions at room temperature in a
regioselective manner, producing sole anti-Markovnikov products of poly(vinylene sulfide)s (3) with high
molecular weights (Mw up to 31500) and stereoregularities (E content up to 100%) in high yields (up to
95.2%). The stereostructures of the polymers are readily tuned by engineering control on the sequential
addition of monomers during the polymerization process and postmanipulation by light irradiation. All the
poly(vinylene sulfide)s are soluble in commonorganic solvents and exhibit good film-forming ability andhigh
optical transparency. The functional pendants in 1have endowed 3with novel properties such as aggregation-
enhanced emission characteristics, optical limiting to harsh laser pulses, and ceramization capability to
semiconducting nanoparticles. The polymers are thermal and UV curable, enabling the fabrication of
fluorescent photopatterns. Their thin films show high refractive indices (nD = 1.75-1.70) and low optical
dispersions (down to 0.006) at telecom important wavelengths. Their refractive indices vary with their
stereostructures and can be modulated by UV irradiation.

Introduction

Synthesis of electronically active conjugated polymers (CPs) is
a hot research topic because they offer great economic advan-
tages as low-cost electronic conductingmaterials for the production
of large-area flexible optoelectronic devices such as light-emitting
diodes,1 organic photovoltaic cells (OPVs),2 and field-effect
transistors.3 The majority of the CPs are featured with a pure
carbon backbone (Chart 1), examples of which include poly-
acetylene (I),4 polyyne (II),5 polyphenylene (III),6 poly-
(phenylenevinylene) (IV),1a poly(phenyleneethynylene) (V),7

and their miscellaneous derivatives. Integrations of heteroatoms,
such as S and N, into the backbone of CPs may create new
functionalities that are difficult, if not impossible, to access by the
polymers with pure carbon-based skeletons. Particular interest is
the synthesis of sulfur-containing CPs. Heretofore among all the
CPs, polythiophene (VI) based organic OPVs have been found to
exhibit outstanding performances in the conversion of light
energy into electricity.2,8 Poly(phenylene sulfide) (VII) is indus-
trially important as both an engineering plastic and precursor to
conducting polymer.9 However, the variety of this kind of
polymers is limited. Synthesis of new electronically active sul-
fur-rich polymerswithnovel structures andunique propertieswill
be highly rewarding. It is envisioned that incorporation of
carbon-carbon double bond in between the aromatic ring and
the sulfur atom in the polymer repeat unit will generate new types
of electronically active poly(vinylene sulfide)s [PVS’s, VIII], in

which the delocalization ofπ-electrons through the sulfur bridge
will endow the polymers with an array of remarkable character-
istics, such as light refractivity, nonlinear optical property, and so
on.

How to synthesize these PVS’s is a challenging aspect. Retro-
structural analysis leads us to find that alkyne hydrothiolation is
a potential methodology for the synthesis of PVS’s. The extensive
studies on utilizing alkyne hydrothiolations for the construction
of lowmolecular weight compounds in the past half century have

Chart 1
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revealed that the reactions proceed through Markovnikov and
anti-Markovnikov addition routes to produce regio- and stereo-
isomers with branched and linear structures (Scheme 1).10-12 It is
not an easy task to develop this atom-economic organic reaction
into a successful polymerization technique for the synthesis of
new functional PVS’s. Several important issues should be care-
fully taken into consideration: choice of an efficient catalyst
system, monomer scope and functional group tolerance, opti-
mum reaction conditions, control of molecular weights, control
of regio- and stereostructures, and solubility and processability of
the resultant polymers. An ideal polymerization reaction is
expected to be conducted in an efficient, precise, modular, and
reliable manner under mild conditions. In other words, a click-
type polymerization is the most desirable.

Our groups are interested in developing alkyne reactions into
useful tools for the preparation of functional polymers. Employing
monoynes, diynes, and triynes as monomers, we have successfully
synthesized a large variety of polyacetylenes, polyarylenes, poly-
diynes, and polytriazoles with linear and hyperbranched structures
and regio- and stereoregularities by metathesis, cyclotrimerization,
coupling, and click polymerizations.4d,g,13 Azide-alkyne polycy-
cloaddition or “azido-click” polymerizations are of our particular
interests because of their important roles in bothpolymer chemistry
and macromolecular engineering. We have systematically investi-
gated this click polymerization system in our previous work.14

Inspired by the discovery of thiol-ene click reaction15 and new
endeavors to acetylenic polymer chemistry, the unexploited
thiol-yne polyaddition or alkyne polyhydrothiolation becomes
our current research focus because it has the potential to be
developed into a new “thio-click” polymerization technique for
the preparation of new electronically active sulfur-containing
polymers.16

With these issues inmind, in this work, we devote our efforts to
developing the rhodium-catalyzed alkyne hydrothiolation into an
efficient polymerization technique for the preparation of new
sulfur-rich polymers. The polymerizations of functional diynes
(1) with dithiol (2) (Scheme 2) proceed in a regioselective manner

under mild conditions at room temperature to give linear PVS’s
(3) with high molecular weights in high yields. The PVS’s are rich
inE-vinylene structure up to 100%. The stereostructures or chain
conformations of the polymers not only can be in situ controlled
by sequential addition ofmonomers but also postmanipulated by
light irradiation. The resultant PVS’s show excellent and tunable
optical properties. This is the first example of transition metal-
catalyzed regio- and stereoselective alkyne polyhydrothiolation
or thiol-yne click polymerization reaction.

Results and Discussion

Polymer Synthesis. For a widely used catalytic polymeri-
zation system, the catalytic efficiency, functional group
tolerance, and structural tunability are of the primary con-
cerns. Unlike the limited monomer scope and low structural
selectivity of the radical- and nucleophile-initiated alkyne
hydrothiolations, the rhodium-catalyzed system is expected
towork efficiently for awide variety of functionalmonomers
and possess high regio- and stereoselectivities. An A2 þ B2

strategy was employed for the construction of linear PVS’s.
Four types of diyne monomers with different functionalities,
viz. bis(4-ethynylphenyl)dimethylsilane (1a),17 4,40-isopro-
pylidenediphenyl bipropiolate (1b),18 1,1-dimethyl-2,5-bis-
(4-ethynylphenyl)-3,4-diphenylsilole (1c),19 and (E,E)-1,10-
bis[2-(4-ethynylphenyl)vinyl]ferrocene (1d)20 (Scheme 2),
were synthesized and utilized to investigate the polymeriza-
tion behavior. Aromatic dithiol 4,40-thiodibenzenethiol (2)
was commercially available and used as comonomer.

We first investigated the catalytic efficiencies of Rh(PPh3)3Cl
(C1), [Rh(nbd)Cl]2 (C2), and [Rh(nbd)(PPh3)2]

þPF6
- (C3) for

the polymerizations of model monomers 1a and 2. Table 1 lists
the polymerization results. Under the same experimental con-
ditions, all the Rh complexes can catalyze the alkyne polyhy-
drothiolation to give polymers with excellent solubility in
common organic solvents. Among them, Wilkinson catalyst
C1 reveals the best result, producing a polymer with the highest
molecular weight in the highest yield (Table 1, no. 1). The
rhodium dimer C2 and zwitterionic complex C3 also work well
for the polymerization and generate polymers with modest
molecular weights in good yields (Table 1, nos. 2 and 3). All the
polymers are synthesized in a regioselective manner to give
PVS’s with solely linear vinylene structures. Of particular
interest is the polymer prepared by C1, which possesses
100% E-vinylene structure. On the contrary, polymers with
Z-rich isomeric structures are obtained in C2 and C3-cata-
lyzed systems, but their E/Z ratios (34/66 and 39/61) are far
from satisfactory. It can be seen that the stereoregularity of

Scheme 1

Scheme 2
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the PVS’s can be readily tuned by the choice of different
catalysts.

Since C1 gives the best polymerization results, we thus
utilized it to systematically study the polymerization behav-
iors of other monomer pairs. Delightfully, C1 also performs
well for the polymerizations of 1b-1d and 2 and exhibits high
tolerance to functional groups such as ester andmetalmoiety
in the monomers. Increasing the monomer concentration
from 50 to 100 mM and catalyst concentration from 1 to 2
mM help shorten the polymerization time by one-third and
give polymers with comparable molecular weights (Mw’s
22500 and 19500) and polydispersities (3.0 and 2.6) (Table 2,
nos. One and 2). From the results given in Table 2, a general
trend can be concluded that increasing the monomer con-
centration and the catalyst loading, and prolonging the
reaction time play positive roles in producing polymers with
higher molecular weights in higher yields. However, poly-
merizations at relatively high catalyst and monomer concen-
trations can lead to the formation of partially soluble or
insoluble polymeric products (Table 2, nos. 5 and 8).

Control of stereoselectivity in the polymerization process
is very important for the synthesis of polymers with precise
structures. When monomers 1a and 2 and catalyst C1 are
added simultaneously, PVS with 100% E-isomer structure
was obtained. On the contrary, when one of the monomers
and C1 are first aged for 1 h followed by addition of another
monomer, the resultant PVS’s possess mixed stereostruc-
tures withE/Z ratios of 50/50 and 65/35 (Table 2, nos. 3 and 4).
This finding offers a good strategy to control the stereo-
regularity of the PVS’s. Interestingly, variation of the diyne
from 1a to 1b and 1c leads to no stereoselectivity and gives
polymers 3b and 3c with E/Z ratios of 50/50. When the
ferrocene-containing diyne (1d) was employed for the po-
lymerization, PVS with high E-isomeric unit (90%) was

obtained. Systematic study of the electronic and steric effects
of the monomers on the regio- and stereoselectivities of the
polymerizations is currently underway in our group.

The Rh-catalyzed alkyne polyhydrothiolation shows
high efficiency and functionality tolerances, enabling us to
synthesize different PVS’s with high molecular weights in
high yields under mild conditions. The polymerizations can
proceed in regio- and stereoselectivemanners andPVS’swith
perfect E-isomeric structures can be produced. The sequence
of monomer addition during the polymerization process is
first used to control the stereoregularity of the PVS’s. All
these features meet the criteria of a click-type polymeriza-
tion. Thus, this thiol-yne polymerization has enriched the
family of click polymerization.

Structural Characterization. The polymers are character-
ized by spectroscopic methods and satisfactory results cor-
responding to their molecular structures are obtained (see
Experimental Section for detailed analysis data). An exam-
ple of the IR spectra of polymer 3a and its monomers 1a and
2 is given in Figure S1 in the Supporting Information. The
S-H stretching vibration of 2 is observed at 2557 cm-1,
while thetC-H stretching of 1a occurs at 3271 cm-1. These
peaks are also observed in the spectrum of 3a but their
intensities become much weaker. Instead, a new peak asso-
ciated with CdC stretching vibration is emerged at 1594
cm-1, indicating that the triple bonds of 1a and themercapto
groups of 2 have been transformed to vinyl sulfide units in 3a
by the polymerization reaction.

To provide spectroscopic evidence that the stereoregular-
ity of the polymers can be tuned by engineering control, we
analyzed the NMR spectra of the associated polymers and
their monomers. Figure 1 shows the 1H NMR spectra of
monomers 1a and 2 and their polymers 3a prepared via
different modes of monomer addition. The acetylene and
thiol protons of monomers 1a and 2 resonate at δ 3.18 and
3.46, respectively, which almost or completely disappear in
the spectrum of 3a. New peaks assigned to the proton
resonances of the linear vinylene structures are observed.
Because of the different chemical envirorments in different
stereoisomers, the E- and Z-vinylene protons can be dis-
cerned and the E/Z ratio can be calculated from their
integrals. Simultaneous feeding of monomers 1a and 2 and
catalyst C1 leads to the formation of 100% E-3a exhibiting
characteristic olefin proton signals at δ 6.86 and 6.73
(Figure 1E). On the contrary, polymers prepared by sequen-
tial addition ofmonomers show resonance at δ 6.86 and 6.73,
and δ 6.59 and 6.46 for the E- and Z-olefin protons,
respectively (Figure 1, parts C and D). The E/Z ratio is

Table 1. Polymerizations of Monomers 1a and 2 with Different
Rhodium Catalystsa

no. catalyst yield (%) E/Z Sb Mw
c Mw/Mn

c

1 C1 90.3 100/0
√

19 500 2.6
2 C2 71.3 34/66

√
11 900 3.3

3 C3 72.5 39/61
√

8 700 2.4
aCarried out in 1,2-dichloroethane at room temperature under

nitrogen for 24 h; [M]o = 100 mM, [cat] = 2 mM. b Solubility (S) tested
in common organic solvents such as THF, toluene, DCM, and chloro-
form;

√
= completely soluble. cEstimated by gel-permeation chroma-

tography (GPC) in THFon the basis of a polystyrene calibration;Mw=
weight-average molecular weight; Mn = number-average molecular
weight; Mw/Mn = polydispersity index.

Table 2. Polymerizations of Monomers 1 and 2 Using Rh(PPh3)3Cl as Catalyst
a

no. polymer [M]o (mM) [cat] (mM) t (h) yield (%) E/Z Sb Mw
c Mw/Mn

c

1 3a 50 1 36 88.2 100/0
√

22 500 3.0
2 3a 100 2 24 90.3 100/0

√
19 500 2.6

3 3ad 100 2 24 93.2 50/50
√

13 900 3.2
4 3ae 100 2 24 95.2 65/35

√
13 500 3.5

5 3a 100 4 24 91.7 100/0 Δ 31 500 3.3
6 3b 50 1 36 92.3 50/50

√
9500 3.3

7 3b 50 2 36 91.6 50/50
√

16 400 5.0
8 3b 100 1 18 96.5 �
9 3c 50 1 4 83.8 50/50

√
4000 1.6

10 3c 50 1 18 91.6 50/50
√

13 300 3.4
11 3d 50 1 18 82.5 87/13

√
5300 2.2

12 3d 50 1 36 85.6 86/14
√

7000 3.2
aCarried out in 1,2-dichloroethane at room temperature under nitrogen. b Solubility (S) tested in common organic solvents such as THF, toluene,

DCM, and chloroform;
√

=completely soluble,Δ=partially soluble,�= insoluble. cEstimated by gel-permeation chromatography (GPC) in THF
on the basis of a polystyrene calibration;Mw = weight-average molecular weight;Mn = number-average molecular weight;Mw/Mn = polydispersity
index. dMonomer 2 and catalyst were first aged for 1 h and then reacted with 1a for 23 h. eMonomer 1a and catalyst were first aged for 1 h and then
reacted with 2 for 23 h.
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calculated to be 50/50 when 2 is added prior to 1a, while a
ratio of 65/35 is obtained under the opposite condition.

The 13C NMR spectrum of polymer 3a shows no reso-
nance peaks of the acetylenic carbons of monomer 1a at δ
83.8 and 78.1 (Figure 2). New peaks corresponding to the
resonances of the olefinic carbons are observed at low fields,
due to the conversion of the acetylene triple bonds of 1a into
the double bonds in 3a. This result is well consistent with that
from the 1H NMR analysis, further confirming the occur-
rence of the alkyne polyhydrothiolation.

Switchable E-Z Photoisomerization. Structure and func-
tion are closely related in the fields of polymer chemistry
and physics. Subtle manipulation of the chain conformation
can give rise to new materials with dramatically different
properties. The main chains of PVS’s contain many car-
bon-carbon double bonds, which offer the possibility to
tune the chain conformation by E-Z isomerization. We
have already shown that the stereostructures of the PVS’s
can be manipulated by varying the addition mode of mono-
mers during the polymerization. Furthermore, we are able
to postmanipulate the chain conformation by external
stimuli.

Since light irradiation is a convenient technique for the
isomerizations of carbon-carbon21 and nitrogen-nitrogen22

double bonds, we thus intended to induce the isomerization of
3a by UV and visible lights. The isomerization process was
monitored by measuring the change in the 1H NMR spectrum
with time and 100% E-3a was selected as the starting polymer.
As shown in Figure 3, the E-Z isomerization occurs upon UV
irradiation. With an increase of the irradiation time, the E
content of the polymer decreases. The isomerization process
proceedsquicklyandcomes toequilibriumatanE/Z ratioof42/
58. Afterward, visible light was applied to induce the reverse
Z-E isomerization. It can be seen that the content of E-isomer
gradually recovers with lengthening the irradiation time.
Although the E-content cannot be fully reinstalled, this E-Z
isomerization is switchable from the E/Z ratio of∼90/10 to 40/
60 and vice versa. It is noteworthy to mention that 3a exhibits
good stability and does not suffer from side reactions and chain
scission during the whole isomerization cycle. This switchable
E-Z photoisomerization provides us a convenient tool to tune
the stereostructures and further the chain conformations of the
polymers. The properties of the polymers, especially the opto-
electronic properties, will be altered significantly accompanying

Figure 1. 1HNMRspectra ofmonomers (A) 1a and (B) 2 and (C-E) polymers 3a in CDCl3 (samples taken fromTable 2, nos. 2-4). The solvent peaks
are marked with asterisks. Abbreviation: Rh(I) = Rh(PPh3)3Cl.
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the conformational change. This methodology is expected to
provide us a gating tool in manipulating the functional proper-
ties of the polymers. For example, theE-Z photoisomerization
of a helical PVS will vary its helical pitch and related potential
mechanical response, such as axial expansion/contraction. This
finding stimulates us to further develop optically active PVS-
based foldamers.

Thermal Properties. The thermal properties of the PVS’s
are evaluated by thermogravimetric (TGA) and differential
scanning calorimetric (DSC) analyses. All the polymers
exhibit excellent thermal stability. As can be seen from
Figure 4, the temperatures for 5% weight loss or the degra-
dation temperatures (Td) of the polymers are in the range
from 310 to 432 �C under nitrogen, indicative of their strong

resistance to thermolysis. Except for 3b, all the polymers
carbonize in yields higher than 25 wt % when pyrolyzed at
800 �C. We are interested in utilizing metal-containing
polymer as precursors for ceramics by thermal pyrolysis.
Pyrolysis of ferrocene-functionalized 3d gives ceramic C3d in
a good yield. Analyses by SEM,TEM,XPS, EDX, andXRD
demonstrate that the ceramics comprise Fe7S8 nanocrystal-
lites wrapped by carboneous shell (Figures S2 and S3 and
Table S2, Supporting Information). As an alternative to the
inorganic synthetic methods, this serves as a new path to
make uniform semiconducting Fe7S8 nanoparticles. Addi-
tionally, polymer 3d possesses the advantage of good solu-
tion processability, which offers low shape fabrication cost.

The DSC thermograms of all the polymers (Figure 5)
recorded during the first heating cycle exhibit broad exother-
mic peaks centered at ∼170 and ∼340 �C. Since PVS’s
contain many carbon-carbon double bonds, the peak spann-
ing from 100 to 200 �C should be ascribed to thermally
induced olefin polymerization of the polymers. To confirm
this, we have done control experiments inwhich the polymers
were heated to 200 �C.We found that the resultant polymers
suffer no degradation and become insoluble. Additionally,
no such peak was detected during the second heating scan,
indicating that all the polymers have been cured after the first
heating cycle. Since theTd’s of PVS’s occur at 310-432 �C, it
is thus reasonable to assign the second transition peak
at ∼340 �C to the thermal decomposition of the polymers.

Optical Properties. The monomeric units of 3c and 3d are
linked together through vinylsulfide bridge, which has en-
hanced their electronic communications and hence the con-
jugation of the polymers. Indeed, 3c and 3d absorb lights well
extended to the visible spectral region and their transmission
spectra are bathochromically shifted from their diyne mono-
mers (Figure 6).19,20 On the contrary, 1a and 1b are weakly
conjugated due to the presence of electronically saturated
dimethylsilylene and isopropylene linkages. Thus, their poly-
mers 3a and 3b absorb little visible light and allow almost all
the light at wavelengths longer than 400 nm to transmit
through. This suggests that they possess high optical trans-
parency and are thus promising candidate materials for
advanced photonic applications.

Previous studies have shown that acetylenic polymers with
numerous aromatic rings23 and ferrocene groups24 show
optical limiting responses to harsh laser pulses. It is thus
worthy to investigate how our polymers, particularly 3c and
3d, response to harsh optical pulses. Figure 7 shows the
optical limiting performances of 3c and 3d in CHCl3 with
different concentrations. The transmitted fluence of the
solution of 3d with a concentration of 0.1 mg/mL increases
linearly with the incident fluence but starts to deviate at a
value of 0.54 J/cm2 (defined as limiting threshold; that is, the
incident fluence at which the output fluence starts to deviate
from linearity). With a further increment of the incident
fluence, the transmitted fluence reaches a plateau and is satu-
rated at∼0.41 J/cm2 (defined as limiting amplitude; that is, the
maximum output intensity). At the same linear transmittance,
its optical limiting threshold and limitingamplitudeare compar-
able to those of C60, awell-known optical limiter.25 The limiting
effect is affected by concentration and solutions with higher
concentrations exhibit better performances. For example, the
limiting threshold of the sample decreases from 0.54 to 0.29
J/cm2 and the limiting amplitude changes from 0.41 to 0.23
J/cm2 when the solution concentration is increased from 0.1 to
0.2 mg/mL. Accordingly, the solutions of 3d with concentra-
tions of 0.2 and 0.3 mg/mL show superior optical limiting
performances to that of C60. Polymer 3c exhibits a similar

Figure 2. 13C NMR spectra of monomers (A) 1a and (B) 2 and (C-E)
polymers 3a in CDCl3 (samples taken from Table 2, nos. 2-4). The
solvent peaks are marked with asterisks.
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concentration-dependent optical limiting behavior but does not
behave as well as 3d.

Aggregation-Enhanced Emission. Development of highly
efficient light-emitting conjugated polymers in the solid state
is of great value. However, many of the conventional con-
jugated polymers suffer from the notorious effect of aggre-
gation-caused quenching in the condensed phase. We have
recently observed an exactly opposite effect, namely aggre-
gation-induced emission (AIE): propeller-shaped molecules
such as siloles and tetraphenylethenes are nonemissive in the

solution state but are induced to emit intensively by aggre-
gate formation.26 To extend our AIE research program from
lowmolecular weight to polymeric systems, we incorporated
AIE-active monomeric building blocks into the polymer
skeletons by acetylenic polymerization techniques. Silole
diyne monomer 1c is an AIE luminogen and its polymer 3c
is thus expected to be AIE-active.

Figure 8 shows the photoluminescence (PL) spectra of 3c
in THF and THF/water mixtures with different volume
fractions of water. In pure THF, 3c is somewhat luminescent

Figure 3. Time course study on the isomerization of polymer 3a induced by UV and visible lights in CDCl3 (sample taken from Table 2, no. 2). The
solvent peaks are marked with asterisks.

Figure 4. TGA thermograms of polymers 3a-3d (samples taken from
Table 2, nos. 2, 6, 9, and 11). Td denotes the temperature for 5%weight
loss.

Figure 5. DSC thermograms of polymers 3a-3d recorded during the
first heating cycle at a scan rate 10 �C/min under nitrogen (samples
taken from Table 2, nos. 2, 6, 9, and 11).
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and emits at∼520 nm, which is red-shifted from that of 1c by
∼30 nm.19 This indicates the extensive conjugation in the
polymer due to the electronic communication between the
electron-accepting silole and the electron-donating phenyl-
sulfide units through the newly formed carbon-carbon
double bond bridge. Addition of water into the THF solu-
tion of 3c has induced its chains to aggregate, which red-
shifts and enhances its light emission. The higher the water
content, the stronger is the light emission, showing a novel
phenomenon of aggregation-enhanced emission (AEE)
characteristic. The highest emission intensity is recorded at
80 vol % water fraction, which is ∼2.6-fold higher than that
in pure THF. The emission intensity decreases slightly when
the water fraction is changed from 80 to 90 vol %. This may
be attributed to the reduction of the effective polymer
concentration induced by the precipitation of the large
aggregates.

The AEE effect is rationalized by the restriction of energy-
dissipating intramolecular motions of the luminogens in the
condensed phase. The somewhat luminescence of polymer 3c
in pure THF solution can be interpreted from the fact that its
silole units are knitted together by covalent bonds, which

have restricted their motions to some extent and activated
the radiative decay in the solution state. The intramolecular
motions of the luminogens are further restricted in the
aggregate state due to the physical constraint, which blocks
the nonradiative path and thus strengthens the light emis-
sion. It is important to mention here that aggregation will
induce short-range excitonic coupling or charge transfer and
quench the light emission.Whether the aggregation weakens
or strengthens light emission is decided by the competition
between these two antagonistic physical effects. Clearly, the
positive factor dominates in the light emission process of 3c.
We believe that the intrinsic propeller-shaped silole unit has
efficiently hampered the close packing of the polymer chains,
which greatly reduces the events of the negative intermole-
cular excitonic coupling.

Fluorescent Photopatterning. As an alternative to thermal
curing method, the UV light-directed curing technique can
be operated flexibly and may be a convenient way to
precisely control the curing reaction and facilitate the fabri-
cation of patterns. Since polymer 3c possesses a good film-
forming ability and is both photosensitive and highly emis-
sive in the solid state, it is thus an excellent candidate for the
fabrication of luminescent patterns. The generation of fluor-
escent patterns is of great importance for the constructions of
photonic and electronic devices and biological sensing and
probing systems such as LCD, OLED, and medicinal diag-
nostic biochip.27 When a thin film of 3c spin-coated on a
siliconwaferwas irradiatedwithUV light for 15min through
a copper mask, the exposed region was cross-linked and
hence insoluble. Without any development, a two-dimen-
sional photoresist pattern was fabricated. The good quality
of the pattern (sharp line edges, uniform film thickness, etc.)
is clearly seen under normal laboratory lighting (Figure 9A),
although the photolithography process has yet been opti-
mized. Upon photoexcitation, the unexposed square parts of
the pattern emit bright green light, while the exposed pat-
terned lines suffer from strong photo-oxidative bleaching
and are thus not emissive (Figure 9B).

Light Refractivity.Macroscopically processable polymers
with high refractive indices (RI’s) are promising candidate
materials for an array of practical applications, including
lenses, prisms, optical waveguides, memories, and holo-
graphic image recording systems.28 The RI values for most
of conventional polymers lie in between ∼1.40 and ∼1.65,
with the majority located in a very narrow range of
∼1.5-1.6. For example, the RI values of poly(methyl

Figure 7. Optical limiting responses to 35 ps, 532 nm optical pulses, of
CHCl3 solutions of 3c and 3d with different concentrations (samples
taken from Table 2, nos. 9 and 11). Abbreviations: c = concentration
(mg/mL); T = transmittance (%).

Figure 6. Light transmission spectraof polymers 3a-3d (samples taken
from Table 2, nos. 2, 6, 9, and 11). Concentrations (μM): 9.7 (3a), 8.6
(3b), 7.0 (3c), and 7.3 (3d).

Figure 8. PL spectra of 3c (sample taken fromTable 2, nos. 9) in THF/
water mixtures with different volume fractions of water (fw). Polymer
concentration: 5 μg/mL. Excitation wavelength (nm): 370.
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methacrylate), polycarbonate, and polystyrene at 589.3 nm
are 1.491, 1.581, and 1.590, respectively.29 Very fewpolymers
exhibit RI values higher than 1.70. The low refractivities of
the existing polymers have greatly limited the scope of their
photonic applications and largely retarded the progress in
the development of organic photonic systems.

Theory predicts that macromolecules containing groups
or units with high polarizabilities and small molecular
volumes may show high light refractivities. From the struc-
tural point of view, our PVS’s comprise polarizable aromatic
rings, ester groups, metal elements, and sulfur atoms and
thus may show high refractive indices. Indeed, polymers 3a
and 3b show high RI values of 1.8971-1.6773 and
1.8150-1.6557 in a wide spectral region 400-1700 nm,
respectively (Figure 10A). Because of their long conjugation
and hence absorption at the visible spectral region, we have
difficulty in fitting the light refraction curves of 3c and 3d at
wavelengths less than 600 nm. Their RI values in the spectral
region 600-1700 nm are measured to be 1.7440-1.6848 and
1.8258-1.7260, respectively. All the polymers show RI
values higher than 1.65 from visible to infrared light region,

which are much higher than those of the conventional
polymersmentioned above. Pure organic polymerswith such
high RI values are very rare. The RI data of the polymers are
summarized in Table 3. The RI values of polymers 3a and 3b
at 589.3 nm or FraunhoferD line (nD) are 1.7262 and 1.7023,
respectively. At the telecommunication wavelength of 1550
nm, the PVS’s show RI values (>1.65) with an order of 3d
(1.7289) > 3c (1.6856) > 3a (1.6777) > 3b (1.6565). Such
trend is correlated with the order of their electronic unsat-
uration, revealing that PVS’s with high higher conjugation
show higher RI values due to their stronger polarizabilities.
The difference between the RI values of 3d and 3b is as large
as 0.0742, thanks to the additional contribution of its metal-
containing ferrocene units. These results highlight the fea-
ture of high refractivity of our PVS’s and manifest their
manipulability by molecular engineering endeavors of their
molecular structures. No or little birefringence is detected,
indicative of the amorphous nature of their thin solid films.

Interestingly, the RI value of 3a is sensitive to its stereo-
regularity. Polymers 3awithE/Z ratios of 50/50 and65/35gives
nD’s of 1.7530 and 1.7492, respectively, which are higher than
that (nD = 1.7262) of pure E-isomer (Figure 10B). This result
offers the possibility to tune the RI values of PVS’s by controll-
ing their stereoregularities through both engineering control
during the polymerization process and postmanipulation by
light irradiation.

RIModulation.RImodulation is a key technology inoptical
data storage devices, such as compact discs, digital versatile
discs, blue ray discs, and holographic recording materials.30

Development of photosensitive polymers with tunable refrac-
tive index is highly rewarding due to the increasing demand for
suchmaterials.31 Since our PVS’s contain many photosensitive
groups, such as vinyl and ester groups, their RI values are
anticipated to be tuned by UV irradiation and thermal treat-
ment, which may result in cross-linking reactions of the photo-
reactive double bonds in the PVS’s. For polymer 3b with ester
groups, photo-Fries rearrangement will also be involved in its
cross-linking mechanism. In other words, we can transform
these processable linear PVS’s into thermosets. Indeed, the
polymers become insoluble upon UV irradiation, confirming
the occurrence of the cross-linking reactions. Because of the
structural variation, the RI values of the polymers will be
changed accordingly. The contrast difference between the
exposed and unexposed parts of the fluorescent photopattern
of 3c is a typical example demonstrating its RI tunability.
Figure 11 gives a quantitative picture to reveal the RI changes
of polymers 3a-3d before and after UV irradiation for 15min.

Figure 9. Two-dimensional photoresist pattern generated by UV irradiation of a thin film of 3c on a silicon wafer through a copper mask. The
photographs were taken under (A) normal laboratory lighting and (B) UV illumination.

Figure 10. Light refraction spectra of thin solid films of (A) polymers
3a-3d (samples taken from Table 2, nos. 2, 6, 9, and 11, respectively)
and (B) polymers 3b with different E/Z ratios (samples taken from
Table 2, nos. 2-4).
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All the polymers reveal a decrease of their RI values in the
whole spectral region after UV irradiation, presumably due to
the decrease in their electronic conjugations and corresponding
polarizabilities caused by the photopolymerizations of their

vinyl units to saturated single bonds. The Δn values at the
Fraunhofer D line for 3a and 3b are as large as -0.1055
and -0.0415, respectively, while those at 1550 nm (Δn1550)
for 3a-3d are ranged from -0.0277 to -0.1221 (Table 3).
Among the polymers, 3c shows the largest RI change
(Δn1550 = -0.1221), which is very rare in organic polymer
systems. These polymers will find an array of application for
modulated RI pattern in the optical data storage devices. We
are now actively pursuing the detailed study for these highly
refractive and readily tunable RI materials.

Chromatic Dispersion. For an optical material to be useful
for technological applications, its chromatic aberration, that
is, the variation of its RI value with wavelengths, should be
small. For a conventional optical material working in the
visible spectral region, its chromatic aberration is adversely
associated with the Abb�e number (νD) or constringence
defined by the following equation

νD ¼ nD - 1

nF - nC
ð1Þ

where nD, nF, and nC are the RI values at 589.3, 486.1, and
656.3 nm, known as Fraunhofer D, F, and C lines,
respectively.32 A modified Abb�e number (v0) has been pro-
posed to evaluate the application potential of an optical
material, using its RI values at the nonabsorbing infrared
wavelengths of 1064, 1319, and 1550 nm. The first two
wavelengths are chosen in view of the practical interest of
commercial laser wavelengths (Nd:YAG), while the last one
is the wavelength of telecom importance.33 The modified
Abb�e number is defined as

ν0 ¼ n1319 - 1

n1064 - n1550
ð2Þ

where n1319, n1064, and n1550 are the RI values at 1319, 1064,
and 1550 nm, respectively. The optical dispersions D and D0
in the visible and infrared regions are the reciprocals of νD
and v0:

D ¼ 1

νD
ð3Þ

D0 ¼ 1

v0
ð4Þ

The νD and v0 values of 3a-3d lie in ∼10-14 and
∼39-162, corresponding to D and D0 values of
0.097-0.073 and 0.026-0.006, respectively (Table 3). Nota-
bly, the v0 value (161.6) of 3a with perfect E-isomeric
structure is ∼3 times higher than those of its cousins
with low E/Z ratios (55.2 and 56.3). Generally, an optical

Table 3. Refractive Indices (nD and n1550), Abb�e Numbers (vD), Revised Abb�e Numbers (v0), and Optical Dispersions (D and D0) of Thin Films of
Polymer 3a-3d a

no. polymer nD ΔnD
b n1550 Δn1550

b vD D v0 D0

1 3a (E/Z 50/50) 1.7530 1.6798 11.7 0.0854 55.2 0.0181
2 3a (E/Z 65/35) 1.7492 1.6774 16.5 0.0606 56.3 0.0178
3 3a (E/Z 100/0) 1.7262 1.6777 10.3 0.0971 161.6 0.0062
4 3a (E/Z 65/35) (UV)c 1.6437 -0.1055 1.5943 -0.0831 16.9 0.0592 64.2 0.0156
5 3b 1.7023 1.6565 13.7 0.0730 104.5 0.0096
6 3b (UV)c 1.6608 -0.0415 1.6198 -0.0367 17.7 0.0565 90.2 0.0111
7 3c 1.6856 109.1 0.0092
8 3c (UV)c 1.5635 -0.1221 117.7 0.0085
9 3d 1.7289 38.5 0.0260
10 3d (UV)c 1.7012 -0.0277 45.9 0.0218

aData taken fromFigures 10 and 11. nD=RIvalue at FraunhoferD line or 589.3 nm; vD, v
0 =Abb�e numbers andD,D0 =optical dispersions defined

by eqs 1-4. bRI change at Fraunhofer D line or 1550 nm. For example, in polymer 3a, ΔnD = nD(UV) - nD.
cUV photolysis product.

Figure 11. Tuning the refractive indices of thin solid films of (A-D)
3a-3d by light irradiation (samples taken fromTable 2, nos. 4, 6, 9, and
11, respectively).
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material with a high light refractivity exhibits a low Abb�e
number and vice versa.32,34 It is noteworthy that our poly-
mers show both high RI values (nD > 1.70) and Abb�e
numbers (v0 up to ∼162). After UV irradiation, the νD and
v0 values of the PVS’s except for 3b are increased by 0.4-4.0
and 7.4-8.6, respectively. In other words, most of our
polymers show good performances in optical dispersion. In
terms of light refraction behavior and its modulation capac-
ity, these results demonstrate the great potential of our PVS’s
as optical materials for photonic applications, such as anti-
reflective coatings, optical adhesives or encapsulants for
organic light-emitting diodes, microlens components for
charge-coupled devices, and high-performance CMOS im-
age sensors.28

Conclusions

In this work, we have developed a thio-click polymerization
technique for the synthesis of new electronically active sulfur-
containing acetylenic polymers. The Rh-catalyzed alkyne poly-
hydrothiolations of diynes (1) and dithiol (2) are carried out
under mild conditions at room temperature, producing PVS’s (3)
with high molecular weights in high yields. The polymerizations
are functionality-tolerant and can proceed in regio- and stereo-
selective manners. Both engineering control on the sequential
addition of monomers during the polymerization process and
postmanipulation by light irradiation are capable of tuning the
stereostructures of the PVS’s. All these attributes make this Rh-
catalyzed alkyne polyhydrothiolation a new type of click poly-
merization.

The PVS is a new member of the family of electronically
conjugated polymers. Polymers 3 enjoy good solubility, film-
forming ability, and optical transparency. They can be readily
cured both by thermal treatment andUV irradiation. Polymer 3c
shows an aggregation-enhanced emission characteristic and can
be readily cross-linked by UV irradiation to generate fluorescent
photoresist patterns. Polymer 3d reveals a superior optical limit-
ing property to C60 and works as a precursor to prepare
semiconducting Fe7S8 ceramic. All the polymer films exhibit
higher refractive indices than conventional organic polymers.
The PVS’s with different stereostructures have distinct refractive
indices and chromatic aberrations. Their refractivities can be
further modulated by UV irradiation. All these hallmarks make
these new functional PVS’s promising optoelectronic materials
for real-world high-tech applications.

Experimental Section

General Information. Rh(PPh3)3Cl,
35 [Rh(nbd)Cl]2,

36 and
Rh(nbd)(PPh3)2

þPF6
-37 complexes were prepared according

to the literatures. Monomer 4,40-thiodibenzenethiol (2), 1,2-
dichloroethane (DCE) and other chemicals and reagents were
all purchased fromAldrich and used as received without further
purification.

Mn, Mw, and PDI (Mw/Mn) values of the polymers were
estimated by GPC using a Waters Associates liquid chromato-
graph equippedwith aWaters 515HPLCpump, a set of Styragel
columns (HT3, HT4, and HT6; molecular weight range
102-107), a column temperature controller, a Waters 486 wa-
velength-tunable UV-vis detector, a Waters 2414 differential
refractometer, and a Waters 2475 fluorescence detector. The
polymer solutions in THF (∼2 mg/mL) were filtered through
0.45-μmPTFE syringe-type filters before being injected into the
GPC system. THF was used as eluent at a flow rate of 1.0 mL/
min. The column temperature was maintained at 40 �C, and the
working wavelength of the UV-vis detector was set at 254 nm.
A set of monodisperse polystyrene standards (Waters) covering
the molecular weight range of 103-107 were used for the
molecular weight calibration.

IR spectra were recorded on a Perkin-Elmer 16 PC FTIR
spectrophotometer. 1H and 13CNMRspectraweremeasured on
Bruker ARX 300 or 400NMR spectrometers using chloroform-
d as solvent and tetramethylsilane (TMS) as internal reference.
Mass spectra were recorded on a GCT Premier CAB 048 mass
spectrometer operating in a TOF mode. UV spectra were
measured on a Milton Ray Spectronic 3000 array spectropho-
tometer. PL spectra were recorded on a Perkin-Elmer LS 55
spectrofluorometer. The thermal stability of the polymers was
evaluated on a TA Instruments TGAQ5000 under nitrogen at a
heating rate of 10 �C/min. The thermal transitions were inves-
tigated by differential scanning colorimeter (DSC) using a TA
Instruments DSC Q1000 at a heating rate of 10 �C/min.
Refractive indices were determined on a J A Woollam Variable
Angle Ellipsometry System with a wavelength tunability from
300 to 1700 nm. To fit the acquiredΨ andΔ curves with the data
obtained from the 3-layer optical model consisting of crystalline
silicon substrate, 2 nm SiO2 layer and a uniform polymer film,
the Levenberg-Marquardt regression algorithmwas employed.
The cauchy dispersion law was applied to describe the polymer
layer from visible to IR region. The X-ray photoelectron
spectroscopy (XPS) experiments were conducted on a PHI
5600 spectrometer (Physical Electronics), and the core level
spectra were measured using a monochromatic Al KR X-ray
source (hν= 1486.6 eV). The analyzer was operated at 23.5 eV
pass energy and the analyzed area was 800 μm in diameter.
Morphologies of the ceramics were imaged on a JEOL-6300
scanning electron microscope (SEM) operating at an accelerat-
ing voltage of 15 kV. Structures of the ceramics were investi-
gated by high-resolution transmission electron microscopy
JEOL 2010F TEM. The energy-dispersion X-ray (EDX) ana-
lyses were performed on a JEOL 2010F TEM system with
quantitative elemental mapping and line scan capacities. The
X-ray diffraction (XRD) diagrams were recorded on a Philips
PW 1830 powder diffractometer using the monochromatized
X-ray beam fromanickel-filteredCuKR radiation (λ=1.5406 Å).
The optical limiting properties of the samples were investigated by
using a frequency doubled, Q-switched, mode-locked Continuum
ns/ps Nd:YAG laser, which provides 35 ps pulses at 532 nmwith a
repetition rate of 10 Hz. The input laser pulses were split into two
parts by a beam splitter. The first part was used to measure the
incident laser energy and the second part was focused onto the
sample using a lens with 100 mm focal length. The experimental
arrangement was similar to that described in the literature.38 The
samples were housed in glass cells with a path of 1 cm. The input
laser pulses adjustedbyanattenuator (Newport) were split into two
beams. One was employed as a reference to monitor the incident
laser energy, and theotherwas focusedonto the sample cell byusing
a lens with a 100 mm focal length. The samples were positioned at
the focus. The incident and transmitted laser pulsesweremonitored
by two energy detectors, D1 andD2 (Rjp-735 energy probes, Laser
Precision).

Photopatterning and RI tuning of the polymer films were con-
ducted on a SpectrolineENF-280C/FUV lampat a distance of 1 cm
as light source. The incident light intensity was∼18.5 mW/cm2. UV
and visible lights were obtained through filters BG 39 and GG400
placedbetween the lampandthepolymer film, respectively.The films
were prepared by spin-coating the polymer solution (10% w/w in
DCE) at 800 rpm for 10 s and then 1500 rpm for 1 min on silicon
wafers. The wafers had been cleaned prior to use by sequential
treatments for 10 min with dichloromethane, 2-propanol, piranha
solution (30 vol % H2O2/H2SO4), and deionized water in an
ultrasonic bath. The polymer film was dried in a vacuum oven at
room temperature overnight. The photoresist patterns ware gener-
ated using a copper photomask and taken on an optical microscopy
(Olympus B202) using a normal light source.

Monomer Synthesis.Monomers 1a,17 1b,18 1c,19 and 1d20 were
synthesized according to our previously published procedures.

Characterization Data for 1a. White powder; yield 86%. IR
(thin film), ν (cm-1): 3271 (tC-Hstretching), 2105 (weakCtC
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stretching). 1H NMR (300 MHz, CDCl3), δ (TMS, ppm): 7.50
(s, 8H, Ar-H), 3.18 (s, 2H, �C-H), 0.58 [s, 6H, Si(CH3)2].

13C
NMR (75 MHz, CDCl3), δ (ppm): 139.4, 134.3, 131.5, 123.1,
83.8, 78.1, -2.57. MS (TOF), m/z 261.1084 [(Mþ1)þ, calcd
261.1021]. Crystal data for 1a is given in the Supporting
Information.

Characterization data for 1b-1d are available in our pre-
viously published papers.17-20

Polymer Synthesis. All the polymerization reactions were
carried out under nitrogen atmosphere using a standard Schlenk
technique. A typical procedure for the polymerization of 1a and
2 is given below as an example.

To a 15 mL Schlenk tube with a three-way stopcock on the
side arm was placed 4 mg (0.004 mmol) of Rh(PPh3)3Cl (C1)
under nitrogen in a glovebox. 2.0 mL of DCE was then injected
into the tube using a hypodermic syringe. After stirring for
5 min, a solution of 52.1 mg (0.2 mmol) of monomer 1a and
50.1 mg (0.2 mmol) of 2 in 2.0 mL of DCE was injected. The
resultant mixture was stirred at room temperature under nitro-
gen for 24 h. The resultant solution was diluted with DCE and
then added dropwise to 300 mL of hexane via a cotton filter
under stirring. The precipitate was allowed to stand overnight
and then collected by filtration. The polymer was washed with
hexane and dried under vacuum at room temperature to a
constant weight. Gray-white powder of polymer 3a with 100%
E isomer structure was obtained in 90.3% yield.Mw 19500;Mw/
Mn 2.6 (Table 2, no. 2). IR (thin film), ν (cm-1): 3295 (tC-H
stretching), 1594 (C=C-S stretching). 1H NMR (400 MHz,
CDCl3), δ (TMS, ppm): 7.60-7.10 (Ar-H), 6.86 (d, J = 14.8
Hz,dC-H proton from the E-vinylene unit), 6.73 (d, J= 14.8
Hz, =C-H proton from the E-vinylene unit), 3.08 (tC-H),
0.52 (CH3).

13CNMR (100MHz,CDCl3), δ (TMS, ppm): 137.7,
136.7, 134.6, 134.5, 134.2, 132.5, 131.6, 130.2, 125.4, 123.1,-2.5.

Sequential addition of monomers 1a and 2 during the poly-
merization generates polymers 3a with different E/Z ratios.
Characterization data for 3a with an E/Z ratio of 50/50: Gray-
white powder; yield 93.2%. Mw 13900; Mw/Mn 3.2 (Table 2,
no. 3). IR (thin film), ν (cm-1): 3295 (tC-H stretching), 1594
(CdC-S stretching). 1H NMR (400 MHz, CDCl3), δ (TMS,
ppm): 7.60-7.10 (Ar-H), 6.87 (d, J= 14.8 Hz,dC-H proton
from the E-vinylene unit), 6.74 (d, J= 14.8 Hz,dC-H proton
from the E-vinylene unit), 6.59 (d, J = 9.6 Hz, dC-H
proton from the Z-vinylene unit), 6.46 (d, J = 9.6 Hz, dC-H
proton from theZ-vinylene unit), 3.08 (tC-H), 0.52 (CH3).

13C
NMR (100 MHz, CDCl3), δ (TMS, ppm): 138-137, 136-134,
133-130, 129-127, 126-125, 124-122, -2.5.

Characterization Data for Polymer 3b. Gray-white powder;
yield 92.3%;E/Z=50/50.Mw 9500;Mw/Mn 3.3 (Table 2, no. 6).
IR (thin film), ν (cm-1): 3279 (tC-H stretching), 2125 (CtC
stretching), 1726 (CdO stretching), 1574 (CdC-S stretching).
1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 7.95-7.90
(dC-H proton from the E-vinylene unit), 6.90-7.50 (Ar-H
and dC-H proton from the Z-vinylene unit), 6.20-6.05
(dC-H proton from the Z-vinylene unit), 5.90-5.70 (dC-H
proton from theE-vinylene unit), 3.06 (tC-H), 1.9-1.4 (CH3).
13C NMR (100 MHz, CDCl3), δ (TMS, ppm): 164.8, 163.5,
152.0-150.8, 149.0-147.6, 135.0-127.0, 121.0, 120.9, 120.6,
114.8, 112.7, 77.2, 74.3, 42.5, 30.9.

Characterization Data for Polymer 3c. Yellow powder; yield
83.8%; E/Z = 50/50. Mw 4000; Mw/Mn 1.6 (Table 2, no. 9). IR
(thin film), ν (cm-1): 3282 (tC-H stretching), 1598 (CdC-S
stretching). 1H NMR (400 MHz, CDCl3), δ (TMS, ppm):
7.50-6.70 (Ar-H and dC-H proton from the E-vinylene unit),
6.71 (d, J=9.2Hz,dC-Hproton from theE-vinylene unit), 6.50
(d, J=10.8Hz,dC-Hproton fromZ-vinylene unit), 6.36 (d, J=
10.8 Hz, dC-H proton from Z-vinylene unit), 3.02 (tC-H),
0.60-0.40 (CH3).

13C NMR (100 MHz, CDCl3), δ (TMS, ppm):
154.2, 141.3, 139.0-137.0, 136.0-125.0, 124.1, 121.2, -3.6.

Characterization Data for Polymer 3d. Red powder; yield
82.5%;E/Z=87/13.Mw 5300;Mw/Mn 2.2 (Table 2, no. 11). IR

(thin film), ν (cm-1): 3276 (tC-H stretching), 1595 (CdC-S
stretching). 1H NMR (400 MHz, CDCl3), δ (TMS, ppm):
7.50-7.00 (Ar-H), 6.90-6.40 (dC-Hproton from the original
E- and newly formed E-vinylene units), 6.38-6.31 (dC-H
proton from the newly formed Z-vinylene unit), 6.07-6.00
(dC-H proton from the newly formed Z-vinylene unit),
4.43 (H from ferrocene), 4.27 (H from ferrocene), 3.07
(tC-H). 13C NMR (100 MHz, CDCl3), δ (TMS, ppm):
140-120, 77.2, 70.2, 68.1.
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ABSTRACT: A methacrylic monomer containing the dye 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPYMA)was synthesized to provide fluorescence properties to three different thermo-sensitive families
of polymers based on 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA). Initially, linear random
terpolymers of MEO2MA, oligo(ethylene glycol) methyl ether methacrylate (OEG8-9MA) with Mn =
475 g mol-1, and a very low proportion of BODIPYMA were synthesized by atom transfer radical
polymerization (ATRP). These terpolymers showed lower critical solution temperature (LCST), which
valueswere easily tuned by changing themonomeric composition, and fluorescence, which intensity increases
significantly after this thermal transition. Second, a family of diblock copolymers was formed by the ATRP
ofMEO2MAand a very short block of BODIPYMA.They also behave as a fluorescent thermometer inwater
but, in this case, the fluorescence quantum yield decreased due to the intermolecular π-π stacking
of BODIPY dyes. In addition, a MEO2MA-BODIPYMA based hydrogel was prepared to show that the
optical and fluorescence properties also exhibit a sudden and reversible change at the volume transition
temperature (VTT) of the hydrogel.

Introduction

In the last few years, the number of contributions where the
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes ap-
pear is exponentially increasing.1,2 Recently, the BODIPY dyes
have been used as optical sensitivity compounds for biochemical
labeling,3 solar cells,4 or luminescent ionic liquid crystals.5 These
dyes present advantageous characteristics versus other chromo-
phores, such as high extinction coefficients, high quantum yields,
low triplet-triplet absorption and the fact that its excitation
wavelength lies in the visible-wavelength range.6,7

The covalent incorporation of BODIPY dyes into a polymer
main chain,8-13 side chain,14,15 or initial end16 has drawn attention
during the last years. In fact, our research group has demon-
strated that novel BODIPY-based polymers prepared by the free
radical copolymerization of methyl methacrylate (MMA) with
methacrylic BODIPY monomers,17,18 exhibited efficient and high
photostability toward laser in liquid and in solid polymeric
matrices. Besides, BODIPY cross-linker monomer has showed
better results than the former.19 Although BODIPY-based poly-
mers are being investigated, just few articles report the use of
thermo-sensitive polymers to obtain fluorescent temperature
sensors.20,21 On the one hand, Wang et al.20 synthesized by
free radical random copolymerization a system composed of
N-isopropylacrylamide (N-iPAAm) and BODIPY monomer
having a meso-pyridinium group. These polymers act as a
fluorescence-enhancement-type thermometer and displayed re-
versible fluorescence enhancement/quenching at the lower critical
solution temperature (LCST) of P(N-iPAAm), due to the inhibi-
tion of the rotation of themesopyridinium group in the BODIPY
after the polymer collapse.20 On the other hand, Nagai et al.21a

studied random copolymers based on 2-dimethylaminoethyl

methacrylate (DMAEMA) and a BODIPY-based monomer
synthesized by reversible addition-fragmentation chain transfer
polymerization (RAFT). This is also a very interesting work in
which the luminescent intensity of the obtained also depends on
the temperature.

In the present contribution, we propose fluorescent thermo-
sensitive polymerswith controlledmolecularweigh and structure,
based on 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA)
with a very low proportion of BODIPY methacrylic monomer
(BODIPYMA). This system is going to present reversible change
in the fluorescence intensity with the temperature but also, some
advantages that clearly improve the properties of the system in
comparison to the previous works.20,21a Thus, MEO2MA-based
polymers present thermo-responsive behavior generally compar-
able to P(N-iPAAm),28 showing a LCST at around 26 �C,22 but
they show the advantage that this transition temperature can be
easily modulated by copolymerization of MEO2MA with longer
oligo(ethylene glycol) (OEG) methacrylates without losing the
sharpness of the transition.23-27 Another remarkable aspect in
comparison with the previous compounds is that our system
shows good biorelated properties (i.e., nontoxicity, anti-
immunogenicity) since they are formed by oligo(ethylene glycol)
side chains. In addition, they can be successfully obtained from
controlled/living polymerizations techniques, such as atom trans-
fer radical polymerization (ATRP),23-25,29,30 that will allow a
control over the molecular weight and the molecular weight
distribution. Moreover, MEO2MA has demonstrated to be a
good monomer in order to synthesize thermo- and pH-sensitive
hydrogels, which has been the focus of our more recently
investigations.31,32 Furthermore, the last novelty of this work is
that the chromophore group in BODIPYMA is tethered to the
methacrylic group by a short methylene chain which will allow a
better coupling to the dynamics of the thermo-sensitive polymer,
increasing the expected thermal fluorescent response.

*Corresponding author. Telephone: (34) 91 258 74 04 and (34) 91 562
29 00. Fax: (34) 91 564 48 53. E-mail: martaliras@ictp.csic.es.
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Taking all these facts into account, linear random terpolymers
of MEO2MA, oligo(ethylene glycol) methyl ether methacrylate
(OEG8-9MA)withMn= 475 gmol-1 and a very low proportion
of BODIPYMA were synthesized by ATRP, according with
Scheme 1. The main aim of this strategy was to modulate the
temperature at which the increase of the fluorescence occurs by
tuning the LCST of the terpolymers, which can be easily done by
changing the ratio of the twoOEGmonomers.23-27A secondaim
was to evaluate if the luminescent properties of these fluorescent
thermometers in water depend on the π-π stacking interactions
originated from the planar structure of BODIPY. Thus, a two
step ATRP synthesis (Scheme 2) was employed to obtain diblock
copolymers. To the best of our knowledge this is the first example
of the study of thermo-sensitive block copolymer based on
BODIPY dyes. Thus, the fluorescent properties were studied as
a function of the temperature and compared with the properties
of the statistical copolymers. In addition, a BODIPY-based
hydrogel, where the dye is covalent bound to a thermo-sensitive
network, was synthesized for the first time to show that this
relevant combination of thermo-sensitivity and luminescence can
also be used in cross-linked structures. The reduction of void or
free volume surrounding the dye at the volume transition
temperature (VTT) is going to restrict the molecular motions
giving rise to nonradiative decay, and thus enhances the emission
intensity.

Experiments

Materials. The monomers 2-(2-methoxyethoxy)ethyl
methacrylate (MEO2MA, Aldrich 95%) and oligo(ethylene
glycol) methyl ether methacrylate with Mn = 475 g mol-1

(OEG8-9MA, Aldrich) were purified by passing by neutral
alumina column to remove the inhibitor. The ligandN,N,N0,
N00,N00-pentamethyldiethylenetriamine (PMDETA, Aldrich
99%) was purified by vacuum distillation. The initiator ethyl
2-bromoisobutyrate (EBrIB, Aldrich 99%), the catalyst pre-
cursors copper bromide (CuBr, Aldrich 99.999%) and copper
chloride (CuCl, Aldrich 99.99%), the solvents cyclohexa-
none (Scharlau 99.5%), n-hexane (Panreac 98%), acetone

(CarloEbra 99.8%), toluene (Merck 99.9%), dichloromethane
(DCM, Merck 99.8%), ethanol (Normapur, analytical
reagent) and chloroform (Sds 99.9%)were used as received.
The BODIPY derivative 4,4-difluoro-1,3,5,7,8-pentamethyl-
2,6-diethyl-4-bora-3a,4a-diaza-s-indacene (PM567, laser grade
from Exciton, OH) used as reference in the measurement of
the photophysical properties was also used without previous
purification. The chemicals used for the synthesis of the
monomer BODIPYMA17 were purchased from Aldrich
(Steinheim, Germany) and were used without further purifica-
tion, except 3-ethyl-2,4-dimethylpyrrole, which was distilled.

For the synthesis of the hydrogel, the activator N,N,N0,
N0-tetramethylethylenediamine (TEMED, Fluka 99%), the
conventional cross-linker tetraethylene glycol dimethacrylate
(TEGDMA, Fluka 90%) and the initiator ammonium per-
oxodisulfate (APS, Fluka 98%) were also used as received.
Phosphate buffer solutions (PBS) were prepared employing
water (Milli-Q) from water purification facility (Millipore
Milli-U10), sodium dihydrogen phosphate anhydrous (Fluka
g99%), disodium hydrogen phosphate (Panreacg98%),
ortho-phosphoric acid (Panreac 85%), and sodium chloride
(Panreac g99.5%) to keep constant the ionic strength (μ).

Synthesis of the Monomer BODIPYMA. The synthesis of
BODIPYMA, a methacrylic monomer with a BODIPY dye
(analogous to PM567) tethered by a spacer of three methy-
lene groups, was made according with the procedure de-
scribed previously by our research group.17 Its structure can
be observed in Scheme 1.

Syntheses of P(MEO2MA-co-OEG8-9MA-co-BOD-
IPYMA) Terpolymers. Terpolymerizations were carried
out by ATRP at 60 �C in cyclohexanone solution (50 wt %)
with a constant monomer/initiator concentration ratio
of 100:1 and with the monomeric compositions showed
in Table 1, being in all cases [MEO2MAþOEG8-9MA]0/
[BODIPYMA]0 = 1400:1. Amine ligand (PMDETA) (46 mg,
0.266 mmol), degassed monomers ([MEO2MA]0þ[OEG8-9-
MA]0=26.6mmol), BODIPYMA (8mg, 0.019mmol), CuBr
(38 mg, 0.266 mmol), and solvent (previously bubbled with
nitrogen for at least 15 min) were all added to dry Pyrex tube

Scheme 1

Scheme 2
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ampules. Next, the polymerization mixtures were carefully
degassed by bubbling nitrogen during 20 min, and then the
initiator (EBrIB) (39 μL, 0.266 mmol) dissolved in cyclo-
hexanone (2 mL) was introduced into the ampules using
degassed syringes in order to start the polymerization. The
ampules were immediately placed in a thermostatic oil bath,
regulated with a precision of(0.1 �C.When the desired time
(45 min) was up, the reaction mixture was quenched opening
the ampule and exposing the content to air, cooled in an ice/
water bath and adding chloroform (30 mL). Then, the
reaction product solution was passed through a neutral
alumina column to remove the catalyst. The solution was
concentrated by rotary-evaporation, and the polymer solu-
tionwas poured into a large excess of n-hexane (600mL). The
precipitated products were decanted and dried until a con-
stant weight was reached. Total monomer conversions were
measured gravimetrically.

Syntheses of P(MEO2MA-b-BODIPYMA) Copolymers.
The synthesis of these diblock copolymers was made in two
steps. Initially, a P(MEO2MA) homopolymer was synthesized
using the procedure described in the last section but without
BODIPYMA. Then, it was used as macroinitiator for the
polymerization of BODIPYMA in a second step. These
chain extensions were carried at 100 �C, in cyclohexanone
solution (1:5 wt./wt.) and with a constant macroinitiator/
CuCl/PMDETA concentration ratio of 1:1:1. The synthetic
procedure was the same previously described for the statis-
tical terpolymers. The relationship between macroinitiator
and BODIPYMA monomer and the time of reaction are
detailed in Table 2.

Synthesis of P(MEO2MA-co-BODIPYMA) Hydrogel. A
P(MEO2MA-co-BODIPYMA) hydrogel was synthesized by
free radical cross-linking random polymerization in solution
using [MEO2MA]0/[BODIPYMA]0=1400:1. Polymerization
was carried out in a mixture water/ethanol 1:1 (v/v) as solvent
with TEGDMA. In all cases themonomers/solvent ratio was
1:1 (w/w). Cross-linker TEGDMA, activator TEMED, and
initiatorAPSwere usedwith an initial ratio of 0.5wt%of the
total monomer amount. The procedure to obtain the hydro-
gels in the desired shape is described elsewhere.31

Characterization. 1H and 13CNMR spectra were recorded
on a Bruker 300 MHz spectrometer in CDCl3 at room
temperature. Molecular weights (Mn) and molecular weight
distributions (MWD) were determined by SEC with a GPC

Perkin-Elmer (mobile phase: DMF with LiBr (0.1 wt %) at
0.3 mL min-1 and 70 �C) with a differential refractometer
Waters 410 detector. Poly(methyl methacrylate) (PMMA)
standards were employed for the calibration. The LCST was
studied by determining the optical transmittance at 600 nm
of the copolymers in PBS as a function of temperature. The
analysis was made using a Cary 3 BIO-Varian UV-visible
spectrophotometer. The temperature was raised from 5 to
80 �C at a rate of 1 �C min-1. The LCST (cloud point) was
defined as the temperature at the inflection point of the
absorbance vs temperature curve. UV-vis absorption and
fluorescence spectrawere recordedonaPerkin-ElmerLambda-
16 and on a Perkin-Elmer LS5OB spectrophotometer,
respectively. Fluorescence signals (excitation at 490 nm) were
recorded in the front-face mode by orienting the sample at
35� and 55� with respect to the excitation and emission beams,
respectively when the measures were done at different tem-
peratures. The recorded fluorescence spectra were the average
of at least three independent measurements made until repro-
ducible fluorescence intensity was reached. The fluorescence
quantum yield (Φ) (excitation at 490 nm) was evaluated
relative to the PM567 dye in ethanol solution (Φ = 0.86).33

The samples were thermostatized using a Huber-polycat cc1
cryostat system or a Julabo-paratherm U5-electronic ther-
mostatized bath. For the hydrogel, the equilibrium swelling
(Q¥) was calculated in grams of solvent incorporated per
grams of dry gel (xerogel) at 24 h of swelling.

Results and Discussion

P(MEO2MA-co-OEG8-9MA-co-BODIPYMA)Terpolymers.
ATRP was used to synthesize random terpolymers based
on MEO2MA (Scheme 1), in which OEG8-9MA was
used as comonomer to modulate the LCST,22-25,34-40

and BODIPYMAwas used in a constant and low proportion
to produce luminescent compounds.17,18 Experimental syn-
thetic conditions and properties of the obtained copolymers
are summarized inTable 1. It shouldbenoted that, in all cases,
a high feed molar ratio of MEO2MA (fMEO2MA) was used
to obtain polymers with low LCST, since the LCSTs of
P(MEO2MA) and P(OEG8-9MA) are of ∼26 and ∼90 �C,
respectively.23

Thechemical structureof theobtainedpolymerswasanalyzed
by 1H NMR (Figure S1 in the Supporting Information),

Table 1. Experimental Synthetic Conditions, Polymer Characterization, and Photophysical Properties of P(MEO2MA-co-OEG8-9MA-co-
BODIPYMA) Terpolymersa

photophysical properties

entry fMEO2MA FMEO2MA

conv
(%)

Mn,theor.

(g mol-1)
Mn,SEC

(g mol-1) Mw/Mn

cloud point
(�C) solvent λabs (nm) λem (nm) ε (M-1 cm-1) Φflu

T1 1.00 1.00 60.4 11 570 19 655 1.39 27.2 acetone 521 535 4900 0.86
toluene 525 539 5600 0.70
ethanol 522 535 5600 0.87
DCM 524 536 2600 0.56
PBSb 524 535 4950 0.67

T2 0.95 0.956 63.6 12 950 20 846 1.50 34.8 PBSb 524 535 4950 0.67
T3 0.85 0.871 59.7 13 640 24 476 1.57 46.1 PBSb 524 535 5900 0.67
aThe photophysical properties were measured in 0.36 mg mL-1 solutions at 10 �C. b pH = 7, μ = 0.1 M.

Table 2. Experimental Synthetic Conditions, Polymer Characterization, and Photophysical Properties of P(MEO2MA-b-BODIPYMA) Block
Copolymers Synthesized by ATRP Using a P(MEO2MA) Macroinitiator Previously Synthesized by ATRP (Conv = 72%,

Mn,SEC = 19686 g mol-1, Mw/Mn = 1.41, LCST = 27.6 �C)

photophysical properties in PBS (pH 7)

entry time (min) [M]0/[I]0 Mn,SEC (g mol-1) Mw/Mn cloud point (�C) λabs (nm) λem (nm) ε (M-1 cm-1) Φflu

B1 60 45 20 889 1.41 26.4 524 532 52 800 0.10
B2 20 10 20 423 1.42 27.8 524 534 26 300 0.08
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mainly observing those proton signals of the oligo(ethylene
glycol) macromonomer units.25 Thus, the experimental mo-
lar ratios of MEO2MA in the copolymer (FMEO2MA), which
values are shown in Table 1, could be estimated from the
ratio between the intensity of the signal corresponding to the
protons of the central OCH2 groups and the intensity of the
rest of signals. These experimental values are quite close to
those used in the feed. This, together with the fact that
conversions achieved are quite similar for all monomeric
compositions, indicates that the twomainmonomers present
similar reactivity ratios under these conditions, as it could be
expected from their similar chemical structure. This is also a
relevant result since it allows to easily obtain the desired
composition in the polymers. The SEC analysis of the
copolymers established that the polymerization was well
controlled (Figure S2 in the Supporting Information). The
molecular weight distributions were narrow and therefore,
relatively low polydispersity indices were obtained. More-
over, the number-average molecular weights (Mn,SEC) in-
creased coherently with the conversion achieved in the range
under study.

Because of the incorporated BODIPY groups, the
terpolymers are fluorescents. As an example, Figure 1 shows
the absorption and emission spectra of sample T1 in water.
According with a BODIPY-based compound, the maximum
of absorption (λabs) is around 524 nm, independently on the
composition and the solvent employed in its determination.
This fact can be observed from the photophysical data
showed in Table 1. Moreover, a good relationship could be
determined between the intensity of the absorption at this
wavelength and the concentration of the solution, according
with the Lambert-Beer’s law. Therefore, the extinction molar
coefficient (ε) values in aqueous solution, collected in the
table, could be estimated. These ε values are similar in the
three cases and, compared with the ε value of the parent dye
PM567 (77000M-1 cm-1 in water/ethanol 90 vol.%),33 they
are low. Thus, it can be estimated that only around 5-10%
of the polymer chains have covalently bounded to amolecule
of dye. In addition, distinctive fluorescence, assigned to the
BODIPY units, appears at 500-650 nm. The maximum emis-
sion (λem) takes place at around 535 nm. Moreover, the
quantum yields (Φflu) are quite high, according with the typical
values obtained for BODIPY-based polymers.41,42 We can
conclude that the photophysical properties of the new
P(MEO2MA-co-OEG8-9MA-co-BODIPYMA) terpolymers
are not affected by the differences in the terpolymer composi-
tion at low temperature (around 10 �C), observing similar
values for λabs, ε and λem in water (PBS pH=7, μ=0.1 M).

The methacrylic polymers with oligo(ethylene glycol) side
chains under study are thermo-sensitive.22-25,34-40 They

undergo a thermal transition in water solution, becoming
reversibly nonsoluble when the solution temperature is high-
er than the LCST. The LCST values (cloud points) of each
polymer were determined by turbidimetry and they are
collected in Table 1. As it is well-known, these values linearly
increasewhentheMEO2MAratio in thepolymerdecreases.23-27

But the most important issue here is that the system shows a
remarkable increase in the fluorescent intensity when the
polymer collapses, which means at temperatures above the
LCST. Thus, Figure 2 shows the dependence of the absor-
bance at 600 nm (cloud point determinations) and the
quantum yield of fluorescence on the temperature for each
polymer water solution. At low temperature, the polymers
are soluble (transparent) and only relative weak fluorescence
is observed. However, the fluorescence intensity increases
drastically when the thermal transition is achieved. Accord-
ing with Wang et al.,20 this fluorescence enhancement is due
to the aggregation properties of the thermo-sensitive poly-
mer and moreover, a covalent bond between the BODIPY
units and the polymeric chains is necessary for the heat-
induced fluorescence enhancement. The difference in the
quantum yield above the cloud point between the sample
T1 (Φflu close to the unit) and the rest of samples could be
explained from the differences between the macromolecular
mobility. Thus, polymers with longer ethylene glycol side
chains (samples T2 and T3) exhibit higher mobility above
this transition.

Apart from the relevant change in the optical and lumi-
nescent properties of the polymers in water solution at the
LCST, it is also important to point out that this change is
reversible. In order to prove this fact, Figure 3 shows the
change in absorption at 600 nm and quantum yield emission
of sample T1 for different heating/cooling cycles. The
changes in absorbance (transparent/opaque) and in fluores-
cence (enhancement/quenching) occurred reversibly at least
six times. In summary, a relevant increase in the fluorescence
intensity can be achieved at the desired temperature in a
reversible way. This fact is due to the LCST of these
terpolymers can be tuned just varying the feed monomer
composition in the synthesis.

P(MEO2MA-b-BODIPYMA) Block Copolymers. In the
previous terpolymeric system, the ratio of [MEO2MAþ
OEG8-9MA]0 /[BODIPYMA]0 was 1400:1 in all cases. This

Figure 1. UV-vis normalized absorption (solid lines) and fluorescence
spectra (dashed lines) of (a) P(MEO2MA-co-BODIPYMA) copolymer
(sample T1) and (b) P(MEO2MA-b-BODIPYMA) diblock copolymer
(sample B1) both dissolved in PBS (pH 7, μ = 0.1 M) at 10 �C.

Figure 2. Absorbance at 600 nm (solid lines) and fluorescence quantum
yield (dashed lines) vs temperatureof theP(MEO2MA-co-OEG8-9MA-
co-BODIPYMA) terpolymers dissolved (0.36 mg mL-1) in PBS (pH 7,
μ = 0.1 M). Photographs under visible and UV irradiation taken at
temperatures below LCST (left part) and above LCST (right part) of
sample T1 are included.
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suggests that inter- or intramolecular association of the
BODIPYunits scarcely occurs and therefore, BODIPYunits
should be isolated from each other. However, it was demon-
strated thatπ-π stackedBODIPYunits can play an important
role in the emission properties.15 In order to study this effect
in the thermo-sensitive system under study, P(MEO2MA-b-
BODIPYMA) diblock copolymers were synthesized in two
steps, according to the procedure described in the experi-
mental part and shown in Scheme 2. In the first step, a
thermo-sensitive segment of P(MEO2MA) was prepared in a
controlled way (Mn,SEC=19686 g mol-1, Mw/Mn = 1.41)
and used as macroinitiator for the ATRP of BODIPYMA in
a second step. The synthetic conditions and the properties of
the obtained diblock copolymers are summarized in Table 2.
It should be noted that copolymers were mainly and
deliberately constituted byMEO2MA. Therefore, their cloud
point values almost do not change because the BODIPY
blocks are very short in comparison. In fact, monomer
conversions could not be determined gravimetrically. In
addition, the 1HNMR signals corresponding to the chromo-
phore units are not visible in their spectra due to its low
relation proportion.However, the incorporation ofBODIPY
units could be observed from the color of the polymers
but also, by SEC determinations. An increment in the
molecular weights was observed without apparent detriment
of the narrow polydispersity indices. Thus, the BODIPYMA
content in samples B1 and B2 was estimated, using SEC
measurements, as 1.7 and 2.8%, respectively. These values
were confirmed from the experimentally calculated molar
extinction coefficients.

The photophysical properties of the diblock copolymers
were evaluated and some relevant differences in comparison
with the terpolymers were observed (Table 2), taking into
account that the dye content in the block copolymers is
higher than in the terpolymers. The typical absorption
spectrum of BODIPY dyes has a main absorption band,
attributed to the 0-0 vibrational band of a strong S0-S1
transition (∼520 nm), and a shoulder assigned to the 0-1
vibrational band of the same transition (∼490 nm).As can be
seen in Figure 1, the relative intensity of these absorption
bands in PBS is different in the block copolymers where the
0-1 vibrational band increases. In addition, that change in
the absorption band is accompanied by a strong decrease in
the fluorescence quantum yield untilΦflu=0.1. This fact was
first observed by Johansson et al.43 and was interpreted as a
rare example of aggregation in BODIPY dyes. The H
aggregate with a main band around 477 nm was confirmed
later by Nagai et al.21a,15 in nonthermo-sensitive diblock
copolymers based on a BODIPY monomer and in random

copolymers based on DMAEMA and BODIPY. There are
two kinds of aggregates in chromophores depending of the
molecular orientation, J-aggregates and H-aggregates. The
J-aggregate is a one-dimensional molecular arrangement, in
which the transition moments of individual monomers are
aligned parallel to the line joining their centers (end-to-end
arrangement). Themost characteristic feature of J-aggregate
is that it exhibits a narrow peak (J-band) red-shifted in the
absorption spectrum with respect to the monomer absorp-
tion. The H-aggregate is also a one-dimensional array of
molecules in which the transition moments of individual
monomers are aligned parallel to each other but perpendi-
cular to the line joining their centers (face-to-face arrangement).
The absorption spectrum of the H-aggregate consists of a
blue-shifted band (generally is not as narrow as the J-band)
with respect to the monomer absorption. In both cases, the
fluorescence decreases with the formation of aggregates.

Figure 4 shows how the intensity of the peak at 490 nm in
normalized spectra (H-aggregates) changes with the tem-
perature. It decreases with temperature until to a value close
to the LCST, increasing again with a further increase of
temperature. The first decrease could be explained assuming
the formation of amicellar solution, at low temperature, that
is progressively destroyed with the increase of temperature
until the LCST. The last increment could be attributed to the
thermal collapse of the P(MEO2MA) chains in the same way
as it was explained in the previous section for the random
terpolymers. The hydrophobic character of the BODIPY
block makes possible the formation of micelles at tempera-
tures below theLCST.However, thewhole polymer becomes
non soluble above the LCST, the π-π stacking between the
chromophores disappears and the absorption spectrum
changes.

The variation of the fluorescence spectrum and the evolu-
tion of Φflu with the temperature are plotted in Figure 5. It
can be observed that the fluorescence displays the same
behavior with temperature as the absorption at 490 nm. This
is logical since the excitation wavelength used was exactly
490 nm. The low emission together with the characteristic

Figure 3. Change in absorbance at 600 nm (circles) and in fluorescence
quantum yield (squares) of sampleT1 dissolved (0.36 mgmL-1) in PBS
(pH 7, μ = 0.1 M), where the temperature was changed repeatedly
between 12 �C (<LCST, open symbols) and 40 �C (>LCST, full
symbols).

Figure 4. (A) Normalized UV-vis absorption spectra of the
P(MEO2MA-b-BODIPYMA) diblock copolymer (sampleB1) dissolved
(0.36 mgmL-1) in PBS (pH 7, μ=0.1M) at different temperatures and
(B) evolution of the absorbance intensity at 490 nm with the tempera-
ture. Photographs taken at temperature below the LCST (left part) and
above the LCST (right part) of sample B1 are included.
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shortBODIPY’sStokes shiftmade impossible themeasurement
of the fluorescence exciting at the main absorption band.

P(MEO2MA-co-BODIPYMA) Hydrogel. In order to
show that the MEO2MA-BODIPYMA system can also be
interesting for other polymeric structures, a hydrogel of
MEO2MA was synthesized under the same experimental
conditions previously described by our research group,31

but adding a very low proportion of BODIPYMA (1400:1).
Figure 6 shows that the equilibrium swelling of this com-
pound depends on the solvent. It can be observed that it is
not function of the temperature, with the exception of the
solvent water, where a relevant variation with this parameter
takes place.

This dependence is shown in detail inFigure 7, inwhich the
equilibrium swelling (Q¥), the emission (excited at 490 nm)
and the absorbance at 600 nm spectra are plotted versus
temperature. In this kind of hydrogels, a radical change in
the volume and an increase in the opacity are observed above

a temperature value, called volume transition temperature
(VTT), in the same way that the LCST in the noncross-linker
polymers.31 In this case, this transition takes place indepen-
dently on the BODIPYMA units. However, the novelty of
the present system is again that the hydrogel is fluorescent
due to the presence of BODIPY side groups. Analogous to
their homologues linear polymers, the intensity of the fluo-
rescence depends on the temperature, as it can also be
observed in Figure 7. Thus, for temperatures higher than
the VTT (around 26 �C) the equilibrium swelling decreases,
the system becomes opaque and the fluorescence emission
intensity increases.Therefore, it is experimentallydemonstrated
that the cross-linked structures show the same interesting
results of fluorescence observed for the linear polymers. It is
important to mention that the VTT of this kind of hydrogels
can also be easily modulated by the incorporation of low
proportion of other oligo(ethylene glycol) side chain macro-
monomers, as it was found previously by our research group.31

Conclusions

Three different families of thermo-sensitive polymers based on
MEO2MAwith a very low proportion of a fluorescent monomer
based on BODIPY have been synthesized to study their thermo-
sensitive/fluorescent behavior in aqueous solution: (i) Well-con-
trolled random P(MEO2MA-co-OEG8-9MA-co-BODIPYMA)
terpolymers, in which the monomeric feed ratio establishes the
values of the LCST. In this system, the intensity of the fluores-
cence strongly increases in a reversibleway at the LCST. (ii)Well-
controlled diblock P(MEO2MA-b-BODIPYMA) copolymers, in
which the H-aggregation between the BODIPY units reduces the
emission properties. (iii) A random P(MEO2MA-co-BOD-
IPYMA) hydrogel that becomes opaque and exhibits an increase
of the fluorescence intensity rising the VTT, in the same way that
its linear homologues.
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Figure 5. (A) Emission spectra (exciting at 490 nm) of the
P(MEO2MA-b-BODIPYMA) diblock copolymer (sampleB1) dissolved
(0.36 mgmL-1) in PBS (pH 7, μ=0.1M) at different temperatures and
(B) evolution of its emission quantum yield with the temperature.
Photographs under UV irradiation taken at temperature below LCST
(left part) and above LCST (right part) of sample B1 are included.

Figure 6. Equilibrium swelling of the P(MEO2MA-co-BODIPYMA)
hydrogel in several solvents at 4 and 25 �C.

Figure 7. (A) Equilibrium swelling and (B) evolution of absorbance at
600 nm (solid line) and emission (excited at 490 nm, dashed line) of the
P(MEO2MA-co-BODIPYMA) hydrogel in PBS (pH 7, μ = 0.1 M) vs
temperature. Photographs under visible and UV irradiation taken at
temperature below VTT (left part) and above VTT (right part) are
included.
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ABSTRACT: ABA triblock copolymers were prepared using the renewable monomers menthide and lactide,
by sequential ring-opening polymerizations. Initially, hydroxy telechelic polymenthide was synthesized by the
diethylene glycol-initiated and tin(II) ethylhexanoate-catalyzed polymerization of menthide. The resulting
100 kg mol-1 polymer was used as a macroinitiator for the tin(II) ethylhexanoate-catalyzed ring-opening
polymerization of D,L-lactide. Two polylactide-polymenthide-polylactide triblock copolymers were prepared
with 5 and 10 kg mol-1 polylactide end blocks. Transesterification between the two blocks, and polylactide
homopolymer formation were minimized, and triblock copolymers with narrow molecular weight distributions
were produced. Microphase separation in these systems was corroborated by differential scanning calorimetry
and small-angle X-ray scatteringmeasurements. The triblocks were combined with up to 60 wt%of a renewable
tackifier, and the resultingmixtures were evaluated using probe tack, 180� peel adhesion, and shear strength tests.
Maximumvalues of peel adhesion (3.2N cm-1) and tack (1.1N) were obtained at 40wt%of tackifier. These new
materials hold promise as renewable and hydrolytically degradable pressure-sensitive adhesives.

Polymeric materials derived from renewable resources have
received significant attention due to environmental and other
concerns associatedwith the use of petroleum-based products.1-3

Currently, renewable resource polymers are used for biomedical
applications, food packing, and disposable items, but their some-
what limited property profiles limit their widespread application.
Pressure-sensitive adhesives (PSAs) represent a potential applica-
tion (e.g., tapes, labels, stamps, and sticky notes) that would
benefit from the use of renewable materials.4-6 A distinctive
characteristic of PSAs is that they exhibit permanent tackiness
and the ability to wet surfaces on contact. PSAs are typically
formulated with tackifiers, plasticizers, and fillers mixed with an
elastomeric polymer such as a polyacrylate, natural rubber, a
silicone, or a styrenic block copolymer (SBC).7,8 Commonly used
SBCs9,10 have an ABA architecture comprised of a soft, rubbery,
low-Tg segment (B) flanked by two hard (high-Tg) end blocks
(A).11 At ambient temperature when microphase separated, the
end blocks can act as physical cross-links to form a network of
elastically effective B-strands responsible for superior resistance
to flow.12 For removable PSAs this property is essential to
minimize residue after the adhesive is removed. Tackifying resins
miscible with the midblock improve PSA performance,13 while
plasticizers reduce cost, decrease hardness, and improve low-
temperature flexibility.14 PSAs include solvent-based, hot-melt,
and emulsion-based formulations.15

In paper recycling PSAs attached to the paper can break down
into small pieces during repulping, resulting in a so-called
“stickies” problem for the recycling industry.16 Macrostickies
are effectively removed during screening and cleaning processes,
but microstickies are still left in the aqueous pulp solution,
leading to deposition on equipment and reduced paper quality.
To address these problems, two types of PSAs have been studied:
screenable/removable PSAs which are broken into relatively

large particles and dispersible/soluble PSAs which could be
dissolved in the recycling process. Recently, polymeric materials
from cationic butyl acrylates17 and sugar-based acrylates18,19

have been explored as water-soluble PSAs.
Herein, we report the preparation and characterization of

a new PSA system composed of all renewable polylactide-
polymenthide-polylactide (PLA-PM-PLA) triblock copolymers
combined with a renewable rosin ester tackifier. In previous
work, the ring-opening polymerization ofmenthide (M) was demon-
strated,20 and PLA-PM-PLA triblocks containing 20-50 wt %
PLA were synthesized using ZnEt2 and AlEt3 catalysts in a two-
step polymerization process.21 These microphase-separated tri-
blocks behaved as thermoplastic elastomers and were shown to be
susceptible to hydrolytic degradation.22,23 On the basis of previous
literature, we hypothesized that materials suitable as elastomers
for PSA formulations could be attained if the PM segment were
lengthened and the PLAcontentminimized.12,24Wealso sought to
improve the protocol for synthesis of such triblocks to render the
process greener and amenable to large-scale preparations needed
for property testingof PSA formulations.Hereinwe report (a) new
methods for preparing PLA-PM-PLA triblockswith 100 kgmol-1

PM segments with narrow molecular weight distributions, (b)
characterization of these triblocks using 1H and 13C NMR
spectroscopy, size exclusion chromatography (SEC) coupled with
multiangle light scattering (MALS), differential scanning calorim-
etry (DSC), tensile testing, and small-angle X-ray scattering
(SAXS), and (c) combination of these triblocks with variable
amounts of a renewable rosin ester tackifier to yield all-renewable
PSA formulations with excellent adhesive performance as shown
by peel adhesion, probe tack, and shear strength tests.

Results and Discussion

Synthesis ofTriblockCopolymers. a. Synthesis ofMenthide.
In previous studies we showed that (-)-menthone could
be effectively oxidized to M using m-chloroperbenzoic acid
(m-CPBA) in a chlorinated solvent.20,21,25 We now report

*Corresponding authors. E-mail: wtolman@umn.edu (W.B.T.);
hillmyer@umn.edu (M.A.H.).
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the Baeyer-Villiger oxidation of (-)-menthone using
Oxone (potassium peroxymonosulfate) in an ethanol/water
mixture as a potentially greener alternative to the m-CPBA/
CHCl3 (Scheme 1) process with∼80%conversion of starting
material; following distillation and sublimation, M was
obtained in greater than 70% isolated yield.26 Characteriza-
tion data for M were consistent with previous literature
reports.20,27

b. Preparation of Telechelic Polymenthide Midblock. R,ω-
Hydroxyl-functionalized polymenthide (PM) was prepared
from the ring-opening polymerization of M using tin(II)
ethylhexanoate (Sn(Oct)2) as the catalyst and diethylene
glycol (DEG) as a bifunctional initiator (Scheme 1). The
polymerization was carried out in the presence of a minimal
amount of toluene at 135 �C under an inert atmosphere for
72 h on a 50 g scale (see Experimental Section). 1H NMR
spectroscopy was used to monitor monomer conversion
(typically ≈95%), determine DEG chain connectivity, and
calculate Mn for PM.20,21 Conversion of the DEG into the
corresponding ester upon addition of M resulted in the
quantitative downfield shift of both sets of methylene reso-
nances (Hb and Hc, Figure 1). The methine protons at the
termini of the PM chains were also observed (Ha). Compar-
ison of the integration values for the methylene resonances
from the DEG initiator to the methine protons at the PM
chain ends gave a ratio of about 4 to 1, consistent with two
hydroxyl groups per chain and indicative of suppression of
adventitious initiation.On the basis of conversion (95%) and
the initial monomer-to-initiator content (635:1), the theore-
tical Mn for PM(100)A was 103 kg mol-1 (Table 1). A Mn

value of 100 kgmol-1, in good agreementwith the theoretical
value, was determined by 1H NMR spectroscopy using the
relative integration between the methylene protons of the
DEG initiator fragment (8 protons in total) and the methine
protons from the polymenthide repeat units, assuming one
DEG moiety per chain. A similar result was obtained if the
integration values for themethine protons from the hydroxyl
end groups were used in the calculation. By SEC using PS
standards, theMn= 95 kgmol-1 (PDI= 1.07) (Table 1 and
Figure 2a). The absoluteMn wasmeasured by SEC equipped
with a MALS detector which gave a value of 91 kg mol-1.
The molecular weight distribution was monomodal and
narrow with a PDI of 1.03 (Table 1). In sum, this simple
method for the preparation ofPMwith Sn(Oct)2 represents a
significant advance over our previously reported synthetic
scheme that relied on the use of diethylzinc.20,21

c. Synthesis and Characterization of PLA-PM-PLA Tri-
block Copolymers. Typical SBCs used in PSA formulations
contain 10-30 wt % polystyrene (PS) as the minority com-
ponent.12,24 This requires the overall molecular weight, and
the PS block length, be large enough such that the PS
domains form hard physical cross-links. Accordingly, PLA
end blocks with Mn values of 5 and 10 kg mol-1 were
targeted. PM(100)A was used as a macroinitiator in the
ring-opening polymerization of DL-lactide (LA) catalyzed
by Sn(Oct)2 at 135 �C (20 h) in a minimal amount of toluene
under an inert atmosphere on a 20 g scale (Scheme 1). Upon
completion of the reaction, the signal for the terminal
methine protons of PM at δ 3.33 ppm was no longer present
in the 1H NMR spectrum, and a signal for the new terminal
methine protons of the PLA end blocks appeared at δ 4.36
ppm (Hd, Figure 1), consistent with efficient initiation by the
PM chain ends. As illustrated in Figure 1C, the relative
integration between the terminal PLA methine protons and
the DEG methylene protons corroborates the ABA archi-
tecture and suggests that contamination by PLA homo-
polymer is insignificant.

Figure 1. Expanded 1H NMR spectra (500 MHz, CDCl3) of (a)
diethylene glycol (DEG), (b) PM(100)A, and (c) PLA-PM-PLA-
(10-100-10)A.

Scheme 1



Article Macromolecules, Vol. 44, No. 1, 2011 89

Prior to purification, 1H NMR spectroscopy of the crude
reaction mixture showed 79% and 88% conversion of LA
corresponding to a triblock composition of 11.5 wt % PLA
and 19.7 wt%PLA for PLA-PM-PLA(5-100-5)A and PLA-
PM-PLA(10-100-10)A, respectively. The purified triblock
compositions were 10.1 wt % PLA and 18.2 wt % PLA,
respectively. The theoretical total PLA Mn based on 79%
conversionofLAforPLA-PM-PLA(5-100-5)Awas12kgmol-1,
which compares well to a measured PLAMn of 11 kg mol-1

calculated using the integration values for the PLA and PM
backbone methine protons. For PLA-PM-PLA(10-100-
10)A, the theoretical total PLA Mn values based on 88%
conversion of LA and the measured PLA Mn were 24 and
22 kg mol-1, respectively. Analysis of the triblocks by SEC/
SEC-LS showed a shift toward lower elution volumes com-
pared to the PM homopolymer, and the absence of low
molecular weight material that would be indicative of PLA
homopolymer (Figure 2).

Transesterification between the PLA end blocks and the
PM midblock would compromise the ABA triblock archi-
tecture.28 To evaluate this possibility, 13C NMR spectra of
PM(100)A, PLA-PM-PLA(5-100-5)A, PLA-PM-PLA(10-
100-10)A, PLA-PM-PLA(10-100-10)B, and a PLA homo-
polymer (Mn=19.4 kgmol-1 andPDI=1.08) were compared
(Figure 3). The triblock copolymers possess only two distinct
resonances (172.9 and 169.3 ppm) associated with the carbonyl
groups of the PM and PLA blocks, consistent with minimal
transesterification (additional PM carbonyl peaks would be
observed if transesterification were significant).29 This
conclusion is also supported by with the observed narrow
molecular weight distributions (Figure 2).

To simplify the triblock synthesis further, we developed a
one-pot two-step method. As shown in Scheme 1, M was
first polymerized using the DEG/Sn(Oct)2/toluene system to
give the corresponding macroinitiator, which was not iso-
lated. Instead, LA and additional toluene were then added to
the reaction mixture, and heating was continued. The con-
version of M by 1H NMR spectroscopy just prior to the
addition of LA was 94%; this observation is consistent with
the M polymerization reaching its equilibrium conversion
(95% at 135 �C).20 The conversion of LA reached 87% after
20 h at 135 �C. Similarly, the preparation of PLA-PM-
PLA(10-100-10)A reached 88% conversion under nearly
identical conditions. The residualM content was a constant
∼5% before and after the polymerization of LA, suggesting
that M present during the polymerization of LA is not
incorporated in the PLA end blocks. These results are similar
to those reported for ε-caprolactone/LA copolymerizations
where significant ε-caprolactone conversion does not take
place until almost all of the LA has been depleted.30 PLA-
PM-PLA(10-100-10)B also possessed only two distinct re-
sonances forPM and PLA at 172.9 and 169.3 ppm in the 13C
NMR spectrum, indicating minimal transesterification
(Figure 3d) and little incorporation of unreacted M into
the PLA end blocks.30 The Mn and PDI values (SEC, PS
standards) ofPMand PLA-PM-PLA by the one-pot method
weredetermined tobe101kgmol-1 (PDI1.09) and112kgmol-1

(PDI 1.13) (Figure 2d,e), respectively. These values are
nearly identical to those obtained by the “two pot, two step
procedure” described above. Furthermore, the SEC data are
consistent with negligible PLA homopolymer byproducts
from fortuitous initiators.

Table 1. Characterization Data for PM and PLA-PM-PLAa

polymer [M]0/[I]0

Mn(theo)
(kg/mol)d

Mn(NMR)
(kg/mol)e

Mn(SEC)
(kg/mol) (PDI)f

Mn(SEC-LS)
(kg/mol) (PDI)g fPLA

h

PM(100)A 635b 103 100 95 (1.07) 91 (1.03)
PM(100)Bi 635b 102 105 101 (1.09)
PLA-PM-PLA(5-100-5)A 104c 112 111 102 (1.07) 95 (1.04) 0.08
PLA-PM-PLA(10-100-10)A 190c 124 122 109 (1.09) 102 (1.04) 0.15
PLA-PM-PLA(10-100-10)Bi 190c 126 123 112 (1.13) 96 (1.05) 0.13

a SeeExperimental Section for details. bMismenthide and I is diethylene glycol (DEG) as a initiator. cM is D,L-lactide and I is polymenthide (PM) as a
macroinitiator. dCalculated on conversion from monomer to polymer on 1H NMR spectroscopy. eCalculated from relative integrations of PM
repeating units and DEG for PM and relative integrations of PLA and PM repeating units for PLA-PM-PLA by 1HNMR spectroscopy. fDetermined
with size exclusion chromatography (SEC) in CHCl3 at 35 �C relative to polystyrene standards. gDetermined by SEC with multiangle laser light
scattering (MALS). hCalculated volume fractionof PLAusing the density of PLAandPM as 1.248 and 0.975 g/cm3 at 25 �C, respectively. iPerformedby
one-pot, two-step polymerization (sequential addition).

Figure 3. 13CNMR spectra for carbonyl carbons of (a) PM(100)A, (b)
PLA-PM-PLA(5-100-5)A, (c) PLA-PM-PLA(10-100-10)A, (d) PLA-
PM-PLA(10-100-10)B by one-pot, two synthetic process, and (e) PLA
(as a reference; poly(D,L-lactide)).

Figure 2. Size exclusion chromatography data (1 mg/mL CDCl3) for
PM samples and PLA-PM-PLA triblock copolymers.
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In a separate experiment, the reaction mixture was held at
135 �C for 1 week after the addition of LA. Although some
broadening of the molecular weight distribution was observed
relative to the above experiment (PDI=1.14), no transesterifica-
tion was evident by 13C NMR spectroscopy (Figure S1). After
the 1 week at 135 �C, a second aliquot of LA was added to the
reactionmixture and allowed to react for an additional 20h.The
PLA end blocks increased in molecular weight, confirming that
the tin catalystwas still active.Again therewas somebroadening
of the molecular weight distribution (PDI=1.18), but no evi-
dence for transesterification between the PMmidblock and the
PLA end blocks. The reaction was then held at 135 �C for
another week, and no evidence for transesterification or incor-
poration of unreacted M into the PLA chains was observed
(PDI = 1.18). Collectively, these results are consistent with no
reaction of the propagating PLA chains with eitherM or PM.

Thermal Properties and Morphology. The microstructures
adopted by the triblock copolymers were studied by differ-
ential scanning calorimetry (DSC) and small-angle X-ray
scattering (SAXS). DSC analyses (Figure 4) of the triblock
copolymers show two glass transition temperatures at -22
and 53 �C, corresponding to the PMmidblock and the PLA
end blocks, respectively. This suggests that the PLA end
blocks are not mixed in the PM phase. SAXS analysis
(Figure S2) at room temperature exhibited a weak principal
reflection that was also consistent with microphase separa-
tion of the triblock copolymer. The principal domain spa-
cings for PLA-PM-PLA(5-100-5)A and PLA-PM-PLA(10-
100-10)Awere determined to be 59 and 62 nm, respectively.21

Evidence from both DSC and SAXS support a microphase-
separated structure lacking long-range order, where the PLA
segments form discrete glassy domains embedded in a rub-
bery PM matrix at room temperature.

Dynamic Mechanical Properties. An important property
for PSAs is the dynamic elasticmodulus. To promotewetting
and contact between adhesive and substrate at the use
temperature PSAs should exhibit a dynamic elastic modulus
below theDahlquist criterion (shearmodulusG0e 3� 105 Pa
at 1 s-1 or alternatively tensile (Young’s) modulus, E e
1 � 105 Pa).31 The storage moduli (G0) of the two triblock
copolymers as a function of temperature at low strain (1%)
are shown in Figure 5. The precipitous drop in G0 at∼-20 �C
occurs around the Tg of the PM phase. As the temperature
is raised, a plateau in the storage modulus is observed until
the onset of a more gradual drop in G0 due to the glass to
rubber transition in the PLA block. The plateau moduli
(although not established with great precision)32 at 25 �C for
the two PLA-PM-PLA(5-100-5 and 10-100-10)A samples
are 2.0� 105 and 3.5� 105 Pa, respectively. From the plateau

modulus values at 25 �C, the entanglement molecular weight
Me ≈ 11-14 kg mol-1 for PM was approximated using the
Guth-Smallwood equation.33,34 These values are larger
than the Me reported for PI (∼7 kg mol-1), the midblock
in SIS block copolymers, and thus less additive would be
necessary to achieve even further reduction in the plateau
modulus and comparable PSA properties.35,36 To access
more effective PSA’s, the use of tackifiers was explored in
order to dilute the entanglements and thus lower the modulus
further.12,13,37

Adhesive Behavior.Through simple compatibility tests, we
determined that the rosin ester (RE) tackifier (Sylvalite 2E
80HP)wasmiscible with the triblocks (Figure S3). Eight PSA
formulations were prepared by the combination of PLA-
PM-PLA(5-100-5)A and PLA-PM-PLA(10-100-10)A with
0, 20, 40, and 60 wt % RE tackifier. DSC measurements
showed two glass transitions for thesemixtures (Figure 6 and
Figure S4). Adding more tackifier led to broadening of the
glass transition temperatures and an increase in the Tg of
the PM midblock in the blends, relative to that of the pure
triblock copolymer. However, there was little change in the
Tg of the PLA end blocks in the blends (Figure S4). This is
consistent with our conclusion that the tackifier is miscible
with only the PM midblock, as expected given the more
hydrophobic nature of the PM midblock.37,38

Figure 5. Expanded storage moduli (G0) for PLA-PM-PLA tri-
block copolymers at 1 rad s-1, a strain around 1%, and a ramp
rate of 3 �C min-1.

Figure 4. DSC analysis for PM and PLA-PM-PLA triblock copolymers.

Figure 6. DSC analysis for PLA-PM-PLA(10-100-10)A/rosin ester
(RE) tackifier blends.
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Tack is the property that controls the instant formation of a
bonding interaction between adhesive and substrate when they
are brought into contact, peel strength is the force needed to
remove an adhesive from a substrate, and shear strength is the
internal resistance of an adhesive to flow under an applied
load.4,7Results of these three types of adhesive tests for the eight
PSA systems are shown in Figures 7-9 (see Supporting In-
formation for details and comparisons to commercial PSA
tapes).39-41 The triblock copolymers exhibited some degree of
peel adhesion and tackwithout adding tackifier (consistent with
the low modulus values show in Figure 5), and the adhesive
properties increased with increasing RE tackifier content, ulti-
mately reaching values of peel adhesion= 3.2 N cm-1, tack=
1.1 N, and shear strength ≈ 2500 min at 40 wt % tackifier. By
comparison, tests on commercial duct, paper, and electrical
tapes under identical conditions gave values of peel adhesion=
1.9-4.2N cm-1, tack= 0.4-0.6 N, and shear strength≈ 1500
min (for most samples) as shown in Figures S5-S7. These
results for the adhesive properties of our renewable PSA show
that they are comparable to commercial samples.

After the peel test of samples with 60% RE, interfacial
failure (adhesive failure) was evident (residue left on the
stainless steel test plate). Also, the probe tack test results for
this blend showed a large standard deviation. Evidently,
while tackifiers can improve the cohesive strength in PSAs
by the formation of a tackifier-rich soft phase,12,37,38 too
much tackifier (60wt%) can lead to increases in theTg of the

PSA, actually reducing tack.42 Finally, similar values from
the shear tests were observed regardless of the amount of
tackifier (Figure 9). Taken together, the probe tack, peel
adhesion, and shear strength test data demonstrate that
mixtures of PLA-PM-PLA triblock copolymers and com-
mercially available (and renewable) tackifiers are not only
effective PSAs but also exhibit adhesive properties that are
competitive with commercial samples (see Figures S5-S7).

Conclusions

A pressure-sensitive adhesives system was designed using
renewable triblock copolymers derived from natural products.
Using a green chemical approach, M was prepared using Oxone
and aqueous ethanol.The synthesis of the end-functionalizedPM
with controlled molar mass involved the ring-opening polymer-
ization ofM by Sn(Oct)2 as the catalyst, giving the corresponding
macroinitiator. Subsequently, PLA-PM-PLA triblock copoly-
mers were synthesized as elastomer bases for PSA formulations,
using the same catalyst. The polymers were characterized by
NMR spectroscopy and size exclusion chromatography. All
polymers showed narrow molecular weight distributions. Phase
separation was elucidated with small-angle X-ray scattering and
differential scanning calorimetry. We determined that transester-
ification was minimized during polymerization of lactide from a
polymenthide macroinitiator, thus providing well-defined block
polymers.We also reported the one-pot, two-step polymerization
for the triblock copolymers. The elastomerswere formulatedwith
a renewable rosin ester tackifier, and probe tack, peel adhesion,
and shear strength tests were carried out to evaluate the adhesive
properties. The adhesion results were consistent with excellent
adhesive performance, thus demonstrating a new application for
the all-renewable PLA-PM-PLA triblock copolymers.

Experimental Section

Materials. All air- or moisture-sensitive compounds were
handled under a nitrogen atmosphere in a glovebox, as indi-
cated. Toluene was dried using sodium and benzophenone,
distilled under reduced pressure, and stored in a nitrogen-filled
glovebox. Diethylene glycol (Aldrich) used for polymerizations
was distilled under reduced pressure over sodium and stored in a
glovebox. Tin(II) 2-ethylhexanoate (Aldrich) used for polymer-
ization was also distilled using a Kugelrohr apparatus followed
by storage in a glovebox. D,L-Lactide (Purac) was recrystallized
twice from toluene prior to being stored in a glovebox. (-)-
Menthone (90%), Oxone, and m-chloroperoxybenzoic acid
(m-CPBA, e77%) were used as received from Aldrich without
further purification. The rosin ester tackifier, Sylvalite 2E 80HP,
and the polyterpene tackifier, Sylvares TR B115, were obtained

Figure 7. Effect ofRE tackifier content on the peel adhesionof thePSA
systems. In the case marked by an asterisk, the adhesive separated from
the backing (i.e., interfacial or adhesive failure occurred).

Figure 8. Effect ofRE tackifier content on the tack of the PSA systems.

Figure 9. Effect of RE tackifier content on the shear strength of the
PSA systems.
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from Arizona Chemical. All other solvents and reagents were
used as received from the commercial source without further
purification. The backing for the adhesive testing was poly-
(ethylene terephthalate) sheet (PET, thickness: 50 μm).

Measurements. 1H and 13CNMRspectra were recorded using
Varian Inova-500 spectrometer at room temperature. The sam-
ples of the polymers were prepared at a concentration of approxi-
mately 10 and 100 mg/mL, respectively, in CDCl3 (Cambridge).
Molecular weights (Mn andMw) were determined by size exclusion
chromatography (SEC) using polystyrene standards. Chloroform
was the mobile phase, and the flow rate was set at 1.0 mL/min at
35 �CusingaHewlett-Packardhigh-pressure liquid chromatography
equipped with three Jordi poly(divinylbenzene) columns of 104,
103, and 500 Å pore size and aHP1047Adifferential refractometer.
To measure the absolute molecular weights of the polymers, SEC
coupled with MALS was also performed in THF at ambient
temperature with an eluent flow rate of 1 mL/min using an Alltech
426HPLCpumpwitha 100μL injection loop, aWyattTechnology
Corp. Dawn DSP-F laser photometer, and a Wyatt Technology
Corp. Optilab DSP interferometric refractometer with three Phe-
nomonex Phenogel columns (pore sizes 5 � 103, 5 � 104, and
5� 105 Å). The differential refractive index increment (dn/dc) was
determined by pumping THF solutions of the polymers of known
concentration through the Wyatt Technology Corp. Optilab DSP
interferometric refractometer, with a wavelength of 633 nm and a
temperature of 25 �C throughout the measurement. All GC-MS
experiments were conducted on an Agilent Technologies 7890A
GC system and 5975CVLMSD.Differential scanning calorimetry
(DSC) measurements were performed using a TA Instruments
Q1000 under a nitrogen atmosphere. The polymer samples were
heated to 120 �C, held there for 1 min to avoid the influence of
thermal history, cooled to -100 �C, held there for 1 min, and
then reheated to 120 �C. The rates of heating and cooling were
10 �C/min. The values reported were obtained from the second
heating cycle.An indiumstandardwasused for calibration. Samples
weighing7.0-9.0mgwere loaded intoaluminumpans. SAXSmea-
surements for samples of PLA-PM-PLA(5-100-5 and 10-100-10)A
were performed at the Advanced Photon Source (APS) on beam-
line 5 ID-D, which is maintained by the DuPont-Northwestern-
Dow Collaborative Access Team (DND-CAT). The X-ray source
operated at a wavelength of 0.8856 Å with a sample-to-detector
distance of 8552mmcalibratedwith silver behenate. The flight tube
was evacuated. Two-dimensional diffraction images were recorded
using aMar 165mmCCDX-ray detector at a resolution of 2048�
2048. The two-dimensional images were azimuthally integrated
and reduced to the one-dimensional form of scattered intensity
versus the spatial frequency q. Rheological testing was performed
on the as-synthesized samples with an ARES (Rheometric Scien-
tific, Piscataway, NJ) with 8 mm parallel plates. The dynamic
moduli were measured as a function of temperature at a frequency
of 1 rad s-1, a strain around 1%, and a ramp rate of 3 �C min-1.
Low-temperature measurements were performed by heating the
sample above the glass transition of the PLA, increasing the
distance between the parallel plates to ca. 7 mm, thereby stretching
the sample, and subsequently cooling to the test temperature. This
allowed for the measurement of the moduli in the glassy region, in
which the stiffness of the sample would have otherwise caused
compliance errors and transducer resonance.

Synthesis of (-)-Menthide (M). Two Baeyer-Villiger reac-
tion protocols were employed to prepareM in one step starting
from (-)-menthone. As previously reported by Zhang et al.,20

m-chloroperbenzoic acid in chloroform converted the starting
material to M with 85% conversion determined by 1H NMR
spectroscopy. Following isolation and purification, M was
obtained in>75% gravimetric yield on a 50 g scale. The follow-
ing procedure has been developed for the preparation of M
using Oxone in an aqueous ethanol solution. A round-bottom
flask (1 L) was loaded with (-)-menthone (6.170 g, 40 mmol),
sodium bicarbonate (26.9 g, 320 mmol), and ethanol (200 mL).
The reaction was stirred at room temperature as a solution of

Oxone (49.2 g, 160 mmol) in water (200 mL) was added via
syringe pump over 48 h. After the addition was complete, the
reaction was allowed to stir for an additional 8 h. The reaction
mixturewas vacuum filtered throughCelite to remove the solids.
The filtrate was concentrated to∼10 mL via rotary evaporation
under reduced pressure. The product was diluted with ethyl
acetate (100 mL), dried over anhydrous magnesium sulfate, and
vacuum filtered through Celite. The product was purified by
vacuum distillation (65-70 �C, 0.6 mmHg) followed by sub-
limation (40-42 �C, 0.3 mmHg) to yield M, which is a white
crystalline solid (4.0 g, 23.5 mmol and overall yield of 58.8%).
GC/MS (m/z): 56, 69, 81, 98, 128. 1HNMR (CDCl3): δ 4.04 (dd,
J=9.2 and 4.4Hz, 1H), 2.57-2.45 (m, 2H), 1.97-1.81 (m, 4H),
1.64-1.56 (m, 1H), 1.33-1.25 (m, 1H), 1.04 (d, J=6.7Hz, 3H),
0.97 (t, 6.8 Hz, 6H). 13C{1H} NMR (CDCl3) δ 174.0, 83.8, 42.1,
36.8, 32.9, 30.7, 30.1, 23.6, 18.1, 16.6.

Synthesis of PM(100)A. In a nitrogen-filled glovebox,M (48.0 g,
282 mmol) was dissolved in toluene (22.4 mL). The menthide
solution was passed through activated basic alumina (Fisher
Scientific). Without passing M through the alumina column,
attempts to prepare high molecular weight PM polymers resulted
in an apparent bimodal molecular distribution and a reduction in
the molecular weight determined by SEC. Employing the alumina
column resulted in a unimodal molecular weight distribution. We
attribute the bimodal distribution to an impurity in the monomer
feed, possibly the hydrolysis product, that acts as an adventitious
monofunctional initiator during the polymerization. The filtered
solution was quantitatively transferred to a pressure vessel
(350mL) equippedwitha stir bar.Diethylene glycol (42.1μL,0.444
mmol) was injected into the reaction vessel followedby the addition
of tin(II) 2-ethylhexanoate (180 mg, 0.444 mmol). The reaction
vessel was sealed, taken out of the glovebox, and placed in a
thermostatic oil bath at 135 �C for 72 h (95% conversion of
monomer). The reaction was quenched by exposure to the air.
The crude product was diluted with chloroform (ca. 400 mL). The
polymer solutionwasprecipitated intomethanol at-78 �Cinorder
to recover PM and remove the remaining monomers. It was dried
at 90 �C in a vacuum oven (36.5 g recovered, 80% isolated yield
based on product weight calculated by conversion). Density: 0.975
g/cm3. dn/dc: 0.064 mL/g in THF at 25 �C. 1H NMR (CDCl3): δ
4.72 (m, 589H,Ha from the repeating unit ofPM), 4.22 (q, J=4.5
Hz, 4H, Hb from the incorporated initiator), 3.68 (t, J = 4.5 Hz,
4H, Hc from incorporated initiator), 3.33 (br, 2H, Haterminal from
the end unit ofPM), 2.30 (dd, J=15.3 and 5.5Hz, 589H from the
repeating unit of PM), 2.07 (dd, J= 14.4 and 8.5 Hz, 589H from
the repeating unit of PM), 1.94 (m, 589H from the repeating unit
of PM), 1.82 (m, 589H from the repeating unit of PM), 1.53 (m,
1178H from the repeating unit of PM), 1.33 (m, 589H from the
repeating unit of PM), 1.18 (m, 589H from the repeating unit
ofPM), 0.94 (d,J=6.6Hz, 1767Hfromthe repeatingunit ofPM),
0.88 (dd, J = 6.8 and 2.0 Hz, 3534H from the repeating unit
of PM). 13C{1H} NMR (CDCl3): δ 172.9, 78.2, 41.9, 32.6, 31.1,
30.3, 28.4, 19.7, 18.6, 17.5.

Synthesis of PLA-PM-PLA(5-100-5)A. In a nitrogen-filled
glovebox, a pressure vessel (350 mL) was charged with PM-
(100)A (17.7 g, 0.177 mmol), tin(II) 2-ethylhexanoate (71.5 mg,
0.177 mmol), and toluene (35.0 mL). The reaction vessel was
sealed and taken out of the glovebox to dissolve the mixture at
135 �C for 30min. The vessel was cooled to room temperature and
again brought into the glovebox. D,L-Lactide (2.65 g, 18.4 mmol)
was added into the reaction vessel. It was sealed and taken out of
the glovebox to stir at 135 �Cfor20h (79%conversionofmonomer).
The reaction was quenched by exposure to the air, diluted
with chloroform (ca. 100 mL), and precipitated into methanol
at -78 �C. The recovered PLA-PM-PLA was dried at 90 �C in a
vacuum oven (19.4 g recovered, 98% isolated yield based on prod-
uct weight calculated by conversion). dn/dc: 0.058mL/g in THF at
25 �C. 1H NMR (CDCl3): δ 5.20 (m, 78H, Hd from the repeating
unitofPLA) 4.72 (m,589H,Ha fromthe repeatingunitofPM), 4.36
(br, 2H, Hdterminal from the end unit of PLA), 4.22 (q, J=4.5 Hz,
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4H,Hb from the incorporated initiator), 3.68 (t, J=4.5Hz, 4H,Hc

from incorporated initiator), 2.30 (dd, J= 15.3 and 5.5 Hz, 589H
fromthe repeatingunit ofPM), 2.07 (dd,J=14.4and8.5Hz, 589H
from the repeating unit of PM), 1.94 (m, 589H from the repeating
unit ofPM), 1.82 (m, 589Hfrom the repeatingunit ofPM), 1.53 (m,
1178H from the repeating unit of PM and 234H from the repeat-
ing unit of PLA), 1.33 (m, 589H from the repeating unit of PM),
1.18 (m, 589H from the repeating unit ofPM), 0.94 (d, J=6.6Hz,
1767Hfromthe repeatingunit ofPM), 0.88 (dd,J=6.8and2.1Hz,
3534H from the repeating unit of PM). 13C{1H} NMR (CDCl3):
δ 172.9, 169.3, 78.2, 69.2, 41.9, 32.6, 31.1, 30.3, 28.4, 19.7, 18.6,
17.5, 16.7.

Synthesis of PLA-PM-PLA(10-100-10)A. In a nitrogen-filled
glovebox, a pressure vessel (350 mL) was charged with PM-
(100)A (17.1 g, 0.171 mmol), tin(II) 2-ethylhexanoate (69.2 mg,
0.177 mmol), and toluene (34.0 mL). The reaction vessel was
sealed and taken out of the glovebox to dissolve the mixture at
135 �C for 30 min. The vessel was cooled to room temperature
and again brought into the glovebox. D,L-Lactide (4.68 g, 32.5
mmol) was added into the reaction vessel. It was sealed and taken
out of the glovebox to stir at 135 �C for 20 h (88% conversion of
monomer). The reaction was quenched by exposure to the air.
The crude productwas dilutedwith chloroform (ca. 100mL).The
polymer solution was precipitated into methanol at -78 �C in
order to recover the PLA-PM-PLA and remove the remained
monomers. It was dried at 90 �C in a vacuum oven (20.3 g
recovered, 96% isolated yield based on product weight calculated
by conversion). dn/dc: 0.065 mL/g in THF at 25 �C. 1H NMR
(CDCl3): δ 5.20 (m, 153H, Hd from the repeating unit of PLA)
4.72 (m, 589H, Ha from the repeating unit of PM), 4.36 (br, 2H,
Hd terminal from the end unit of PLA), 4.22 (q, J=4.5Hz, 4H, Hb

from the incorporated initiator), 3.68 (t, J=4.5Hz, 4H,Hc from
incorporated initiator), 2.30 (dd, J=15.3 and 5.5Hz, 589H from
the repeating unit of PM), 2.07 (dd, J = 14.4 and 8.5 Hz, 589H
from the repeating unit ofPM), 1.94 (m, 589H from the repeating
unit of PM), 1.82 (m, 589H from the repeating unit of PM), 1.53
(m, 1178H from the repeating unit of PM and 459H from the
repeating unit of PLA), 1.33 (m, 589H from the repeating unit of
PM), 1.18 (m, 589H from the repeating unit ofPM), 0.94 (d, J=
6.6 Hz, 1767H from the repeating unit of PM), 0,88 (dd, J=6.8
and 2.1 Hz, 3534H from the repeating unit of PM). 13C{1H}
NMR (CDCl3): δ 172.9, 169.3, 78.2, 69.2, 41.9, 32.6, 31.1, 30.3,
28.4, 19.7, 18.6, 17.5, 16.7.

One-Pot, Two-StepPolymerization for Synthesis of PLA-PM-
PLA(10-100-10)B. In a nitrogen-filled glovebox,M (2.50 g, 14.7
mmol) was dissolved in toluene (1.2 mL) and filtered through
activated basic alumina. The filtered solution was transferred to
a pressure vessel (35 mL) with a stir bar. Diethylene glycol (2.20
μL, 0.023 mmol) was injected into the reaction vessel followed
by the addition of tin(II) 2-ethylhexanoate (9.30mg, 0.023mol).
The reaction vessel was sealed and taken out of the glovebox and
heated to 135 �C for 72 h (94% conversion of monomer). After
cooling the vessel to room temperature, it was brought into the
glovebox. The vessel was charged with toluene (3.8 mL) and
reheated to 135 �C for 30min to dissolve the polymer. The vessel
was cooled to room temperature, and D,L-lactide (634 mg, 4.40
mmol) was added into the reaction vessel in the glovebox. The
vessel was sealed and returned to 135 �C for 20 h (87%
conversion of monomer). The reaction was quenched by ex-
posure to the air, diluted with chloroform (ca. 5 mL), and
precipitated into methanol at -78 �C. The recovered PLA-
PM-PLA was dried at 90 �C in a vacuum oven (2.3 g recovered,
78%recoverybasedonproductweight calculatedby conversion).

Adhesive Behaviors. a. Compatibility Tests.The compatibility
of the tackifier and the elastomer was estimated by the following
simple tests. First, the liquid phase separation of the adhesive
solution in toluene was examined. Individual solutions of PLA-
PM-PLA(10-100-10)A in toluene (40 wt %) and rosin ester or
polyterpene in toluene (40 wt %) were prepared, to make the
tackifier content 50 wt % based on the total solid content. The

same amounts of two solutions weremixed in a vial using a stir
bar for 3 h. The solution was transferred to a test tube,
allowed to stand for 10 days at room temperature, and then
observed visually. Second, the 40 wt % toluene solutions of
the adhesive systems were cast on a PET sheet. After evapor-
ating toluene at room temperature, the transparency of the
films was observed visually. The resulting thickness of the
adhesive systems layer was ca. 20 μm. The 50 wt% of tackifier
content was used.

b. Samples Preparation for Adhesive Tests. Eight samples
from our PSAs system were prepared for performing adhesive
tests and measuring the thermal properties. PLA-PM-PLA(5-
100-5 and 10-100-10)A were used as elastomers and the rosin
ester was used as a tackifier. The concentration of PLA-PM-
PLA/tackifier toluene solution was 30 wt %. The tackifier
concentration was 0, 20, 40, and 60 wt % based on the total
solid content. Selected amounts of eight solution samples were
dried at 90 �C in a vacuumoven to completely evaporate toluene
and anneal overnight. They were used for preparing DSC
samples. The solutions of the PSAs in toluene were coated on
the PET sheets (thickness: 50 μm), using a drawdown caster and
a wire wound rod, and were dried in a 100 �C oven for 10 min.
The cast films were transferred to a room with controlled
temperature and humidity of 22 ( 1.5 �C and 50 ( 2% room
humidity and remained in the room for at least 12 h before
testing. The target thickness of the cast adhesive after dryingwas
ca. 20 μm. PSA sample performance was evaluated using the
following adhesive tests.

c. Peel 180�Test.The peel strength of the PSAs wasmeasured
in the controlled room, using an IMASS SP101B slip/peel tester
at a peel rate of 12 in. min-1. One inch wide PET backed films
were peeled from Pressure-Sensitive Tape Council, PSTC-grade
polished stainless steel panels as an adherend. The strip on the
stainless steel was pressed with a 5.0 lb ASTM quality manual
roller to develop good contact between the adhesive and the steel
plate. The average peel force and standard deviation from at
least three tests were reported for each sample.

d. Probe Tack Test. Tack was also measured in the controlled
room, using the IMASS SP101B slip/peel tester with a 10N load
cell. A stainless steel probe with a diameter of 5 mm contacted
the film, was held at a constant force for 15 s, and then raised
from the surface at a fixed rate. The resulting maximum force
was recorded. The probe was cleaned before each test. The
average tack force and standard deviation from at least 10 tests
were reported for each sample.

e. Shear Test. Shear test strips were prepared with a contact
area of 0.5� 0.5 in. between PSTC-grade polished stainless steel
panels and the adhesive. Samples were rolled with a 5 lb ASTM
qualitymanual roller. 500 gweights were attached to the bottom
of the test strips. The average time in minutes for the weight to
pull the PET-backed films from the plate for at least three tests
was reported for each sample.
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ABSTRACT: Polythiophene was functionalized with redox-active ferrocenylborane pendent groups.
A postpolymerization modification procedure was applied, in which silylated polythiophene was
reacted with BBr3 to give a polymer with pendent BBr2 groups. The dibromoboryl functionalities were
then further elaborated by first treating the intermediate with FcSnMe3 to introduce the ferrocenyl
moieties and then with an arylcopper derivative ArCu (Ar= 2,4,6-trimethylphenyl (Mes), 2,4,6-tri-
isopropylphenyl (Tip)) to sterically stabilize the boron centers. Using similar methods, two quaterthio-
phene derivatives were also prepared. The number-average molecular weight (Mn) of the polymers
was determined by gel permeation chromatography (GPC) relative to narrow PS standards to range
from 9400 to 14 600 Da. The polymer structure was further confirmed by MALDI-TOF mass spectro-
metry and by multinuclear NMR spectroscopy. H,H-NOESY spectroscopy and single crystal X-ray
diffraction experiments on the quaterthiophene derivatives were used to gain insight into the confor-
mation of the oligomers and polymers in solution and the solid state. The electronic structure
of the oligo- and polythiophenes was studied in detail by UV-vis spectroscopy and electrochemical
measurements.

Introduction

Polythiophenes are among the most thoroughly investi-
gated classes of conjugated polymers and stand out due to
their interesting optical and electronic properties which can
easily be fine-tuned thanks to an exceptional degree of
synthetic flexibility. Applications in organic light-emitting
devices, photovoltaics, organic field effect transistors, and
sensor materials have been extensively studied.1 The incor-
poration of organoborane groups into conjugated polymer
structures, on the other hand, has recently attracted con-
siderable research efforts.2 These studies take advantage
of the fact that the empty p orbital of boron shows a strong
tendency for p-π interactions with extended organic
π-systems, which results in interesting photophysical and
electronic properties.3,4 Most of the work in the area of
conjugated organoborane polymers to date has focused on
the incorporation of the borane moieties into the polymer
main chain.5

We have recently reported an alternative approach that
entails the lateral functionalization of oligo- and polythio-
phenes with electron-deficient dimesitylborane groups.6,7 One
of the advantages of such an approach is that the conjugated
polymer main chain is uninterrupted, while its electronic
properties are modified through electronic coupling with the
pendent boryl groups.8 For instance, we have demonstrated
that functionalization of polythiophene with -BMes2 groups
(PT-BMes2) leads to red-shifted absorption and emission
bands, and according to cyclic voltammetry studies, PT-BMes2

is more easily reduced than the respective trimethylsilyl-sub-
stituted analogue (PT-SiMe3).

6

An interesting challenge is to further increase the electron-defi-
cient character of the pendent boryl groups and thereby to enhance
the electronic effect on the conjugated polymermain chain. In other
work we have demonstrated that the relative Lewis acidity of ferro-
cenylboranes can be enhanced through oxidation of ferrocenyl sub-
stituents that are directly attached to boron, an effect that is related
to an increase in the electron-deficient character of the tricoordinate
boron sites.9,10 With this in mind we set out to prepare a new type
of conjugated metallopolymer11 that contains lateral boryl groups
to which redox-active ferrocenyl substituents are attached.12,13

If reversible oxidation of the ferrocenyl groups is possible, this
might allow us to tune the interaction between the boryl groups and
the conjugated polythiophene backbone and ultimately to address
the electronic properties of the conjugated polymer itself.

Results and Discussion

Our strategy for the synthesis of ferrocenylborane modified
quater- and polythiophenes is shown in Scheme 1. The compounds

*To whom correspondence should be addressed. E-mail: fjaekle@
rutgers.edu.
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QT-BBr2 and PT-BBr2 were prepared according to a previously
published procedure, in which the respective trimethylsilylated
precursors were reactedwithBBr3 at ambient temperature.6 Treat-
ment of these BBr2-functionalized oligo- and polythiophenes with
2 equiv of FcSnMe3 (Fc = ferrocenyl) at room temperature for
12 h in CH2Cl2 led, under the conditions applied, to attachment of
only one ferrocenyl group to each boryl moiety. The excellent
selectivity of this reaction was confirmed by 1H NMR of the
intermediate B(Br)Fc-substituted oligo- and polythiophenes. In a
second step, 2,4,6-trimethylphenylcopper (MesCu) or 2,4,6-triiso-
propylphenylcopper (TipCu) was added, and themixturewas kept
at 110 �C for 48 h.The purpose of installing the bulky aryl group as
a second substituent is to increase the stability of the polymer
toward air and moisture.3

The polymers were analyzed by gel permeation chromatography
(GPC) and MALDI-TOF mass spectrometry. The molecular
weights of PT-BFcMes and PT-BFcTip were determined by GPC
equipped with a refractive index (RI) detector. Number-average
molecular weights ofMn=9440 with a polydispersity ofMw/Mn=
1.54 for PT-BFcMes and Mn=14600 with a polydispersity of
Mw/Mn=1.65 for PT-BFcTipwere recorded.MALDI-TOFanaly-
sis with benzo[a]pyrene as the matrix further confirmed the
polymer structure and provided insights into nature of the end
groups. The spectrum of PT-BFcMes shows three major series
of peaks that correspond to linear oligomers with the expected
{Th2Hx2-Th2(BFcMes)2} (Hx= n-hexyl) repeating units (Figure 1
and Table 1). Oligomers with up to 9 repeating units could be
clearly identified in the spectrum. (The lower molecular weight in
comparison to the GPC results is likely in part due to less effective
ionization of the higher molecular weight polymer chains.) The
most intense peaks (series A, Figure 1) correspond to chains with
H- and-CH3 termini, where the dihexylbithiophene end group is
capped with a proton and the diborylbithiophene end group is
cappedwith amethyl group. This is consistent with the structure of
the precursor polymer, for which we found series with H-,-CH3

(and a smaller amount of CH3Th2Si-, -CH3) end groups as a
result ofmethyl group transfer as amode of polymer termination in
the Stille-type polycondensation reaction.6 The other two less
intense series are due to (i) the presence of an additional boryl
group (BMesFc) instead of a proton, presumably at the 2-position
of the terminal thiophene group (series B, Figure 1), and (ii) the loss
of one boryl group within the polymer chain (series C, Figure 1).
We rationalize this result by reaction of the terminal acidic thio-
phene proton with BBr3 under generation of a -BBr2 terminus,
which leads to polymers with one additional functional group. The
concomitant releaseofHBrmay in turn induceprotiodesilylationat
one of the disilylbithiophene fragments of the same or another
polymer with formation of Me3SiBr and a polymer chain that is
lacking one of the functional groups.

The polymers and the respective quaterthiophene model com-
pounds were also examined by multinuclear NMR spectroscopy
(Table 2). The observation of a broad 11B NMR resonance in the
range from 58 to 67 ppm for each of the compounds is consistent
with formation of triarylborane functional groups. The attachment
of two different aryl groups to boron is reflected in the 1H NMR
spectra. They show three signals in the region of 4-5 ppm in a 5:2:2
intensity ratio, in agreement with attachment of the monosubsti-
tuted ferrocenyl groups. The phenyl proton signals are found at
about 6.6 ppm for QT-BFcMes and PT-BFcMes, while they
resonate at about 6.9 ppm for QT-BFcTip and PT-BFcTip. Peak
integration of the methyl and isopropyl groups in the region from
3.0 to 0.8 ppm supports the attachment of oneMes or Tip and one
ferrocenyl group toeachborylmoiety.Theprotonson theborylated
thiophene rings are downfield shifted to about 8.20 ppm for
QT-BFcMes/PT-BFcMes and even 8.40 ppm for QT-BFcTip/
PT-BFcTip, in stark contrast to the BMes2-functionalized com-
pounds (ca. 6.9 ppm). A slight upfield shift of the protons on the
adjacentalkylthiophenemoieties forQT-BFcMes/PT-BFcMes (6.24
to 6.33 ppm) and a stronger shift for QT-BFcTip/PT-BFcTip (5.77
to 6.22 ppm) are also noticeable. Pronounced ring current effects
must be responsible, which suggests that distinct conformational
changes occur upon variation of the substitution pattern on boron.

To further examine these conformational peculiarities, we ac-
quiredH,H-NOESYNMRdata for all new compounds (Figure 2).

Figure 1. MALDI-TOF spectrum of PT-BFcMes recorded in (þ)-
reflector mode. Series An corresponds to ions [H-(RU)n-CH3]

þ; series
Bn corresponds to ions [Mes(Fc)B-(RU)n-CH3 ]

þ; series Cn corresponds
to [H-(RU)n-CH3 - B(Fc)Mes]þ with RU = Th2Hx2-Th2(B(Fc)Mes)2
repeating unit.

Scheme 1. Synthesis of QT-BFcAr and PT-BFcAr (Ar = 2,4,6-Trimethylphenyl (Mes), 2,4,6-Triisopropylphenyl (Tip))
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Similar chemical shifts and cross-coupling patterns were observed
for each of the individual polymers and their respectivemodel com-
pounds, suggesting that the polythiophenes adopt similar con-
formations as the quaterthiophene model compounds (Table 2).
Cross-peaksbetween theorthoprotonsof theboron-substitutedCp
ring (CpB) and the protons on the free Cp rings with those of the
boron-substituted thiophene rings (ThB) are observed in all cases.
ForQT-BFcTip/PT-BFcTip, these cross-peaks are of similar inten-
sity.However, in contrast, the cross-peak between theCpB andThB

protons for QT-BFcMes/PT-BFcMes is much more intense than
that between the protons of the freeCpandThB rings. This suggests
that the thiophene protons are closer to the substituted Cp rings
than the freeCp rings.Nocross-peakwasobservedbetween the free
Cp protons and the terminal thiophene protons, which indicates
that the ferrocenyl groups are facing to the center of eachmolecule.
These observations are consistent with two distinct conformations
for QT-BFcMes and QT-BFcTip as illustrated in Figure 3.

To compare the conformations adopted by the oligothiophenes
in solution with those in the solid state, we acquired single crystal
X-ray diffraction data for bothQT-BFcMes andQT-BFcTip. The
crystal structure of QT-BFcMes in Figure 4 shows a surprisingly
different conformation in comparison to that previously found for
QT-BMes2.

6 In stark contrast to the almost coplanar arrangement
of all four thiophene rings inQT-BMes2, the terminal rings forQT-
BFcMes are strongly twistedwith respect to the (coplanar) internal

bithiophene unit (dihedral angles ThB//ThMe 61.0�). The arrange-
ment of the aryl groups on boron is also quite different: The bulky
mesityl groups in QT-BFcMes stand almost orthogonal to the
thiophene (69.9�) and Cp rings (78.1�). However, the Cp rings of
the ferrocenylmoietiesmake a rather small angle of only 30.2�with
the internal thiophene rings, consistent with the conformation
deduced from our solution NMR studies. This conformation
should favor cross-conjugation through the Cp rings rather than
the terminal thiophene rings. To estimate the possible overlap
between the empty p-orbital on boron and the conjugatedCpB and
ThB rings, we determined the dihedral angles with the best plane
made of boron and the three boron-bound ipso-carbon atoms
(BC3); relatively small interplanar angles of BC3//Th

B 15.2� and
BC3//Cp

B 19.1� suggest that extended conjugation through the
tricoordinate boron center is favorable. This conjugation in turn is
likely further extended to the iron centers as the boryl groups are
slightly bent out of the Cp plane toward the Fe atoms (tilt angle
CpBCENT-C19-B1 172.6�). Such a tilting effect has been shown

Table 2. Comparison of Selected 11B and 1H NMR Data

δ (11B)
(ppm)

δ (1H) ThB

(ppm)
δ (1H) ThMe/Hex

(ppm)
δ (1H)

m-Ph (ppm)

QT-BFcMes 67 8.21 6.33, 6.28 6.63
PT-BFcMes 60 8.27 6.24 6.65
QT-BFcTip 67 8.40 6.22, 5.77 6.91
PT-BFcTip 58 8.44 5.90 6.92
QT-BMes2

6 69 6.89 6.53 6.68
PT-BMes2

6 62 6.94 6.48 6.69

Table 1. MALDI-TOF Mass Spectrometry Results for PT-BFcMes

n

structure 3 4 5 6 7 8

H-(RU)n-CH3 (A)a calcd 3390.0 4515.3 5639.7 6765.0 7890.3 9014.7
obsd 3390.4 4514.9 5640.3 6763.7 7890.2 9017.4

Mes(Fc)B-(RU)n-CH3 (B)
a calcd 3704.1 4829.4 5953.8 7079.1 8203.4 9329.8

obsd 3703.2 4833.0 5958.5 7083.9 8204.2 9334.0
H-(RU)n-CH3 - loss of B(Fc)Mes (C)a calcd 3074.9 4200.2 5324.6 6449.9 7574.3 8699.5

obsd 3073.2 4199.7 5324.2 6450.6 7574.9 8697.5
aRU = Th2Hx2-Th2(B(Fc)Mes)2 repeating unit.

Figure 2. Comparison of 1D 1H NMR and 2D H,H-NOESY NMR
data in CDCl3.

Figure 3. Different conformations adopted by QT-BFcMes and QT-
BFcTip; thiophene and ferrocene protons that show strong NOE
signals are emphasized.

Figure 4. Plots of the single crystalX-ray structures ofQT-BFcMes (top)
and QT-BFcTip (bottom). Hydrogen atoms are omitted for clarity.
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by Wagner and Holthausen in a density functional theory (DFT)
study of FcBH2 to be due to a delocalized interaction between the
electron-deficient boron, the Cp ring, and the electron-rich iron.10

Consistent with strong electronic coupling between boron and the
ferrocenyl moiety is also that the B-C bond length to the Cp ring
of B1-C19 1.553(3) Å is relatively short in comparison to that to
the thiophene ring (B1-C3 1.570(3) Å) and even more so the long
distance to the mesityl group (B1-C10 1.580(3) Å). Another
unusual feature of the structure of QT-BFcMes is the almost
coplanar arrangement of the terminal thiophene rings and the
B-Mes substituents.

Substitution with the even bulkier Tip groups in QT-BFcTip
leads to three significant changes to the molecular conformation
(Table 3): (i) The four thiophene rings adopt a more coplanar
conformation with a smaller dihedral angle ThB//ThMe of 46.3�
between the terminal and internal thiophenes. This effect should
favor extended conjugation through the oligothiophene chain. (ii)
The dihedral angles between the planes describing the CpB, ThB,
and Tip rings on the same boron atom are considerably larger than
those for QT-BFcMes; remarkably, the Tip group stands almost
orthogonal to both the ThB and the CpB rings, and the ferrocene
moieties rotate into a position that places the free Cp rings close to
the internal thiophene rings as already deduced from the solution
NOE experiments. (iii) The dihedral angle between each of the
aromatic rings attached to boron relative to the BC3 plane becomes
larger. These observations suggest that the empty p orbital on
boron participates less effectively in extended p-π conjugation in
the presence of the bulkier Tip substituent in QT-BFcTip than in
QT-BFcMes.

We conclude that the lower steric demand of only one mesityl
group in QT-BFcMes allows for alignment of the Fc-B-Th-Th-B-
Fc fragment, which should favor cross-conjugation with electronic
delocalization between the Cp rings and the central bithiophene
moiety via the empty p orbital on boron. Replacement of the Mes
groups with the even bulkier Tip groups in QT-BFcTip disfavors
this conjugationpathwaybut leads to amore planar structure of the
quaterthiophene backbone. This trend is taken one step further
when two Mes groups are attached to each boron in QT-BMes2,
which leads to an almost coplanar arrangement of the entire
oligothiophene chain but a strong twist of the boron substituents.

An obvious feature of the ferrocenyl derivatives is their deep
red color, which is due to relatively intense absorption bands
at around 494 to ca. 515 nm (ε>1000 M-1 cm-1; cf. ε=96 M-1

cm-1 at λmax=442 nm for ferrocene in cyclohexane) (Table 4 and
Figure 5). These absorptions are not observed for QT-BMes2 and
PT-BMes2,

6 and they are in a typical region of bands for ferroce-
nylboranes that are generally attributed to d-d transitions with
considerable charge transfer character.14 In the case of the polymers
this band overlaps with one of several more intense higher energy
absorptions, the origin of which could be the ferrocene and/or

oligothiophene moieties. We find the second-lowest energy band at
longer wavelength for the polymers than for the quaterthiophenes
(by about 25-30 nm), which suggests that it is primarily due to the
conjugated oligo-/polythiophene chromophores, consistent with
our earlier observations for the silylated precursors (QT-SiMe3,
357 nm; PT-SiMe3, 382 nm) and the BMes2-substituted species
(QT-BMes2, 412 nm; PT-BMes2, 441 nm).6 This band is slightly
more intense and red-shifted by ca. 10-15 nm for the derivatives
with the bulkier Tip groups in comparison to the systems withMes
substituents. While the effect is subtle and it is difficult to draw
quantitative conclusions, the more planar structure adopted by the
quaterthiophene backbone in the case of the Tip derivative seen in
the X-ray structure of QT-BFcTip may be responsible in part.15

The electronic structure of the oligo- and polythiophenes was
further studied by cyclic voltammetry. For all of the compounds
two well-separated quasi-reversible redox waves were found at
around E1/2 =-2.4 and-2.6 V, which correspond to reduction
of the two boron centers attached to the adjacent thiophenes
(Figure 6). The redox splitting is in the range of ΔE = 130-240
mV, suggesting significant electronic communication across the
bithiophene bridge. The polymers show consistently larger redox
splittings than the quaterthiophene derivatives, and the first
reduction takes place at comparatively lower potential (by 70
mV for PT-BFcMes and 120 mV for PT-BFcTip). A tentative
explanation for the observed differences is that extended con-
jugation through the polymermain chain affects the orbital levels
on the thiophene π-systems, which in turn would lead to subtle
differences in the π-overlap with the boron-centered p-orbital. If
this is the case, for the polymer, the presence of the additional

Table 4. Comparison ofUV-VisAbsorption andCyclic Voltammetry
(CV) Data

λmax/nm

(ε/M-1 cm-1)a
E1/2/mV (ΔEp/mV)

(oxidation)b
E1/2/mV (ΔEp/mV)

(reduction)c

QT-BFcMes 287 (38300)

326 (26900) 120 (170) -2480 (100)

376 sh (21700) 890 (320) -2610 (140)

490 (3900)

PT-BFcMes 289 (45200) 150 (130) -2410 (220)

334 (31000) 880d -2610 (190)

401 (31000)

498 sh (2900)

QT-BFcTip 290 (34800) 140 (150) -2480 (110)

386 (24300) 960 (170) -2660 (170)

501 (8200) 1150 (140)

PT-BFcTip 290 (37700) 160 (150) -2360 (160)

416 (34000) 990 (280) -2600 (180)

511 sh (5100)
a In CH2Cl2; for the polymers ε corresponds to quaterthiophene repeat-

ing units. b In CH2Cl2/0.05 M Bu4N[B(C6F5)4], 100 mV/s, referenced vs
Cp*2Fe

0/þ couple (-610 mV). c In THF/0.1 M Bu4N[PF6], 100 mV/s,
referenced vs Cp*2Fe

0/þ (-550 mV). dFrom square-wave voltammogram
(100 mV/s).

Figure 5. UV-vis absorption spectra (CH2Cl2, normalized to second
lowest energy band).

Table 3. Selected Interplanar and Tilt Angles (deg) for QT-BFcMes
and QT-BFcTipa

QT-BFcMes QT-BFcTip QT-BMes2
6

ThB//ThB 0 0 0
ThB//ThMe 61.0 46.3 15.2
ThB//Mes or Tip 69.9 81.9 79.6
ThB//CpB 30.2 44.7 70.2 (ThB//Mes)
Mes of Tip//CpB 78.1 89.6 84.3 (Mes//Mes)
BC3//Th

B 15.2 25.7 41.1
BC3//Cp

B 19.1 24.9 52.63 (BC3//Mes)
BC3//Mes or Tip 65.0 82.1 45.8
ThMe//Mes or Tip 29.9 41.3 65.4
CpBCENT-iC-B 172.6 174.7 N/A

aMes = mesityl ring, Tip = triisopropylphenyl ring, BC3 = best
plane made of boron and the three boron-bound ipso-carbon atoms,
ThB = boron-substituted thiophene ring, ThMe = methyl-substituted
thiophene ring, CpB = boron-substitutend Cp ring.
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boryl groups on the adjacent repeating units may have an
influence through the conjugated Th2Hx2 linker. One would then
expect that in the first reduction step the boryl groups are reduced
at less cathodic potentials in the presence of the additional
organoborane π-acceptors attached to the adjacent repeating units
(which are not present in the quaterthiophene model system).
Upon reduction of one of the boryl groups on each of the diboryl-
bithiophene moieties, however, this effect should be less pro-
nounced, or the opposite effect might be observed in that the
presence of a boron-centered radical anion in the next repeating
unit leads to a more cathodic second reduction step.

In addition to these boron-centered processes, we find a rever-
sible two-electron process at ca. 120-160 mV that is attributed to
oxidation of the ferrocene moieties based on spectroelectrochem-
istry data discussed in detail later. In contrast to the boron redox,
two separate waves could not be resolved (Table 4). In the case of
QT-BFcTip, two additional quasi-reversible oxidation peaks are
detected at higher potentials (E1/2 = þ960 and þ1150 mV), while
for the other compounds only one irreversible process is clearly
observed. This process corresponds to oxidation of the thio-
phene main chain, and the better reversibility observed for the
Tip derivative indicates that the bulkier Tip groups help to
stabilize the polycationic species formed. A comparison with
literature data on quaterthiophenes reveals that the presence of
the ferroceniumborane moieties leads to a significant increase
in the oxidation potentials (e.g., for cyclohexyl end-capped
quaterthiophene;16 E1/2=þ320 and þ640 mV). The effect of
oxidation of the ferrocene moiety is also evident from com-
parison of the potentials for oxidation of the thiophene main
chain in QT-BFcTip (E1/2=þ960 and þ1150 mV) with those
for QT-BMes2 (E1/2=þ510 and þ760 mV in CH2Cl2/0.1 M
Bu4N[PF6]).

Spectroelectrochemicalmeasurementswere performed to further
confirm the assignment of the redox events observed in the cyclic
voltammograms and to gain additional insight into the electronic
structure of the oxidized species. For this purpose a solution ofQT-
BFcTip in CH2Cl2 containing 0.05 M Bu4N[B(C6F5)4] was filled
into an OTTLE (optical transparent thin-layer electrochemical)
cell17 under N2 protection. Initially, we looked at the first redox
process by scanningwithin the potential range from-0.4 toþ0.8V
(Figure 7A,B). A clear change of the absorption spectrum with
three distinct isosbestic points is consistent with a reversible oxida-
tion process. The original absorption bands at 386 and 501 nm
gradually decrease, and a new band at ca. 370 nm emerges. At the
same time, a very broad low-intensity absorption appears in the

range of ca. 500-700 nm, which is consistent with formation of
a ferrocenium-type species ([Cp2Fe]

þ[PF6]
-: λmax=617 nm). The

observation of a blue shift of the higher energy band to 370 nm
might suggest that the quaterthiophene moiety adopts a less cop-
lanar conformationafteroxidationof the ferrocenependent groups.
It is also possible that this blue shift is a result of the ferrocenium
moiety exerting an electron-withdrawing effect through the boron p
orbital, or both of these factors may contribute. However, in that
case, we would have expected to see a red-shifted rather than blue-
shifted absorption (see ref 15). We then decided to scan the entire
range from -0.4 to þ1.7 V, and the corresponding UV traces are
displayed inFigure 7C,D.After the initial changes described above,
a new very strong band develops at 675 nm, which is accompanied
by an even stronger band at 737 nmat higher potentials. These can
be assigned to products frommono- anddioxidation, respectively,
of the quaterthiophene main chain based on comparison with
literature data. For instance, B€auerle and co-workers found
absorption maxima of 693 nm for the monocation and 775 nm
for the dication of a cyclohexyl end-capped quaterthiophene,16

whileHotta et al. recorded absorptions at 670 and 726 nm, respec-
tively, upon oxidation of R,ω-dimethylquaterthiophene.18 How-
ever, as seen in Figure 7D, scanning back to -0.4 V results in an
absorption spectrum that is significantly different from that of the
neutral starting material. This indicates that at higher potentials
partial degradation occurs, possibly involving cleavage of the
organoborane substituents.

Conclusions

The attachment of redox-active ferrocenylborane moieties to
quater- and polythiophene was accomplished using a postpoly-
merization modification procedure, in which BBr2 groups were
first attached and the bromines on boron were then selectively
replaced with the ferrocenyl groups. In the last step bulky aryl
groupswere introduced for steric stabilization. The attachment of
the relatively more sterically demanding Tip groups led to better
stability thanMes groups. Of particular interest was the question
of how the relatively bulky side groups affect the conformation of
the polythiophene main chain. On the basis of NOESY NMR
spectroscopy and single crystal X-ray diffraction on the qua-
terthiophenes, we find that in the case of-B(Fc)Mes substituents
the thiophenes in the main chain are significantly twisted, but a
new conjugation path to the substituted Cp ring of the ferrocenyl
moieties becomes more favorable. Introduction of the even
bulkier -B(Fc)Tip groups disfavors this conjugation pathway,

Figure 6. Cyclic voltammograms of QT-BFcTip and PT-BFcTip (a) in CH2Cl2/0.05MBu4N[B(C6F5)4] and (b) in THF/0.1MBu4N[PF6] (100mV/s,
referenced with Cp*2Fe and reported vs Cp2Fe

0/þ couple).



100 Macromolecules, Vol. 44, No. 1, 2011 Li et al.

and surprisingly, a more coplanar structure of the quaterthio-
phenemain chain is achieved.Thus,while steric effects of pendent
groups can strongly influence the conjugation in these materials,
bulkier groups do not necessarily result in a more twisted main
chain of the conjugated polymer as one might assume. That the
more planar structure of the main chain in QT-BFcTip and PT-
BFcTip favors extended conjugation is also suggested by a batho-
chromic shift of the second-lowest energy absorption, which is
assigned to an oligothiophene-centered π-π* transition. Cyclic
voltammetry revealed that initial, reversible oxidation of these
materials occurs at the ferrocene moieties, followed by mono- and
dioxidation of the polythiophene backbone. The assignment of the
individual redox processes was confirmed by spectroelectrochem-
ical measurements performed on QT-BFcTip. The latter also
indicated that at higher potentials certain degradation processes
occur. These most likely involve reactivity at the ferrocenylborane
moieties. Future work will therefore involve the development of
polymers that aremore stable also in their oxidized state, featuring,
for example, sterically more demanding and also more electron-
rich pentamethylferrocene substituents.

Experimental Section

Materials and General Methods. BBr3 was purchased from
Aldrich and benzo[a]pyrene from TCI Chemicals. Compounds
QT-BBr2

6 and PT-BBr2,
6 trimethylstannylferrocene,19 and mesi-

tylcopper20 (recrystallized from toluene) were prepared according
to literature procedures. All reactions and manipulations were
carriedoutunderanatmosphereofprepurifiednitrogenusing either
Schlenk techniques or an inert-atmosphere glovebox (Innovative
Technologies).Ether solventsweredistilled fromNa/benzophenone
prior to use. Hydrocarbon and chlorinated solvents were purified
using a solvent purification system (Innovative Technologies;
alumina/copper columns for hydrocarbon solvents), and the chlo-
rinatedsolventswere subsequentlydistilled fromCaH2anddegassed
via several freeze-pump-thaw cycles.

All 499.893MHz 1H, 125.7MHz 13C, and 160.4MHz 11BNMR
spectrawere recorded at ambient temperature on aVarian INOVA
spectrometer equipped with a boron-free 5 mm dual broadband

gradient probe (Nalorac, Varian Inc., Martinez, CA). Solution 1H
and 13CNMRspectra were referenced internally to solvent signals.
11B NMR spectra were acquired with boron-free quartz NMR
tubes and referenced externally to BF3 3Et2O (δ= 0). The abbre-
viationsTh (2-thienyl),Hx2Th2 (3,3

0-dihexyl-2,20-bithiophenediyl),
Mes (2,4,6-trimethylphenyl), Fc (ferrocenyl), and Hx (n-hexyl) are
used for the peak assignments.

GPC analyses were performed in THF (1 mL/min) using a
Waters Breeze system equipped with a 717plus autosampler, a
1525 binary HPLC pump, a 2487 dual λ absorbance detector,
and a 2414 refractive index detector. For separation the samples
were passed through a series of styragel columns (Polymer
Laboratories; two columns 5 μm/Mixed-C), which were kept
in a column heater at 35 �C. The columns were calibrated with
polystyrene standards (Polymer Laboratories).

MALDI-TOF measurements of the polymers were performed
on an Applied Biosystems 4800 Proteomics Analyzer in reflectron
(þ) mode with delayed extraction. Benzo[a]pyrene was used as the
matrix (10 mg/mL in toluene). Samples were prepared in toluene
(10mg/mL),mixedwith thematrix in a 1:10 ratio, and then spotted
on the wells of a sample plate inside a glovebox. Peptides were
used for calibration (Des-Arg-Bradykinin (904.4681), Angiotensin
I (1296.6853), Glu-Fibrinopeptide B (1570.6774), ACTH (clip
1-17) (2093.0867), ACTH (clip 18-39) (2465.1989), ACTH (clip
7-38) (3657.9294) with R-hydroxy-4-cyanocinnamic acid as the
matrix). High-resolution mass spectral data for the quaterthio-
pheneswere obtained on anApex-ultra 70Hybrid FT-MS (Bruker
Daltonics).

UV-vis absorption data were acquired on a Varian Cary 500
UV-vis/NIR spectrophotometer. Sample solutions were pre-
pared using a microbalance ((0.1 mg) and volumetric glass-
ware. Cyclic voltammetry was carried out on a CV-50W analyzer
from BAS. The three-electrode system consisted of an Au disk as
working electrode, a Pt wire as secondary electrode, and aAgwire
as the reference electrode. The voltammograms were recorded
with ca. 10-3 M solutions in THF containing 0.1 M Bu4N[PF6]
(reductions scans) or CH2Cl2 containing 0.05 M Bu4N[B(C6F5)4]
(oxidation scans) as the supporting electrolyte. The scans were
referenced after the addition of a small amount of decamethylfer-
rocene as internal standard. The potentials are reported relative to

Figure 7. Spectroelectrochemistry data for QT-BFcTip in CH2Cl2/0.05 M Bu4N[B(C6F5)4]; scan rate 15 mV/s. (A) Oxidation within potential range
from -0.4 to þ0.8 V. (B) Reduction within potential range from þ0.8 to -0.4 V. (C) Oxidation within potential range from -0.4 to þ1.7 V.
(D) Oxidation within potential range from þ1.7 to -0.4 V.
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the ferrocene/ferroceniumcouple (-610mV forCp*2Fe/Cp*2Fe
þ

in CH2Cl2/0.5 M Bu4N[(B(C6F5)4]; -550 mV for Cp*2Fe/
Cp*2Fe

þ in THF/0.1 M Bu4N[PF6]). Spectroelectrochemistry
was performed using a home-built OTTLE (optical transparent
thin-layer electrochemical) cell,17 a Perkin-Elmer Lambda 16UV/
vis spectrometer, and an EG&G Princeton Applied Research
263A potentiostat. The measurements were recorded on ca.
10-3-10-4 M solutions in CH2Cl2 containing Bu4N[B(C6F5)4]
(0.05 M) as the supporting electrolyte. Elemental analyses were
obtained from Quantitative Technologies Inc., Whitehouse, NJ.

X-ray diffraction intensities of QT-BFcMes and QT-BFcTip
were collected on a Bruker SMART APEX CCD diffractometer.
Crystallographic data and details of the X-ray diffraction experi-
ment and crystal structure refinement are given in Table S2.
SADABS21 absorption correction was applied, and the structures
were solved using direct methods and completed by subsequent
differenceFourier syntheses and refinedby fullmatrix least-squares
procedures on reflection intensities (F2). All non-hydrogen atoms
were refined with anisotropic displacement coefficients. The H
atoms were placed at calculated positions and were refined as
riding atoms. All software and sources scattering factors are
contained in the SHELXTL (6.14) program package.22 Crystal-
lographic data for the structures of QT-BFcMes and QT-BFcTip
have been deposited with the Cambridge Crystallographic Data
Center as supplementary publications CCDC-796548 and CCDC-
796549, respectively.

Caution! BBr3 is toxic and corrosive and should be handled
appropriately with great care. Fluorinated grease was used for
ground glass joints in reactions involving BBr3.

Synthesis of QT-BFcMes. QT-BBr2 (100 mg, 0.143 mmol) in
5mLof CH2Cl2 was treated with FcSnMe3 (100mg, 0.29mmol) in
5 mL of CH2Cl2 and kept stirring for 12 h. Me3SnBr was removed
by repeatedly dissolving the crude material in toluene and drying
under high vacuum. Selective attachment of the ferrocenyl groups
was confirmed by 1HNMR (CDCl3, 499.9MHz): δ=7.56 (s, 2H,
Th-H8,80), 6.95 (d, 3J=2.5Hz, 2H, Th-H3,30), 6.58 (br d, 2H, Th-
H4,40), 4.76 (br, 4H,Cp-H2,5), 4.37 (br, 4H,Cp-H3,4), 4.20 (s, 10H,
C5H5), 2.42 (s, 6H, Me). Without further purification, the product
was redissolved in 8mL of toluene, (MesCu)5 3 toluene (63mg, 0.31
mmol “MesCu”) in 5 mL of toluene was added slowly, and the
reaction mixture was kept stirring at 100 �C for 24 h. A precipitate
(CuBr) formed, which was removed by filtration through a fritted
glass disk. All volatile components were removed under high
vacuum, and the product was crystallized from toluene at -35 �C.
Yield: 82 mg (58%). For QT-BFcMes: 1H NMR (CDCl3, 499.893
MHz): δ=8.21 (s, 2H, ThB-H), 6.63 (s, 4H,Mes-H), 6.33 (d, 3J=
3.0Hz, 2H, ThMe-H), 6.28 (d, 3J=3.0Hz, 2H, ThMe-H), 4.73 (pst,
3J= 2.0 Hz, 4H, Cp-H2,5), 4.44 (pst, 3J=2.0 Hz, 4H, Cp-H3,4),
4.32 (s, 10H, C5H5), 2.32 (s, 6H, Me), 2.26 (s, 6H, p-Me), 2.08 (s,
12H, o-Me). 13C NMR (CDCl3, 125.7 MHz): δ = 145.9, 145.5,
142.7, 141.1, 139.0, 137.0, 136.1, 133.5, 132.9, 128.5, 127.2, 124.8
(Th-C, Mes-C), 77.9 (Cp-C), 76.7 (Cp-Ci), 74.7 (Cp-C), 69.7
(C5H5), 23.6 (o-Me), 21.3 (p-Me), 15.2 (Me). 11B NMR (CDCl3,
160.3 MHz): δ = 67 (w1/2 = 3000 Hz); MALDI-TOF: m/z =
986.1840 (calcd for 12C56

1H52
11B2

32S4
56Fe2 986.1837). Analysis

calcd forC56H52B2Fe2S4: C 68.18,H 5.31; foundC 67.90,H 5.38%.
Synthesis of Polymer PT-BFcMes. A solution of PT-BBr2

prepared fromBBr3 (324mg, 1.3 mmol) and PT-SiMe3 (320 mg,
1.0mmol of SiMe3 groups) in 15mLof CH2Cl2 was treated with
FcSnMe3 (506 mg, 1.45 mmol) in 5 mL of CH2Cl2 and kept
stirring for 12 h. The reaction solution was concentrated under
high vacuum to 3 mL and then precipitated into 500 mL of
hexanes and washed twice with hexanes. Selective formation of
the ferrocenyl-substituted product was confirmed by 1H NMR
(CDCl3, 499.9MHz): δ=7.60 (s, 2H, B2Th2-H3,30), 6.92 (s, 2H,
Hx2Th2-H7,70), 4.72 (br, 4H, Cp-H2,5), 4.35 (br, 4H, Cp-H3,4),
4.19 (br, 10H, C5H5), 2.29 (br, 4H, Hex), 1.4-1.2 (m, 8H, Hex),
1.2-1.1 (m, 4H, Hex), 1.1-1.0 (m, 4H, Hex), 0.87 (t, 3J = 6.5
Hz, 6H, Hex-CH3). Without further purification, the product
was redissolved in 15mLof toluene, (MesCu)5 3 toluene (302mg,

1.48 mmol “MesCu”) in 5 mL of toluene was added slowly, and
the reaction mixture was kept stirring at 100 �C for 24 h. A solid
precipitate (CuBr) formed andwas removed by filtration through a
fritted glass disk. The reaction solution was concentrated under
high vacuum to 2 mL and then precipitated into 500 mL of cold
hexanes. The red powdery product was washed with cold hexanes
and dried under high vacuum for 12 h. Yield: 0.32 g (57%). For
PT-BFcMes: 1H NMR (CDCl3, 499.893 MHz): δ = 8.27 (s, 2H,
ThB-H), 6.65 (s, 4H, Mes-H), 6.24 (s, 2H, ThHex-H), 4.74 (br, 4H,
Cp-H2,5), 4.45 (br, 4H, Cp-H3,4), 4.34 (br, 10H, C5H5), 2.20 (br s,
6H, p-Me), 2.12 (br s, 12H, o-Me), 1.4-1.2 (m, 20H,Th-CH2), 0.80
(t, 3J= 6.5 Hz, 4H, Hexyl-Me). 13C NMR (CDCl3, 125.7 MHz):
δ = 145.6, 142.8, 142.0, 139.1, 137.0, 136.2, 135.0, 133.6, 129.36,
129.55, 127.50 (Th-C, Mes-C), 77.9 (Cp-C), 74.7 (Cp-C), 69.68
(C5H5), Cp-Ci not observed, 23.7 (o-Me), 21.6 (p-Me), 32.0, 30.4,
29.5, 28.6, 22.9, 14.4 (hexyl). 11BNMR(CDCl3, 160.3MHz):δ=60
(w1/2=4000 Hz). GPC-RI (in THF against PS standards) Mn=
9440,Mw=14500,PDI=1.54.TGA(N2, 20 �C/min):Tdec=220 �C
(onset, 80% weight loss at 900 �C). Anal. Calcd for (C33H35B1-
Fe1S2)n: C 70.22, H 6.61; found C 69.26, H 6.38%.

Synthesis of QT-BFcTip. FcSnMe3 (100 mg, 0.29 mmol) in
5 mL of CH2Cl2 was added to QT-BBr2 (100 mg, 0.14 mmol) in
5 mL of CH2Cl2. The solution turned red immediately and was
kept stirring for 12 h at RT. After the solvent was evaporated,
the crude materials were repeatedly dissolved in toluene and
dried under high vacuum to remove completely Me3SnBr.
Formation of the ferrocene-substituted intermediate was con-
firmed by 1H NMR. Without further purification, the crude
product was redissolved in 8 mL of toluene, and a solution of
2,4,6-triisoproylphenylcopper (TipCu) (92 mg, 0.35 mmol) in
5 mL of toluene was added. The reaction mixture was kept stirring
at 110 �C for 48 h. The solid byproduct CuBr was removed by
filtration through a fritted glass disk. All volatile components were
removed under high vacuum, and the crude product was crystal-
lized from a mixture of toluene and hexanes at-35 �C to afford a
red microcrystalline solid. Yield: 121 mg (73%). Single crystals for
X-ray diffraction were obtained by recrystallization from toluene
at-35 �C. For QT-BFcTip: 1H NMR (CDCl3, 499.9 MHz): δ=
8.40 (s, 2H, ThB-H), 6.91 (s, 4H,Mes-H), 6.22 (br d, 2H, ThMe-H),
5.77 (d, 3J=3.5Hz, 2H,ThMe-H), 4.66 (br, 4H,Cp-H2,5), 4.48 (br,
4H, Cp-H3,4), 4.37 (s, 10H, C5H5), 2.93 (septet, 2H, p-CHMe 2),
2.67 (m, 4H, o-CHMe2), 2.30 (s, 6H,Me), 1.33 (d, 3J=7.0Hz, 12H,
p-CHMe2), 1.09 (d,

3J=6.0 Hz, 12H, o-CHMe2), 0.80 (d,
3J=6.0

Hz, 12H, o-CHMe2).
13C NMR (CDCl3, 125.7 MHz): δ=149.2,

148.9, 146.2, 144.6, 143.9, 141.2, 135.3, 134.4, 133.5, 129.0, 125.6,
120.7 (aromatic C), 78.4 (Cp-C), 78.1 (Cp-C), 73.7 (Cp-C), 69.7
(C5H5), 35.4 (o-CHMe2), 34.7 (p-CHMe2), 25.1 (o-CHMe2), 24.7
(p-CHMe2), 15.2 (Th-Me). 11B NMR (CDCl3, 160.3 MHz): δ=
67 (w1/2=4800 Hz); MALDI-TOF: m/z=1154.3741 (calcd for
12C68

1H76
11B2

32S4
56Fe2 1154.3734). Anal. Calcd for C68H76B2-

Fe2S4: C 70.72, H 6.63; found: C 70.81, H 6.19.
Synthesis of Polymer PT-BFcTip. A solution of PT-BFcBr

was prepared from BBr3 (100 mg, 0.39 mmol), PT-SiMe3 (100 mg,
0.31mmol of SiMe3 groups), andFcSnMe3 (158mg, 0.45mmol) in
5 mL of CH2Cl2 as described above. The crude product was
redissolved in 5 mL of toluene, a solution of TipCu (123 mg, 0.46
mmol) in 3mL of toluene was added, and the reactionmixture was
kept stirring at 110 �C for 48 h. A solid precipitate (CuBr) formed
and was removed by filtration through a fritted glass disk. The
filtrate was concentrated under high vacuum to 1 mL and then
precipitated into 100mLof cold hexanes.A red precipitate formed,
which was washed with hexanes twice and freeze-dried from
benzene to afford a powdery red product. Yield: 120 mg (60%).
For PT-BFcTip: 1H NMR (CDCl3, 499.9 MHz): δ=8.44 (s, 2H,
B2Th2-H3,30), 6.91 (s, 4H, Mes-H), 5.90 (s, 2H, Hx2Th2-H7,70),
4.65 (br, 4H, Cp-H2,5), 4.43 (br, 4H, Cp-H3,4), 4.37 (br, 10H,
C5H5), 2.88 (br, 2H, p-CHMe2), 2.67 (br, 4H, o-CHMe2), 2.05 (br,
4H, Hex), 1.4-0.9 (m, 40H, Hex, o-CHMe2), 0.90-0.75 (m, 18H,
Hex,p-CHMe2).

13CNMR(CDCl3, 125.7MHz):δ=149.0, 148.8,
145.5, 144.6, 144.0, 142.6, 135.8, 135.5, 134.7, 130.8, 130.0, 120.8
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(aromatic C), 78.4 (Cp-C), 73.7 (Cp-C), 69.7 (C5H5), Cp-Ci not
observed, 35.5, 34.4 (CHMe2), 32.1, 30.8, 29.2, 28.9 (Hex), 25.0,
24.3 (CHMe2), 22.8, 14.4 (Hex). 11B NMR (CDCl3, 160.3 MHz):
δ=58 (w1/2 = 5120 Hz); GPC-RI (in THF against PS standards)
Mn = 14600, Mw = 24100, PDI = 1.65. TGA (N2, 10 �C/min):
Tdec = 236 �C (onset, 87% weight loss at 800 �C). Anal. calcd for
{C78H94B2Fe2S4}n: C 69.98, H 6.84; found: C 72.45, H 7.33.
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ABSTRACT: Surface-initiated atom transfer radical polymerization (ATRP) of 2-(N-2-methacryloylox-
yethyl-N,N-dimethyl) ammonatoethanesulfonate) (MAES), 3-(N-2-methacryloyloxyethyl-N,N-dimethyl)
ammonatopropanesulfonate) (MAPS), and 4-(N-2-methacryloyloxyethyl-N,N-dimethyl) ammonatobuta-
nesulfonate) (MABS) was carried out in 2,2,2-trifluoroethanol (TFE) containing a small amount of 1-hexyl-
3-methylimidazolium chloride at 60 �C to produce well-defined poly(sulfobetaine) brushes and the corre-
sponding free polymers with predictable number-average molecular weight (Mn, 1� 104 to 3� 105 g mol-1)
and narrow molecular weight distributions (Mw/Mn < 1.2). A first-order kinetic plot for ATRP of MAPS
revealed a linear relationship between the monomer conversion index (ln([M]0/[M])) and polymerization
time. The polymerization rates decreased with increasing ionic liquid concentration. TheMn of poly(MAPS)
increased in proportion to the conversion. The sequential polymerization of MAPS initiated with the chain
ends of poly(MAPS) produced the postpolymer with quantitative efficiency. The thickness of the polymer
brush was controllable from 5 to 100 nm based on the Mn of the polymer. The polymer brush was cleaved
from the silicon substrate under the acidic condition to measure the molecular weight by size exclusion
chromatography equipped with amultiangle light scattering detector (SEC-MALS).We have confirmed that
the molecular weight distribution of polymer brush was also narrow (Mn = 150 000,Mw/Mn =1.26) as well
as the corresponding free polymer. These results suggest the successful control of the polymerization of
sulfobetaine-typemethacrylates owing to theTFEand ionic liquids. In particular, the high affinity of TFE for
the sulfobetaine monomers and polymers yielded a homogeneous polymerization media to improve surface-
initiated polymerization generating the polymer brushes on the substrate surface as well as the free polymers
formed in the solution. The effect on ATRP of the chemical structure of ionic liquids and ligands for copper
catalyst was also investigated.

Introduction

Interfacial polyelectrolyte brushes are attracting considerable
attention due to their various useful functionalities such as super-
hydrophilicity, protein antifouling effect, and water lubrication.1-4

Researchers have investigated the interface structure of swollen
polyelectrolyte brushes in solution by means of X-ray (or neutron)
reflectivity,5-7 ellipsometry,8 or light scattering9 measurements in
order to understand the interaction between polyelectrolyte brush
andhydrated ionsorproteins.However, the swollenpolyelectrolyte
brushes with large molecular weight distribution (MWD) in solu-
tion cause large gradient layer at the interface between the brushes
and solution media, making the structural analysis difficult. There-
fore, precise analysis of swollen polyelectrolyte brushes in aqueous
media requires the brushes with narrow MWDs.

Various polymers with well-controlled number-average molec-
ular weights (Mn) and narrow MWDs were recently prepared by
controlled/living radical polymerization. However, it is still diffi-
cult to prepare the polymer with larger Mn than 100 000 g mol-1

andnarrowMWD(Mw/Mn<1.2) bydirectATRPof zwitterionic
vinyl monomers having carboxybetaine, sulfobetaine, and phos-
phobetaine groups, because the zwitterionic monomers and poly-
mers are insoluble in nonpolar organic solvents and only soluble in

specific protonic solvents such as aqueous solution, which usually
induces deactivation of the propagation center or catalyst resulting
in poor control.

Polysulfobetaine, such as poly(3-(N-2-methacryloyloxyethyl-N,
N-dimethyl) ammonatopropanesulfonate) (MAPS), has attracted
considerable attentiondue to the variousunique solutionproperties
attributed to the strong electrostatic interaction among the sulfo-
betaine groups, ionic strength dependence of chain expansion,10

and an upper critical solution temperature (UCST) behavior.11

Therefore, poly(MAPS) brush can be applicable to prepare the
stimulus-responsible wet surfaces with various levels of hydrophi-
licity, protein resistance surface, tribocontrol surface, and adhesion
control surfaces.

Conventional free radical polymerization has beenwidely used
for the synthesis of MAPS,12,13 however, its polydispersity index
Mw/Mn is larger than 1.5. The first synthesis of well-defined
poly(MAPS)was reported byArmes et al., who carried out group
transfer polymerization of 2-(dimethylamino)ethyl methacrylate
(DMAEMA) to produce a well-defined polymer with MWD
narrower than 1.25 and efficiently converted dimethylamino
groups in the side chain to sulfobetaine groups using 1,3-propane
sultone.14 However, this polymer reaction cannot be applied to a
densely-grafted poly(DMAEMA) brush because the surface-
tethered polymer chains are so crowded that the sulfonation
reactiondoes not proceed quantitatively in the internal part of the
brush.

*Corresponding authors. E-mail: (M.K.) motokoba@cstf.kyushu-u.
ac.jp; (A.T.) takahara@cstf.kyushu-u.ac.jp. Telephone: þ81-92-802-
2517. Fax: þ81-92-802-2518.
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Reversible addition-fragmentation chain transfer (RAFT) poly-
merization often achieves good control over theMn of hydrophilic
polymers with polar functional groups.15 McCormick et al. inves-
tigated direct synthesis of poly(MAPS) by the RAFT technique,16

using sodium 4-cyanopentanoic acid dithiobenzoate as a chain
transfer agent and 4,40-azobis(4-cyanopentanoic acid) in 0.5 M
NaBr aqueous solution at 70 �C, which gave successfully controlled
molecular weight and narrow MWD (Mw/Mn < 1.1). Surface-
initiated RAFT polymerization of MAPS was conducted by Kang
et al. to produce poly(MAPS) brushes on silicon wafers.17 The dry
thickness of the poly(MAPS) brush film estimated by ellipsometry
linearly increased from 5 to 11 nm with the polymerization time
from 0.5 to 18 h, although theMn andMWDof the brush were not
described.

Copper-based atom transfer radical polymerization (ATRP)
is a well-established controlled/living radical polymerization
approach for various types of vinylmonomers. Jiang et al. reported
poly(MAPS) with narrow MWD (Mn = 4764, Mw/Mn = 1.26)
bydirectATRPofMAPSwith catechol-type initiator usingCuBr
and 2,2-dipyridyl complex in methanol/water mixture (4/1, v/v).
However, poly(MAPS) with high molecular weight and narrow
MWDcould not be synthesized (Mn=90340Mw/Mn=1.47) by
their method because water or aqueous media usually induces
deactivation of the copper catalyst and too fast propagating rate
to control the polymerization affording a polymer with broad
MWD.Nevertheless, research groups have reported that surface-
initiated ATRP of MAPS in the methanol/water mixture from
alkyl halide-immobilized substrate without any sacrificial free
initiator produced a polymer brush.18,19 The thickness of the
poly(MAPS) brush drastically increased to be 300 nm within
10 h. However surface-initiated ATRP of MAPS could not be
controlled due to the poor control in aqueous media to yield the
polymer brush with broad MWD. Another difficulty of control
of surface-initiated ATRP is related to the solubility of MAPS.
MAPS monomer is soluble in methanol and water but poly-
(MAPS) is insoluble in methanol and water due to the strong
electrostatic attractive interaction among the sulfobetaine
groups. Therefore, polymerization in methanol/water solution
was assumed to proceed in a heterogeneous system to result in
large MWD and nonuniform brush thickness on the substrate.
A homogeneous polymerization state might be preferable for
obtaining uniform polymer brushes.

We attempted to develop a homogeneous ATRP system using
2,2,2-trifluoroethanol (TFE), which is known to be a good
solvent for poly(MAPS).20 Well-defined cationic-, carbobetaine-
and sulfobetaine types exo-7-oxanorbornene polymers with Mn

of 21 000 and polydispersity index of 1.12 were recently syn-
thesized via ring-opening metathesis polymerization (ROMP)
of exo-7-oxanorbornene monomer using Grubbs’ catalyst
RuCl2(PCy3)2CHPh in a mixture of TFE/dichloromethane
(1/1, v/v).21,22 The controllable polymerization manner and
linear relationship of first-order plot were observed by ROMP in
TFE/dichloromethane homogeneous solution. Lowe and
Ishihara et al. reported that RAFT polymerization of N,N-di-n-
propyl-4-vinylbenzylamine (DnPBVA) initiated from poly((meth-
acryloxy)ethyl phosphorylcholine) (MPC) prepolymer in TFE
yielded well-defined poly(MPC) -b- poly(DnPBMA) with Mn

of 11700 and polydispersity index of 1.18.23 Recently, we
reported the successfully controlled ATRP of methacrylate
bearing an ammonium chloride group in the side chain of
TFE/2-propanol.24 In addition, ionic liquid is also a good can-
didate for the ATRP solvent due to its chemical stability and
nonvolatile property. Haddleton and co-workers reported that
ATRP of methyl methacrylate (MMA) in 1-butyl-3-methylimi-
dazolium hexafluorophosphate showed a higher propagation
rate constant than that in bulk or other organic solvents.25

Various types of ionic liquid have already been applied in

ATRP,26-29 reverse ATRP,30 and activators generated by elec-
tron transfer (AGET) ATRP.31 Most of them demonstrated
polymerization of nonionic monomers in ionic liquid, however,
improved control can be expected for the polymerization of
electrolyte monomers because ionic liquids have high affinity
for polar monomers and polymers, forming a homogeneous
reaction media.

In this work, we carried out direct ATRP of methacrylates
bearing sulfobetaine side chains in TFE combined with imidazo-
lium type ionic liquids. The effect of fluoroalcohol and the
chemical structure of ionic liquids and ligands were investigated
to produce well-defined sulfobetaine polymers and polymer
brushes.

Experiments

Materials. Copper(I) bromide (CuBr, Wako Pure Chemicals,
99.9%) was purified by successive washing with acetic acid
and ethanol and then dried under vacuum. Ethyl 2-bromoiso-
butylate (EBiB, Tokyo Chemical Inc., 98%) was distilled before
use. 2-(Dimethylamino)ethyl methacrylate (DMAEMA, Wako
Pure Chemicals, 98%), 2,20-dipyridyl (bpy, Wako Pure Chemi-
cals, 99.5%), N,N,N0,N0-tetramethylethylenediamine (TME-
DA, Tokyo Chemical Inc., 98%), N,N,N0,N0 0,N0 0-pentamethyl-
diethylenetriamine (PMDETA, Tokyo Chemical Inc., 98%),
1-hexyl-3-methylimidazolium chloride (HMImCl, Merck, 98%),
1-ethyl-3-methylimidazolium chloride (EMImCl, Merck, 98%),
1-butyl-3-methylimidazoliumchloride (BMImCl,Merck, 98%), 1-butyl-
3-methylimidazolium bromide (BMImBr, Merck, 98%), 1-butyl-
3-methylimidazolium iodide (BMImI, Merck, 98%), 1,3-propane
sultone (Aldrich, 99%), sodium isethionate (Tokyo Chemical
Inc., 97.5%), thionyl chloride (SOCl2, Wako Pure Chemicals,
95.0%), 2,6-dimethylpyridine (Wako Pure Chemicals, 97.5%),
1,3-dinitrobenzene (Tokyo Chemical Inc., 99.0%), 1,4-butane
sultone (Wako Pure Chemicals, 99.0%) were used as received.
2,2,2-Trifluoroethanol (TFE, TokyoChemical Inc., 99.0%)was
carefully degassed by a freeze-pump-thaw process before
dilution of CuBr, bpy, and EBiB. Surface-initiator (2-bromo-
2-methyl)propionyloxyhexyltriethoxysilane (BHE)32,33 and tris-
(2-(dimethyl)aminoethyl)amine (Me6TREN)34 were synthesized
using previously reported procedures. Silicon wafers were
washedwith piranha solution at 155 �C for 1 h and subsequently
exposed to vacuum ultraviolet-rays for 10 min under 30 Pa.
BHE was immobilized on the substrates by means of chemical
vapor adsorption.35 Sulfobetaine monomers, such as MAPS,36

2-(N-2-methacryloyloxyethyl-N,N-dimethyl) ammonatoethane-
sulfonate (MAES),37 and 4-(N-2-methacryloyloxyethyl-N,N-
dimethyl) ammonatobutanesulfonate (MABS)37 were synthesized
and purified just before use. Details were described in the Support-
ing Information.

Surface-Initiated (SI)-ATRP ofMAES,MAPS, andMABS in
TFE Containing HMImCl. The typical protocol for the SI-
ATRP of MAPS (MAES and MABS) in degassed TFE was
as follows. Several sheets of the BHE-immobilized silicon
wafers, 1.0 mL of MAPS/TFE solution, and the various
amounts of HMImCl were charged in a well-dried glass tube
with a stopcock, and degassed three times by the freeze-thaw
process. CuBr (0.022 mmol) and bpy (0.042 mmol) diluted with
TFE were introduced into another glass tube, which was
degassed by seven cycles of vacuum pumping and flushing with
argon. A free initiator EBiB (0.021 mmol) diluted with TFEwas
added to the catalyst to immediately give a homogeneous
solution with characteristic red color. The copper catalyst
solution was degassed by repeated freeze-thaw cycles and then
injected into the monomer solution. The resulting reaction
mixture was again degassed by repeated freeze-thaw cycles to
remove the oxygen and then was stirred in an oil bath at 60 �C
for 18 h under argon to simultaneously generate a poly(MAPS)
brush from the substrate and free (unbound) poly(MAPS) from
EBiB. The reaction was stopped by opening the glass vessel to
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air at 0 �C. The reaction mixture was poured into methanol to
precipitate the free polymer and unreacted MAPS. The silicon
wafers werewashedwithTFEusing a Soxhlet apparatus for 12 h
to remove the free polymer adsorbed on the surface, and were
dried under reduced pressure.

Size Exclusion Chromatography (SEC)Measurement of Poly-
(MAPS) Brush on Substrate. To measure theMn of the surface-
grafted poly(MAPS) on a flat substrate by SEC, the polymer
brush was prepared on a larger silicon wafer compared with the
general-use silicon plates. A sheet of the BHE-immobilized
silicon wafer (65 � 65 � 0.5 mm3), 30.0 mL of MAPS/TFE/
HMImCl solution (1.0 M) were charged in a specially designed
separable flask with a stopcock and degassed by the freeze-
thaw process three times. Copper catalyst solution containing
CuBr (0.060 mmol), bpy (0.125 mmol), and EBiB (0.060 mmol)
diluted with TFE was prepared in another glass tube and
injected to the MAPS solution. The resulting reaction mixture
was degassed by repeated freeze-thaw to remove the oxygen and
stirred at 60 �C for 15 h under argon. The resulting silicon wafers
were washed with TFE using a Soxhlet apparatus overnight to
remove the free polymer adsorbed on their surface and were
dried under reduced pressure. The brush-immobilized flat sili-
con wafers were immersed in the solution mixture of 10 wt %
hydrogen fluoride aqueous solution (5 mL) and 200 mM NaCl
aqueous solution (10 mL) for 3 days in a plastic vessel and
carefully and slowly neutralized by sodium hydrogen carbonate
aqueous solution. The resulting solution was collected in a
dialysis membrane tube (Spectra/Por 3, Standard regulated
cellulose membrane,Mw=3500 gmol-1) and dialyzed in water
to remove inorganic salt ions for 3 days, and was dried using
freeze and dry process to remove water. The obtained poly-
(MAPS) was diluted in 200 mM NaCl aqueous solution and
injected to SEC.

Measurements. SEC of the free soluble poly(MAPS) was
applied to determine Mn, weight-average molecular weight
(Mw), z-average mean-square radius of gyration, and MWD
using a Shimadzu HPLC system connected to three poly-
methacrylate-based TSKgel columns (Tosoh Bioscience):
G6000PWXL (pore size >100 nm, bead size 20 μm) þ
G5000WXL (pore size 100 nm, bead size 10 μm) þ
G3000WXL (pore size 20 nm, bead size 7 μm) and equipped
with a multiangle light scattering detector (MALS; Wyatt
Technology DAWN -EOS, 30 mWGaAs linearly polarized laser,
wavelength: λ=690 nm) and refractive index detector (Shimadzu
RID-10A, tungsten lamp (wavelength 470 - 950 nm), 40 �C) using
200 mM NaCl aqueous solution as an eluent at a rate of 0.8 mL
min-1. The Rayleigh ratio at a scattering angle of 90� was based
on that of pure toluene at a wavelength of 632.8 nm at 25 �C.
The sensitivities of 17 detectors at angles other than 90� and the
dead volume for each detector were determined by the scattering
intensities of 0.30 wt % aqueous solution of poly(ethylene oxide)
standardwith 2.22� 104 gmol-1 andMw/Mn=1.08. The specific
refractive index increments (dn/dc) of poly(MAES), poly(MAPS),
and poly(MABS) in 200 mM NaCl aqueous solution was deter-
mined as 0.119, 0.120, and 0.121 mL g-1 by aqueous solution
differential refractometer (Otsuka Electronics DRM-3000, wave-
length λ= 632.8 nm). The thickness of the brush was determined
by spectroscopic ellipsometer (Five Lab Co. MASS-102) with an

Xenonarc lamp (wavelength380-890nm) at a fixed incident angle
of 70�. The assumed refractive index anddensity valueswere 1.5017

and 1.34 g cm-3,38 respectively, as referenced from literatures.
Atomic force microscopy (AFM) observation was conducted in
AC tapping mode using an Agilent5000 (Agilent Technologies,
Inc.) in air at room temperature. The polymer brush surface was
scanned at a rate of 10 μm s-1 using a silicon nitride integrated
tip on a commercial rectangular cantilever (Nanosensors, Type
PPP-NCHR-20) with a normal force constant of 42 N m-1 at a
driving frequency of 317 kHz in air (relative humidity 30%).
XPS measurements were carried out on an XPS-APEX
(Physical Electronics Co. Ltd.) at 1 � 10-6 Pa using a mono-
chromatic Al-KR X-ray source of 300 W. All of the XPS data
were collected at a takeoff-angle of 45� and a low-energy (25 eV)
electron flood gun was used to minimize sample charging. The
survey spectra (0-1000 eV) and high-resolution spectra of the
C1s, O1s, N1s, and S2p regions were acquired at pass energies for
the analyzer of 100.0 and 25.0 eV, respectively. An X-ray beam
was focused onto an area with a diameter of ca. 0.2 mm. Scheme
1 shows the reactions used.

Results and Discussion

ATRP ofMAPS in TFE in the Presence of Ionic Liquids. In
general, polymers with predictableMn’s and narrowMWDs
can be prepared byATRP in either homogeneous solution or
heterogeneous media, however, homogeneous polymeriza-
tion solution is preferable for the preparation of well-defined
polymer brushes because heterogeneous diffusion of mono-
mers and catalysts into the substrate surface results in non-
uniform propagation reaction from the surface-immobilized
initiators. Therefore, surface-initiated controlled polymeri-
zation should be conducted in a good solvent for both
the monomer and its polymer. MAES, MAPS, and MABS
monomers are soluble in water and methanol, while poly-
(MAES), poly(MAPS), and poly(MABS) are insoluble in
water and methanol, indicating that aqueous solutions is a
poor solvent for poly(sulfobetaine)s, although water and
methanol have been used in the conventional radical poly-
merization of MAPS. Since the commercially available
MAPS monomers sometimes contain the polymers, in this
study, all monomers were freshly synthesized and purified
just before use.

Surface-initiated ATRP of MAPS was carried out in the
presence of free initiator EBiB and the initiator-immobilized
substrate to produce the free poly(MAPS) and the corre-
sponding polymer brushes on the substrates. Table 1 shows
the Mn’s and MWDs of the free polymers determined by
SEC-MALS and the thickness of the polymer brush mea-
sured by ellipsometer. Significant differences were not ob-
served inMn’s and MWDs of free poly(MAPS) prepared by
ATRP in the presence and absence of initiator-immobilized
silicon wafers. ATRP ofMAPS in methanol/water (1/1, v/v)
proceeded quickly, completing within 0.1 h, but this led
to phase separation at high conversion. The reaction mix-
ture became heterogeneous, and the substrate surface was

Scheme 1
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covered with the precipitated polymers. The obtained poly-
mer had a broad MWD (Mw/Mn = 1.74) and much higher
Mn than the theoretical value calculated by themolar ratio of
monomer to free initiator in the feed, suggesting poor control
ofMAPS polymerization in aqueous solution. The relatively
fast polymerization rate and poor control might be attri-
buted to the hydrolysis of Cu-X bonds in the Cu(II) deacti-
vator species.39

Huglin et al. demonstrated that TFE and 1.0 M aqueous
NaCl solution are good solvents for the poly(MAPS) by
the light scattering, membrane osmometry and viscosity
measurements.20 TFE was previously used as a solvent for
ROMP of norbornene derivatives bearing sulfobetaine, car-
bobetaine, and ammonium bromide groups,21,22 and RAFT
ofMPC copolymer23 due to the excellent affinity of TFE for
the sulfopropylbetaine monomer and the polymers, yielding
a homogeneous reactionmixture. ATRPofMAPS inTFE at
60 �C proceeded in characteristic red colored homogeneous
solution (run 2) and produced the polymer at 95% yield
within 1 h to give a polymer with narrower MWD (Mw/
Mn = 1.40) than that obtained in the aqueous solvent
system.

Further improvement in controlled polymerization might
be achieved by the addition of halide anions in the reaction
mixture for ATRP of electrolyte monomers. Armes et al.
reported that the MWD of poly(2-(methacryloxy)ethyltri-
methylammonium chloride) (MTAC) prepared by ATRP in
the presence of sodium chloride was slightly reduced com-
paredwith that obtained in the absence of salt, although they
concluded that the improvement was within the range of
experimental error.40 Since inorganic salts are normally
insoluble in TFE, we attempted to use imidazolium type
ionic liquid HMImCl as an added salt. ATRP of MAPS in
TFE in the presence of HMImCl (HMImCl/TFE = 1/20,
wt/wt) at 60 �Calso yielded a homogeneous solution to give a
polymer with narrowerMWD (Mw/Mn=1.29) at 26%yield
(run 3). The observedMn of free poly(MAPS) was relatively
close value to the theoretical value. The yield of the polymer

eventually reached 99% by prolonging the experiment to 6 h
maintaining relatively narrowMWD (run 4), suggesting that
polymerization in the presence of ionic liquid proceeded very
slowly in a satisfactorily controlled manner. With increasing
the additive ratio of HMImCl/TFE by weight from 1/20 to
1/5, the yield of the polymer obtained by ATRP for 6 h
decreased from 99 to 34% (runs 4,5,8,9). The polymerization
rate was found to be largely dependent on the additive ratio
of HMImCl.

The observed Mn’s of runs 3-7 determined by SEC-
MALS were slightly larger than the theoretical values by
yield and the molar ratio of MAPS to free initiator EBiB in
the feed. In general, a largerMn than the theoretical value is
caused by undesired deactivation or side reactions during the
polymerization reaction. However, the SEC curves of all
polymers in this study showed relatively sharp unimodal
peaks without tails in the lower molecular weight region,
maintaining MWD around 1.19-1.22 independent of the
HMImCl concentration. In addition, the difference ratio
between the observedMn and theoretical value was constant
at Mn(calcd)/ Mn(obsd) = 0.72 in every batch for ATRP of
MAPS in theHMImCl/TFE system. Therefore, deactivation
of the initiator might have taken place at the initial stage
of polymerization when the initiator/catalyst solution was
injected into the monomer solution by the syringe technique.
One of the technical difficulties encountered in the experi-
ment was dissolving the MAPS monomer in the high con-
centration ionic liquid in TFE due to the high viscosity, thus,
the preferred controlled polymerization conditions were found
to be a HMImCl/TFE mixture of 1/10, (wt/wt) MAPS con-
centrationof around1.0M, and catalysts ratioof [CuBr]/[bpy]/
[EBiB]=1.05/2/1.As an exception, a better controlled polymer
was obtained by ATRP at the ratio of [CuBr]/[bpy]/[EBiB]=
2.1/4/1 in order to synthesize a polymer with molecular weight
higher thanMn>200000 g mol-1 (run 7).

Figure 1 shows the first-order kinetic plots for ATRP of
MAPS in HMImCl/TFE (1/10, wt/wt) at 60 �C. The loga-
rithmic monomer conversion index given by ln([M]0/[M])

Table 1. Surface-Initiated ATRP of MAPS at 60 �C.a

Mn

run ligands solvents (weight ratio) time (h) yieldb (%) calcdc SECd Mw/Mn thicknesse (nm)

1 bpy MeOH/H2O (1/1)f 0.1 99 147 000 365 000 1.74 70.0
2 bpy TFE 1 95 153 000 205 000 1.40 24.8
3 bpy HMImCl/TFE (1/20) 1 26 36 200 54 900 1.29 9.1
4 bpy HMImCl/TFE (1/20) 6 99 150 000 168 000 1.31 26.5
5 bpy HMImCl/TFE (1/10) 6 65 92 900 123 000 1.22 20.6
6 bpy HMImCl/TFE (1/10)g 18 99 76 500 82 600 1.18 11.6
7 bpy HMImCl/TFE (1/10)h 12 99 235 000 240 000 1.25 40.4
8 bpy HMImCl/TFE (1/6.7) 6 48 65 900 94 600 1.19 14.9
9 bpy HMImCl/TFE (1/5) 6 34 47 900 67 100 1.22 11.7
10 TMEDA TFE 0.5 40 48 400 146 000 1.74 -
11 TMEDA HMImCl/TFE (1/10) 12 1 15 800 19 500 1.71 3.0
12 PMDETA TFE 0.5 67 78 900 184 000 1.65 -
13 PMDETA HMImCl/TFE (1/10) 12 99 169 000 265 000 1.28 50.5
14 Me6TREN TFE 0.5 39 46 300 612 000 1.37 -
15 Me6TREN HMImCl/TFE (1/10) 12 90 133 000 638 000 1.24 102.0
16 bpy EMImCl/TFE (1/10) 12 93 70 800 137 000 1.15 11.5
17 bpy BMImCl/TFE (1/10) 12 99 70 700 110 000 1.17 8.8
18 bpy HMImCl/TFE (1/10) 12 99 131 000 134 000 1.20 22.8
19 bpy BMImBr/TFE (1/10) 12 99 142 000 162 000 1.36 15.2
20 bpy BMImI/TFE (1/10) 12 20 26 300 46 900 1.55 6.8

aMAPS = 3-(N-2-methacryloyloxyethyl-N,N-dimethyl)ammonatopropanesulfonate, TFE = 2,2,2-trifluoroethanol, EMImCl = 1-ethyl-3-methyli-
midazorium chloride, BMImCl = 1-butyl-3-methylimidazorium chloride, HMImCl = 1-hexyl-3-methylimidazorium chloride, BMImBr = 1-butyl-
3-methylimidazoriumbromide,BMImI=1-butyl-3-methylimidazorium iodide, bpy=2,2-dipyridyl, TMEDA=N,N,N0,N0-tetramethylethylenediamine,
PMDETA= N,N,N0,N0 0,N0 0-pentamethyldiethylenetriamine, Me6TREN= tris(2-(dimethyl)aminoethyl)amine, and EBiB = ethyl 2-bromoisobutylate.
ATRP condition: [CuBr]/[bpy]/[EBiB]/[MAPS]= 1.05/2/1/550. bGravity. cMn(calcd)= [MAPS]/[EBiB]�Yield/100� [MWofMAPS].Mn=number-
average molecular weight,Mw=weight-average molecular weight. dTheMn(obsd) of free poly(MAPS) was determined by SEC-MALS using a 200 mM
NaCl aqueous solution as an eluent. eEllipsometry (refractive index =1.50). fVolume ratio. g [CuBr]/[bpy]/[EBiB]/[MAPS] = 2/4/1/270. h [CuBr]/[bpy]/
[EBiB]/[MAPS] = 2/4/1/850.
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increased linearly with polymerization time from the initial
stage up to 95% conversion at 18 h, indicating that poly-
merization proceeded without crucial side reactions or deacti-
vation. In comparison, polymerization in TFEwithout ionic
liquid was completed within 1 h. The apparent propagation
rate constants kp

app of ATRP in the absence and presence
of HMImCl were 2.8 � 10-1 and 8.3 � 10-3 mol-1 L s-1,
respectively. As shown in Figure 2, as the monomer conver-
sion increased, theMn of poly(MAPS) also linearly increased
maintaining narrowMWD. The polydispersity index leveled
off at around Mw/Mn = 1.18 (run 6).

The formation of poly(MAPS) brush was confirmed by
XPS measurement, as shown in Figure 3. The four peaks at
532.0, 402.0, 285.0, and 167.0 eV were observed correspond-
ing to oxygen, nitrogen, carbon, and sulfur, respectively. The
atomic ratios of C/O/N/S in the poly(MAPS) brush were
estimated to be 0.64/0.26/0.05/0.05, which was relatively
close to the theoretical values calculated from the atomic
composition of MAPS. The carbon ratio was slightly larger
than theoretical value probably because of some impurities
adsorbed on poly(MAPS) brush surface.

Figure 4a shows the topographic AFM image of poly-
(MAPS) brush (Mn= 123000,Mw/Mn= 1.22) using tapping

mode. The root-mean-square (rms) of the surface roughness
was approximately 0.7 nm in a 3 � 3 μm2 scanning area.
Poly(MAPS) brush with large MWD (Mw/Mn = 1.80) pre-
pared by ATRP in water/methanol mixture showed 0.9 nm of
rms in a 3 � 3 μm2. Therefore, no significant difference in

Figure 1. First-order kinetic plots of ln([M]0/[M]) versus time for the
ATRP of MAPS at 60 �C (a) in 2,2,2-trifluoroethanol (TFE) (open
circle) and (b) in 1-hexyl-3-methylimidazorium chloride (HMImCl)/
TFE (1/10, wt/wt) (filled circle); [CuBr]/[bpy]/[MAPS]/[EBiB] = 1.05/
2/250/1 (molar ratio), [EBiB] = 0.0021 mM, where bpy, MAPS, and
EBiB are 2,20-dipyridyl, 3-(N-2-methacryloyloxyethyl-N,N-dimethyl)
ammonatopropanesulfonate), and ethyl 2-bromoisobutyrate, respec-
tively. ln[M]0/[M] was calculated by the gravities of synthesized poly-
(MAPS)s.

Figure 2. Evolution of (a) the number-averagedmolecular weight (Mn)
(open circle and straight line) and theoretical line (dash line), and (b)
molecular weight distribution (Mw/Mn) (filled circle) with conversion of
atom transfer radical polymerization of 3-(N-2-methacryloyloxyethyl-
N,N-dimethyl) ammonatopropanesulfonate) in 2,2,2-trifluoroethanol/
1-hexyl-3-methylimidazorium chloride (1/10, wt/wt) at 60 �C. Mn and
Mw/Mn of the poly(MAPS) were estimated by SEC-MALS measure-
ment using 200 mM NaCl aqueous solution.

Figure 3. XPS spectra of poly(MAPS) brush prepared by surface-
initaited ATRP of MAPS in 2,2,2-trifluoroethanol/1-hexyl-3-methyli-
midazorium chloride (10/1, wt/wt) on silicon wafer: (a) survey scan
spectrum; high-resolution spectra of (b) O1s, (c) N1s, (d) C1s, and (e) S2p
peak region.

Figure 4. AFM image of poly(MAPS) brush on silicon wafer (Mn

150000 Mw/Mn = 1.20) prepared by surface-initiated ATRP in 2,2,2-
trifluoroethanol/1-hexyl-3-methylimidazorium chloride (10/1, wt/wt)
using tapping mode in air. (a) Topographic image of poly(MAPS)
brush and (b) three-dimensional image of scratched poly(MAPS) brush
by sharp needle edge. The height of boundary layer of poly(MAPS)
brush was calculated to be 20.3 nm.
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roughnesswasobservedon the surface of brusheswithdifferent
MWDbyAFMunder air.Figure 4b showed three-dimensional
image of scratched poly(MAPS) brush surface by sharp needle
edge.Although thebankwas formedat theboundary scratched
region, the gap between flat brush layer and scratched bottom
area was 20.3 nm, which well agreed with 20.6 nm of the
thickness estimated by ellipsometry. The AFM observation
revealed that a homogeneous polymer layer was formed on the
substrate.

In order to estimate the molecular weight and MWD
of surface-grafted poly(MAPS), the surface-grafted poly-
(MAPS) was cleaved from the silicon wafer (65 � 65 �
0.5 mm3) by acidic hydrolysis using a 3% hydrogen fluoride
aqueous solution containing sodium chloride, and was col-
lected to measure SEC-MALS. The surface-grafted poly-
(MAPS) synthesized by SI-ATRP in methanol/water (1/1,
v/v) showed the broad MWD (Mn = 176 000, Mw/Mn =
1.80), while the surface-grafted polymer prepared by SI-
ATRP in TFE/HMImCl (1/10, wt/wt) had relatively narrow
MWD (Mn = 150 000, Mw/Mn = 1.26). These results
indicated that the polymerization of MAPS from surface-
tethered initiator proceeded in similar controlled manner as
well as the polymerization from sacrificial free initiator.

The thickness of the obtained poly(MAPS) brushes on
silicon wafers in air (temperature 298 K, relative humidity
30%) was estimated by ellipsometry. Figure 5 shows the
relationship between thickness of poly(MAPS) brush and
Mn of corresponding free polymer. The brush thickness
increased linearly from 2 to 40 nm with increasing Mn of
the free polymer. Provided that the free polymer and brush
chain generated in the same reaction batch have the same
Mn, the graft density σ of the polymer brush can be estimated
to be 0.080 chains nm-2 based on the relationship between
the thickness L (nm) and Mn as follows:
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σ ¼ FLNA � 10- 21=Mn ð1Þ

where F and NA are the assumed density of bulk polymer
1.34 g cm-338 and Avogadro’s number, respectively. This
value is lower than the typical graft density of a PMMA
brush (0.60-0.70 chains nm-2) prepared by the “grafting-
from” method, because of the larger molecular size of the
sulfobetaine group in the side chain compared with MMA.
The cross-sectional radius of gyration (Rc) of free poly-
(MAPS) in TFE solution was estimated to be 0.59 nm by
SAXS analysis. The cross-sectional area of a poly(MAPS)
chain can be calculated to be 8.87 nm2 by d2/8= ÆRcæ2, where
the d is a diameter of polymer chain bearing a sulfobetaine
unit. Then, the grafting density σ was estimated to be 0.112

chains nm-2, which was close to the previously mentioned σ
value of 0.080 chains nm-2. Therefore, the graft density of the
polymer brush was relatively high and was produced by SI-
ATRP in this study.

Postpolymerization experiments were conducted in HMI-
mCl/TFE in order to evaluate the living characteristics of the
chain ends. First-stage polymerization ofMAPS was carried
out inHMImCl/TFE (1/10, wt/wt) with free EBiB andBHE-
immobilized silicon wafer at 60 �C for 24 h to produce a
polymer with Mn of 12 600 and Mw/Mn of 1.17, and a
polymer brush with 2.0 nm thickness. The resulting free
polymer was carefully purified by reprecipitation two times
to remove the unreacted monomers and catalysts, and then
dried under vacuum at 50 �C for 12 h. The purified free
poly(MAPS) and the brush substrate were loaded in a glass
tube together with a fresh MAPS and HMImCl/TFE solu-
tion and then the second-stage polymerization was carried
out at 60 �C for 18 h. Figure 6 shows the SEC curves for the
free poly(MAPS) obtained in the first- and second-stage
polymerization. The curve in the second-stage polymeriza-
tion clearly shifted to a higher molecular region to Mn =
305 000 maintaining relatively narrow MWD (Mw/Mn =
1.20), indicating that most of the polymer chain ends effi-
ciently initiated ATRP of MAPS without any crucial termi-
nation reactions. The thickness of the polymer brush was
also increased from 2.0 to 24.4 nm.

Effect of Ligand and Ionic Liquid Structure onATRP.To com-
pare the polymerization control by copper complexes containing
various nitrogen-based ligands, such as TMEDA, PMDETA,
and Me6TREN, polymerization was carried out in TFE and
HMImCl/TFE (1/10, wt/wt) with EBiB at 60 �C. In general, the
activity of the Cu(I)/ligand complexes decreases in the follow-
ing order: teradentate ligands> tridentate ligands>bidentate
ligands.42 All ATRP in TFE gave polymers with rather broad
MWDs independently on the chemical structure of the ligand
(runs 10, 12, 14). On the other hand, the MWDs of the poly-
mer synthesized in HMImCl/TFE (1/10, wt/wt) was lower
than that in TFE except for the result with TMEDA. Poly-
merization using the copper complex of TMEDA hardly
proceeded in HMImCl/TFE (run 11). Although TMEDA is
a bidentate ligand forming a Cu(I)/ligand complex as well as
bpy, its catalytic activity was very low. In contrast, tridentate-
type PMDETA and tetradentate-type Me6TREN showed
high catalytic activity to give the polymers almost quantita-
tively within 12 h even in HMImCl/TFE (runs 13 and 15).
Although Cu(I)/PMDETA and Me6TREN produced poly-
mers with relatively narrow MWDs, the Mn determined by
SEC-MALS was much higher than the theoretical value,
especially in the case of synthesizing high-molecular-weight

Figure 5. Thickness of poly(MAPS) brushes estimated by ellipsometry
as a function of the number-averaged molecular weight (Mn) of the
corresponding free polymer produced by ATRP in 2,2,2-trifluoroetha-
nol/1-hexyl-3-methylimidazorium chloride (filled circle).

Figure 6. SEC curves of (a: dot line) original poly(MAPS) produced by
ATRP in 2,2,2-trifluoroethanol/1-hexyl-3-methylimidazorium chloride
(1/10, wt/wt) at 60 �C (Mn(obsd) = 1.26 � 104, Mw/Mn = 1.17), and
(b: solid line) postpoly(MAPS) generated from the original polymer by
ATRP (Mn(obsd) = 30.5 � 104, Mw/Mn = 1.20).
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polymer. These results indicate low initiator efficiency in
ATRPusing a copper complex of PMDETA andMe6TREN.
Therefore, we concluded that bpy was a suitable ligand for
copper-catalyzed ATRP of MAPS to give a polymer with
predictable molecular weight and narrow MWDs.

The effect of the chemical structure of ionic liquid on
controlled polymerization was investigated using 1-sub-
stituted-3-methylimidazolium halides with ethyl, butyl, and
hexyl groups and counteranions, such as chloride, bromide,
and iodide. The polymers obtained by ATRP in TFE solu-
tion containing EMImCl and BMImCl also had relatively
narrow MWDs of 1.15-1.20 (runs 16-18). No significant
difference was observed in ATRP using 1-substituted-3-
methylimidazolium chloride with ethyl, butyl, and hexyl
groups. On the other hand, poorly controlled polymerization
took place when ionic liquid with bromide and iodide counter-
anionswas used.ATRPofMAPS inTFE containingBMImBr
andBMImI (runs 19, 20) yieldedpolymerswithbroaderMWD
of 1.36 and 1.50, respectively, in contrast with the case of
BMImCl (run 17). The chloride anion was a suitable agent
among various counteranions to control the polymerization of
MAPS.

The effect of ionic liquid on controlled polymerization of
MAPS has not yet been clearly revealed.We suppose that the
imidazolium ionic liquid behaved as an electron-donating
solvent enhancing the reducing power of the CuII complex.
The polymerization rate depends on the value of the ATRP
equilibrium constant, which is the ratio of the rate constants
for activation and deactivation established through homo-
lytic cleavage of a C-X bond of a dormant species by a CuI/
ligand complex that generates the corresponding higher
oxidation state CuII/ligand complex deactivator and active
species with an organic radical.43 As a result, for ATRP
equilibrium might be shifted to the dormant species side to
result in a slow polymerization rate. In the case of BMImI,
iodide radicals might be more easily liberated from imida-
zolium cation compared with BMImCl and BMImBr to
trap the propagating radicals, eventually leading to a termi-
nation or radical transfer reaction and poorly controlled
polymerization. On the other hand, not only the coordina-
tion of the ionic liquid to copper catalyst but also the
interaction betweenMAPSmonomer and ionic liquid could
occur during the polymerization. Coordination of ionic
liquids to MAPS were reported by Laschewski et al., who
carried out the free radical polymerization of MAPS in
1-butyl-3-methylimidazolium hexafluorophosphate and
1-butyl-3-methylimidazolium tetrafluoroborate to give high
molecular weight polymer, although the phase separation
occurred during the polymerization.44 In this study, the inter-
action between MAPS and ionic liquid was supposed to be
moderated by TFE solvent to afford homogeneous polym-
erization.

ATRP of MAES andMABS in TFE/Ionic Liquid.ATRP in
TFE/ionic liquid cosolvent system was applied for controlled

polymerization of the other types of sulfobetaine monomers.
MAES and MABS are sulfobetaine methacrylates having a
different number of methylene units (m) between ammonium
cation and sulfonate anion in the side chains:m of MAES and
MABS is 2 and 4, respectively. ATRP of these monomers
was conducted under the same conditions as that of MAPS
(Table 2). ATRP of MAES and MABS in BMImCl/TFE
mixture of 1/10 yielded poly(MAPS) and poly(MAES) with
Mn’s of 233000 and 193000 g mol-1, and narrow MWDs
of 1.17 and 1.16, respectively (run 21, 22), though the observed
Mn’s were much larger than theoretical values. We supposed
that some impurities in monomers deactivated the initiator at
the initial stage of polymerization to decrease the initiator
efficiency.On the other hand, poly(MABS) obtained byATRP
in BImBr/TFE mixture had broader MWD of 1.30 (run 23)
compared with ATRP of MABS in BMImCl/TFE. As men-
tioned previous paragraph, chloride counteranion of the imi-
dazolium salt gave better control in ATRP of MAES and
MABS compared with bromide counteranion. The graft den-
sity values of poly(MAES) and poly(MABS) brushes were
calculated to be 0.093 and 0.064 chains nm-2, respectively, by
the thickness of brushes and theMn of the corresponding free
polymers. These values might be reasonable considering that
the σ of poly(MAPS) (m=3) was 0.080 chains nm-2. Increas-
ing themethylene spacerm from 2 to 4, the sulfobetainemono-
mers occupy a larger cross-sectional area on a flat surface to
result in smaller graft density of polymer brushes.

Conclusions

We found that (surface-initiated) direct ATRP of MAPS in
TFE containing a small portion of 1-alkyl-3-methylimidazolium
chloride proceeded in a satisfactorily controlled manner to
produce well-defined poly(MAPS) brushes and the correspond-
ing free polymer with predictable Mn of about 200 000 g mol-1

and relatively narrow MWD of 1.15-1.25. We assumed that
improved control was achieved by homogeneous reaction media
given by the affinity of TFE and imidazolium chloride for
sulfobetaine monomers. Well-defined free polymers can be pre-
pared even in a heterogeneous reaction mixture; however, it
would be difficult to generate the polymer brushes with uniform
thickness and Mn on the substrate surface. In general, sulfobe-
taine monomers and polymers in water with low ionic strength
self-aggregate due to the strong attractive electrostatic interac-
tion. The polarity of TFE and ionic liquids would screen the
interaction between betaine units to give a homogeneous solu-
tion. The combination of TFE and ionic liquid is expected to
improve the controlled polymerization of various types of mono-
mers bearing polar or charged functional groups and to produce
well-defined polyelectrolyte brushes, which will contribute to
more sophisticated analysis of soft interfaces.
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ABSTRACT: End-coupling between immiscible melts of two monofunctionalized polymers of a same
lengthwasmodeled by dissipative particle dynamics starting from a flat interface and up to the formation of a
mature lamellar microstructure. Influence of the reaction rate, chain length, and incompatibility of
components on the kinetics of copolymer formation andmorphology developmentwas investigated.Regimes
of linear and logarithmic growth of the conversion with time were observed before the flat interface became
unstable. The conditions and mechanism of interfacial roughness development were studied in detail. It was
demonstrated that overcrowding the interface with the copolymer product causing its phase separation plays
the main role in spontaneous interface distortion. The instability leads to autocatalytic interface growth with
exponential kinetics, when each new portion of the product creates more area for further reactions. It was
followed by a slower terminal regime including formation and ripening of the lamellar microstructure. The
late stage kinetics of end-coupling was strongly influenced by depletion of reactants and formation of ordered
product layers. At certain conditions, it became asymptotically diffusion controlled in agreement with
published experimental data.

Introduction

Design of commercial polymer composites is based on com-
bining different species to tailor material properties.1 However, a
straightforward melt blending is often ineffective due to the
tendency tophase separation inmost of polymer couples.Usually
it results in a small area of polymer-polymer interface and hence
weak adhesion between blend components. Adding copolymers
that serve as surfactants andpromote adhesionby increasing contact
area, forming entanglements, and introducing chemical bonds
between immiscible domains can solve the incompatibility problem.

Though premade graft, block, and random copolymers are
widelyused, themost promising strategy is related to the so-called
reactive compatibilization,1-5 which implies copolymer forma-
tion in situ. Its main advantage is that copolymers appear at the
interface just where they are needed to improve thermodynamic
and mechanical properties of a composite.6

Understanding the fundamentals of reactive polymer blending
requires various contributions to be separated, which is possible
only for relatively simple systems. One of the most popular
models is a flat interface between melts of incompatible homo-
polymers A and B, end units of which are functionalized with
complementary reactive groups. An end-coupling reaction pro-
duces a block copolymer AB, which modifies the interfacial
tension, adhesion, etc. and in turn influences the reaction rate.
Under quiescent conditions, diffusion and reaction are the only
factors governing evolution of a bilayer system. Their interplay
was investigated in theory,7-11 by simulations,12-16 and experi-
mentally.5,17-22

At the very beginning, the interfacial coverage n (the number of
copolymer chains per unit interface area) grows linearly with time t.
If the local reactivityQof contacting endgroups ismuch less than the
inverse relaxation time for amonomer unit, which is realized inmost
of the experiments, then theories predict that a linear regime n∼ t is
followed by a diffusion controlled (DC) regime n ∼ t1/2. However,
the characteristic time separating the regimes is very large being
proportional to Q-2 so that the DC regime could be outside
experimental time scales.10 Indeed, the only evidence of a “depletion
hole”19 is related to the low-temperature reactionbetweenPS-COCl
and PMMA-NH2 in supercritical CO2, whereas melt studies with
various functional groups suitable for chain coupling23,24 demon-
strate mean field kinetics without any DC regimes.

At the same time, diffusion controlled kinetics is well reproduced
in molecular dynamics,12 Monte Carlo13-15 and hybrid model16

simulations, while the linear regime is distorted or not observed at
all. This can be explained by unrealistically high reaction rates used
in all simulations of end-coupling performed so far. In fact, it was
assumed12-16 that each contact between reactive chain ends led to
the formation of a covalent bond with probability one.

Another important factor influencing the reaction kinetics is
saturation of the interface with the copolymer product. At a
critical coverage ncr=1/(3N1/2b2) (b is a segment size,N is a chain
length assumed to be equal for both polymers) blocks start to feel
one another and therefore begin to stretch. Copolymer chains
gradually form a brush, which creates a potential barrier for
unreacted homopolymers approaching the interface. Asympto-
tically, a new kinetic regime is established:9

n ∼ ncr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnððN1=2tÞ=ðτ1 ln NÞÞ

q
∼ ðln tÞ1=2*Correspondingauthors.E-mail: (A.V.B.) berezkin.anatoly@rambler.ru;

(Y.V.K.) yar@ips.ac.ru.
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where τ1 is the terminal chain relaxation time. At weak reactivity
and equal reactant concentrations, the copolymer begins retard-
ing kinetics before theDC regime is set so that the linear regime is
directly followed by the logarithmic one.

While theories are focused on the early stages of end-coupling,
experiments demonstrate18,20,25,26 that a slowdown in the kinetics
caused by interface saturation can be spontaneously superseded
by acceleration, which is accompanied by abrupt roughening and
emulsification of the interface. Under simple shear flow, a fine
microstructure can be easily formed in the reacting system at a
shear rate that is not enough to increase interface area by itself.27

The similar scenario is observed inmelts where coupling reactions
produce graft copolymers.28,29

It was shown that interface roughening does not occur and the
kinetic curve levels off if reacting homopolymers are rather long
(χN=10) and therefore separated bya verynarrow interface18 or
if their degree of functionalization is low (<30 wt %).26 How-
ever, those particular observations do not specify sufficient
conditions for interfacial roughness development and itsmechan-
ism. An attempt to explain a steep increase in roughness in the
reacting blend of dPS-NH2 and P2VP-anhydride by the van-
ishing interfacial tension20 was later challenged by the finding
that coupling between those polymers is a reversible reaction,
which influences a block copolymer amount at the interface.21

Previous computer simulations of end-coupling also captured
the possibility of accelerating the reaction kinetics at late
stages.12,16 It was found that the flat interface became unstable
after the interfacial tension had vanished, whereas subsequent
growth of the interface width obeyed a diffusion law (∼t1/2)
indicating about possible effect of thermal fluctuations.However,
those studies were severely restricted in spatial and time scales by
limitations in computational resources. The routine molecular
dynamics simulation12 only enabled detection of the interfacial
instability. Investigating subsequent growth of fluctuations and
transformation of the bilayer system into a lamellar structure16

involved a number of simplifications: initial homopolymers were
modeled by hard spherical particles while block copolymers by
rigid dumbbells, the coupling rate was unrealistically high, the
interfacial tension was approximated by the gradient energy
density, hydrodynamic effects were neglected.

In this work, we use computer simulations to reexamine
evolution of an incompatible polymer melt undergoing end-
coupling reactions. The study is focused on understanding
reasons and kinetics of interface roughening usingmore realistic
probabilistic reaction kinetics. We model highly concentrated
systems, where every chain carries a reactive end group. This
promotes formation of an interfacial block copolymer layer in a
mean field (reaction controlled) kinetic regime in agreement
with most of the experiments. The dissipative particle dynamics
method, which is used for simulations, provides high speed of
relaxation and accounts for hydrodynamic effects. As a result,
time scales are attained that are 2 orders of magnitude as large
as the interface saturation time ts. This enables us to study the
development of interface roughening in detail. It is found that
after the flat interface becomes unstable, the reaction is char-
acterized by exponential kinetics. Subsequent formation and
ripening of lamellas are considerably influenced by diffusion of
reactants.

Simulation Technique and Model

We use a coarse-grained molecular dynamics method referred
to as dissipative particle dynamics (DPD). This simulation tech-
nique was proposed by Hoogerbrugge and Koelman30,31 and
developed by Espanol, Groot, and Warren.32,33 Its applicability
to polymer systems was substantiated bymapping DPD onto the
lattice Flory-Huggins theory.33

Consider an ensemble of interacting particles governed by
Newton’s equations of motion:

dri

dt
¼ vi, mi

dvi

dt
¼ f i þ fpoli ð1Þ

Here ri, vi, mi denote the radius vector, velocity, and mass of the
ith particle, and fi and fi

pol are nonpolymeric and polymeric forces
acting on it. The former force, which describes interactions in the
corresponding low-molecular liquid, may be written as a sum of
pairwise additive contributions:

f i ¼
X
j 6¼i

ðFC
ij þFD

ij þFR
ij Þ ð2Þ

where the summation is performed over all other particles within
a certain cutoff radius rc. We assume that all quantities in eq 1, 2
are dimensionless and for simplicity set all mi and rc to unity.

A conservative force Fij
C describes soft core repulsion between

contacting particles

FC
ij ¼ aijð1- rijÞrij, rij < 1

0 rij g 1

(
ð3Þ

where rij = rj - ri, rij = |rij|, rhij = rij/rij, and aij is a maximum
repulsion between particles i and j attained at ri = rj.

Other constituents of fi are a dissipative force Fij
D (friction) and

a random force Fij
R:

FD
ij ¼ -

σ2

2kBT
½ωðrijÞ�2ðvij 3 rijÞrij,

FR
ij ¼ σωðrijÞ ζffiffiffiffiffi

δt
p rij, ωðrÞ ¼ 1- r, r e 1

0, r > 1

(
ð4Þ

where σ is a noise amplitude, kB is the Boltzmann constant, T is
temperature, vij = vi - vj, ζ is a normally distributed random
variable with zero mean and unit variance chosen independently
for each pair of particles, and δt is a time step. We take that
kBT = 1 and define a dimensionless time unit as

τ ¼ rc

ffiffiffiffiffiffiffiffiffi
m

kBT

r
¼ 1 ð5Þ

Chain connectivity of particles is introduced using the stan-
dard bead-spring model so that fi

pol is a bond elasticity force

fpoli ¼
X
j

Kijrij ð6Þ

where Kij is a spring constant (we take Kij = 4 for bonded
particles and zero for others).

Following Groot andWarren33 we choose σ= 3, the reduced
particle density F0 = 3, and aii= 25. In that case, aij is related to
the interaction parameter χ of the Flory-Huggins theory as

aij ¼ χ=0:306þ 25, i 6¼ j ð7Þ
The Groot-Warren thermostat defined by eq 4, where the

random and dissipative forces serve as a heat source and sink,
respectively, preserves momentum for each pair of interacting
particles and therefore enables one to account for hydrodynamic
effects onmicrophase separation in block copolymers,34,35 which
are inaccessible by the Monte Carlo method and conventional
molecular dynamics.

Simulations were performed with DPDChem freeware
package.36 The equations of motion 1 were solved using the so-
calledDPD-VV integration scheme,37which is amodified version
of the velocity-Verlet algorithm (MD-VV), fast enough and
more accurate than the latter. The time step δt=0.04 was taken,
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which allows to accurately model compatibilization during
relatively long time intervals. Since some artifacts stemming from
the choice of an integration scheme, time step, and relative
intensity of dissipative and random forces in the DPD method
were previously reported,38 a part of our simulations was carried
out at the smaller time step δt = 0.02 and almost the same
kinetics was observed.

A simulation box initially contained two layers of incompatible
macromonomers A and B of equal polymerization degree (NA=
NB=N) taken in equal amounts and separated by a flat interface
parallel to the xy plane. Periodic boundary conditions along all
axes were imposed. Alternatively, impenetrable walls made of
particles similar to the particles of an adjacent melt were used in
the z direction. In both cases the same reaction kinetics was
observed provided the difference in the interfacial area was taken
into account.

Simulations were carried out in boxes of different shapes
containing up to 105 particles at the average number density
F0 = 3. At short times (t = 10-1÷103) the best statistics were
obtained for a slab of sizes lx� ly� lz=50� 50� 20 (in rc units)
with impenetrable walls perpendicular to the z axis. This can be
explained by a maximum surface-to-volume ratio and number of
elementary reactions per unit time attained in that box. In the
range t= 102÷104 the most effective was a box of sizes lx � ly �
lz = 25 � 25 � 50 with periodic boundary conditions in all
directions. At t= 103÷105, a rod-like box of sizes lx � ly � lz =
15� 15� 80 and impenetrable walls in the z directionwas chosen
because it enabled studying the diffusion of reactants through a
thick layer of the copolymer product. The last box contained
5.4 � 104 particles only and such reduction made it possible to
expand the time interval for studying late stages of the process.
Curves presented in the next Section were plotted using the data
for a box providing the best statistics for a given time interval.

Simulations were performed for N = 2, 5, and 10 at the fixed
repulsion parameter aAB = 50 and for aAB = 25, 30, 35, 40, 45,
50, 60, and 80 at the fixed macromonomer length N = 5. Four
runs per each system were carried out starting from random
initial configurations. Deviations in the kinetics for different runs
never exceeded 7% at the initial stage (at a flat interface) and 3%
at the late stage (after interface roughening).

It is easy to find that whenN is varied, the product χ(NAþNB)
takes the values of 30.6, 76.5, and 153.0, whereas increasing aAB

from 30 to 80 results in a wider range χ(NA þNB) = 15.3÷168.3
(aAB = 25 corresponds to an athermal and therefore compatible
blendwith χ=0). The lower boundary of that range corresponds
to the outset of the strong segregation regime in a pure AB
copolymer melt,39 when block conformations are close toGauss-
ian, whereas the upper boundary lies within the superstrong
segregation regime,40 when blocks are highly stretched. In any
case, blocks of the copolymer product are rather incompatible
and therefore tending to form a brush at the A/B interface.
According to the strong segregation theory,39 the phase behavior
of a polymer system is determined by the product χN and DPD
correctly reproduces this scaling.34 Therefore, properties of low
N - high χ systems studied by simulations can be mapped onto
those of high N-low χ blends usually investigated in laboratory
experiments.

Chemical reactions were modeled using the probabilistic ap-
proach based on the following principles.

1. Two active centers can react (form a new bond) at
a short distance only, which is called the reaction
radius rR.

2. Each pair of contacting active particles has to be
considered for the possible reaction in a random order.

3. Reaction in every pair proceeds with a certain pre-
defined probability pR.

4. If the average number of pairs simultaneously formed
by an active center equals η, then pR value should
obey the rule ηpR< 1 to prevent underestimating the
reaction rate.

Similar approacheswere implemented inMD,41,42DPD,43 and
Monte Carlo44 simulations of polymerization.

In this work, the probability of end-coupling per unit time was
chosen to be pR = 0.0025, 0.025, or 0.25 for each pair of reactive
particles situated within the distance rR = rc = 1. The reaction
procedure was carried out every tenth integration step. First of
all, pairs of reactive particles separated by distances r e 1 were
detected. Then, for each pair a random number λ ranging from 0
to 1 was generated and compared to pR. At λ< pR, the reaction
took place and a new bond was irreversibly formed. If several
complementary particleswere closer than rR froma given reactive
particle, then the reaction was attempted with each of those
particles in order of distances to them.

According to the generalized Flory principle, at a fixed reac-
tion probability, the effective reaction rate should be the same for
macromonomers of different lengths. However, our simulations
demonstrated that it slowly decreases withN. It can be explained
by displacement of reactive particles B from the surrounding of a
given reactive particle A (and vice versa) by its unreactive
macromonomer tail. The longer the tail is the lower is the local
concentration ofB particles. This effect can be quantified in terms
of the parameter

γ ¼ 4π

VR

Z
rR

0
r2gðrÞ dr < 1 ð8Þ

where g(r) is the AB pair correlation function and integration is
performed over the reaction radius rR, VR = 4πrR

3/3. By
definition, γ is a ratio of the concentration of reactive particles
B within the reaction radius of particle A and their mean bulk
concentration. Considering a homogeneous end-coupling of two
miscible macromonomers, we found γ = 0.9023, 0.8778, and
0.8751 for N = 2, 5, and 10, respectively, i.e., the apparent
reactivity slowly decreases with the tail size resulting in the 3%
difference between the longest and shortest chains. A similar
effect is expected for the reaction at a polymer/polymer interface.
In the present simulation, it is neglected but should be taken into
account when reactions in highly polydisperse or branched
systems, such as radical polymerization or network formation,
are modeled.

The relation between DPD time and real time can be roughly
found as follows. Consider a homogeneous coupling between
reactantsA andB of densities FA and FB, which obeys the second-
order kinetics:

∂rA
∂t

¼ - krArB ð9Þ

The characteristic time of this reaction is τh = 1/(kFB0 ), where
FB0 is the initial value of FB. For our DPD model, k = γVRpR ≈
4πpR/3, FB0 = F0/NB = 3/N so that τh ≈N/(4πpR) is varied from
0.6 for N = 2 and pR = 0.25 to 3 � 102 for N = 10 and pR =
0.0025. The corresponding experimental value of τh can also
range in wide limits for reacting groups of different chemical
nature. For example, k ≈ 102 kg/(mol 3min) at 180 �C was
reported45 for aliphatic amine and anhydride attached to the
ends of PMMA chains. The reaction rate was limited by the
amine initial concentration of FB0 = 3.5 mmol/kg, which yields
τh ≈ 1.7 � 102 s. Therefore, the unit time for our slowest DPD
simulation is equivalent to 0.57 s in the mentioned experiment.

The same reacting groups were used for studying an interfacial
reaction between PS (18 kg/mol) and PMMA (23 kg/mol) layers
at 175 �C.26 After 10 min, which corresponds to ca. 103 units of
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DPD time, a significant interface roughening was detected.
In order to study late stages of the reaction, longer runs are
needed so the simulations in this work were carried out up to 105

DPD time units.
As there are twodynamic processes in themodeled system, that

is, chemical reaction and diffusion, it is instructive to compare
their rates. Consider an initial bilayer melt of end-functionalized
macromonomers A andB of densities FA0 = FB0 = F0/N. The local
reaction time for two contacting particles A and B is τR ≈ 1/pR.
Coupling takes place within an interfacial layer, the width h of
which depends on the degree of macromonomer incompatibility.
The interfacial area per reacting pair is s = N/(2hF0), where it is
taken that the end-group concentration at the interface is twice as
high as in the bulk.46 The time necessary for a particle to explore
this area by diffusion equals s/(4D)=N/(8DhF0) and, since both
types of reactive particles are mobile, the local diffusion time
reads τd = N/(16DhF0), whereD is the macromonomer diffusiv-
ity. The ratio τd/τR = pRN/(16DhF0) determines, whether the
reaction is kinetically (τd/τR , 1) or diffusion (τd/τR . 1)
controlled. Taking that h ≈ 1, F0 = 3, and D = 0.16273,
0.063909, and 0.03151 for N = 2, 5, and 10, respectively,47 we
estimate that for ourmodel systems 6.4� 10-4e τd/τRe 1.7, i.e.,
a diffusion control is not expected. The lowest value of τd/τR ratio
is consistentwith the experimental data,48whereas in the previous
simulations,12-16 where particles reacted immediately after con-
tact (pR = 1), the role of diffusion was markedly overestimated.

It is known that the viscosity of DPD liquids is very low and
this problem can be alleviated by using the Lowe-Anderson
thermostat49 as an alternative to eq 4. However, the above
estimates allow concluding that it is hardly applicable in our case
because higher viscosity would lead to decreasing the diffusion
rate and hence emerging diffusion controlled regimes outlying
most of the experimental observations.

Results and Discussion

Mean Field Linear Kinetics. The initial kinetics of end-
coupling at a polymer/polymer interface approximately
obeys the second-order mean field law7,8

dn

dt
� k0r0Ar

0
B ð10Þ

where n is the copolymer coverage assuming a flat interface
(the number of copolymer chains per unit area of the xy face
of the simulation box), FA0 and FB0 are the initial bulk densities
of reactive end groups, and k0 is the reaction rate constant
(k0 ∼ pR). Since all macromonomers are of the same poly-
merization degreeNA=NB=N and functionalizedwith one
reactive group, then FA0 = FB0 = F0/N, where F0 is the total
particle density, which is assumed to be constant for a DPD
liquid.

Neglecting the decay of reactants on a short time scale, we
integrate eq 10 and get a linear dependence of n on time:

n ¼ K
pR

N2
t, K ¼ const ð11Þ

Corresponding renormalization of the time scale gives a
universal n(t) dependence for the earliest stage of the reaction
(Figure 1). Coincidence of the kinetic curves for different
values of N and pR corroborates that the chosen range of
end-coupling probabilities indeed corresponds to the mean
field regime.

Formation of the Copolymer Layer. As is seen from
Figure 1, the linear stage is over at tpR/N

2≈ 0.03. According
to the theoretical analysis byO’Shaughnessy andVavylonis,10

the model parameters chosen for our simulation (low reac-
tivity, complete functionalization of macromonomers, equal
polymerization degree)make it possible to avoidDCkinetics

so that the linear regime is followed by the saturation regime
when the reaction rate is slowed down due to adsorption of
the copolymer product at the interface.

It is demonstrated in Figure 2 that there exists a range
when the kinetic curves for N=5 and 10 indeed obey the
logarithmic dependence

nðtÞ ∼ ncr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnððN1=2tÞ=ðτ1 ln NÞÞ

q

predicted by Fredrickson andMilner9 using the brushmodel
for an adsorbed copolymer. The duration of the saturation
regime increases with the chain length because brushes of
longer chains create higher thermodynamic barrier for the
reactants. This effect is clearly seen in Figure 1, where
nonlinearity of the curves is revealed earlier with increasing
N. Termination of the regime is steeper also for longer
chains. The logarithmic dependence is almost unobservable
atN=2as a brush hardly can be formed by chains consisting
of four units.

As in Figure 1, the curves for different reaction probabilities
are coincide inFigure 2 indicating that thekinetics stays reaction
controlled at least up to the end of the saturation regime.

Notwithstandingtheadsorption layer suppressesend-coupling,
the reaction continues and new portions of the product are

Figure 1. End-coupling kinetics: the dependence of the copolymer
interfacial coverage n on scaled time. Curves are plotted for NA =
NB =N= 2, 5, 10, pR = 0.25, 0.025, 0.0025. The repulsion parameter
aAB = 50 in all the cases. The linear fit at the initial stage according to
eq 11 is shown by the dashed line.

Figure 2. Saturation stage of end-coupling. Simulation curves and
parameters are as in Figure 1. The slope of the logarithmic fit
n ∼ (ln t)1/2 is shown by dashed lines.
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formed at the interface. According to experimental observ-
ations18,20,25,26,28,29 and simulations12,16 this can lead to an
interfacial instability. Such behavior is reproduced in our
simulations as well. Each kinetic curve in Figure 1 demon-
strates an inflection point at a certain time ts, which is called a
saturation timemarking the end of the corresponding regime.

The main questions are why and when does the instability
arise, and what governs the reaction kinetics at later stages.

Interfacial Instability in the Reacting Blend.Figure 3 clearly
demonstrates a buildup of lamellar microstructure after the
flat interface becomes unstable.

The emerging microstructure, which is formed by diblock
copolymer chains, strikingly resembles the result of a micro-
phase separation. Based on these observations, we put for-
ward a hypothesis that the interface roughening can be
interpreted as a response of the growing diblock copolymer
layer, when its density attains a maximum value correspond-
ing to the equilibrium density of chains in lamellas formed by
a pure copolymer melt, c¥.

In order to calculate c¥, we modeled by DPD the micro-
phase separation in a melt of pure AB copolymer having the

same characteristics as the copolymer formed by end-cou-
pling (see Appendix A).

The interfacial copolymer coverage for a reacting bilayer
system, n, which is calculated by dividing the number of
copolymer molecules by the xy face area of the simulation
box, Sxy, does not coincide with the interfacial density
because even the initial interface between homopolymers is
not perfectly flat. Its area S0 found by applying the triangu-
lation procedure50 (see Appendix B) and dividing the result-
ing area by Sxy is given in Table 1 for the fixed block length
N = 5 and repulsion parameter aAB varying in the range
30÷80. It is seen that S0 naturally decreases with growing
incompatibility of the blend components. At aAB = 25 the
blend is compatible and no A/B interface exists.

Thus, the true copolymer density at the unperturbed
interface is n/S0 and it should be compared to the density
of pure copolymer in lamellas c¥ from Table A2. We
calculated n*= c¥S0 and marked these values on the kinetic
curves n(t) in Figure 4.

It is seen that in all cases they are indeed close to the
inflection points so that c¥ well approximates the maximum

Figure 3. Snapshots of the reacting blend in the box of sizes 25� 25� 50 with impenetrable walls. Shown are active ends of the macromonomers (A
groups in orange; Bones in light blue) and copolymer chains (Aparticles in red;Bones in darkblue): the initial system (a), saturated layer at t=400 (b),
and perturbed interface at t= 1000 (c), forming a lamellar microstructure at t= 2000 (d), 3000 (e), and 4000 (f). pR = 0.25, N = 5, and aAB = 50.
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copolymer interfacial density reached in the saturation re-
gime. In other words, n* ≈ n(ts). Growth of n* with aAB can
be explained by increasing the equilibriumdomainwidth due
to the stretching of copolymer chains, however, the depen-
dence appears to be rather weak, in accordance with the
strong segregation theory prediction d ∼ χ1/6.39 The char-
acteristic saturation time ts is much more sensitive to the
blend incompatibility. As is seen from Figure 4, retardation
of the kinetics is mostly pronounced at the end of the
saturation regime so that forming a slightly denser layer
(compare the curves for aAB = 30 and 80) requires up to 2
orders of magnitude more time.

Thus, overcrowding the interface with the reaction pro-
duct may be called the main reason for a spontaneous
interfacial instability. Roughening and subsequent micro-
structure formation should be governed by the same driving
forces as microphase separation in a pure copolymer,
namely, the repulsion of dissimilar blocks, excluded volume
interactions of blocks of one type and their conformational
entropy.

It is interesting to compare the characteristic time of a
microstructure formation in the diblock copolymermelt (t1/2
from Table A1) and the interface saturation time ts for the
reacting blend. ForN= 10 the saturated copolymer layer is
formed at tspR/N

2 = 7 that corresponds to a span ts =
(2.8÷280) 3 10

3 (depending on pR), which is much larger than
t1/2 ≈ 470 (Table A1). At N = 5 we have tspR/N

2 = 2, ts =
200÷20000, t1/2≈ 380 so that for the fastest reaction ts and t1/2
become comparable. For N = 2, tspR/N

2 = 1 and ts =
16÷1600, t1/2 ≈ 160 and only at the highest reaction rate the
rule ts g t1/2 is violated. Thus, for most of the modeled
reacting systems, the saturated copolymer layer should be in
a quasi-equilibrium state with respect to microphase separa-
tion. If the reaction were stopped, the instant spatial struc-
ture would not change. This statement was directly verified
by simulations and appeared to be true.

In the previous studies,12,16,20 the genesis of interfacial
instability during reactive compatibilization was related to a
drop in the interfacial tension. This macroscopic character-
istic is introduced by integrating the difference of normal and
tangential components of the pressure tensor across the

interface:51

σ ¼
Z

lz

0
ðpnðzÞ- ptðzÞÞ dz ð12Þ

Unfortunately, there is no unambiguous way to compute
the normal (pn) and tangential (pt) components of the
pressure tensor for a heterogeneous mixture. If, however,
there is a flat interface in the modeled system, then the
Kirkwood-Buff convention52 may be used. The simulation
box is divided into equal layers parallel to the xy plane and
the local components of the pressure tensor are calculated:

pnðzÞ ¼ r0ðzÞþ
1

V

X
i 6¼j

ðkÞ z2ij
rij

FC
ij

* +
,

ptðzÞ ¼ r0ðzÞþ
1

2V

X
i 6¼j

ðkÞ x2ij þ y2ij

rij
FC
ij

* +
,

FC
ij ¼

aijð1- rijÞþKijrij ,

Kijrij,

rij < rc

rij g rc

8<
:

ð13Þ

Here F0 is the average particle density in a slab with
coordinate z, V is the layer volume, Fij

C is the conservative
repulsion force acting between i and j particles separated by
the distance rij. The summation runs over all pairs of particles
within a given slab.

The dependence of the interfacial tension σ on simulation
time is shown in Figure 5. The tension is moderately
decreased during the saturation regime but it remains clearly
positive at t = ts when a critical amount of the copolymer
product n= n* is attained and the interfacial instability
begins to develop. Therefore, in our simulations the vanish-
ing interfacial tension is not a prerequisite for the blend
emulsification. Since the interfacial energy is far from zero,
thermal fluctuations are not expected to considerably con-
tribute to the development of interfacial instability, contrary
to the conclusions of ref 16.

The subsequent steeper drop in σ observed in Figure 5 is
related to deformations of the interface. However, a quanti-
tative interpretation of data for the region where the inter-
facial tension is close to zero is hardly possible because
multiple interfaces of a forming lamellar microstructure are
not necessarily oriented perpendicular to the z axis, and
therefore, eq 12 becomes inapplicable. Similar methodolog-
ical difficulties were mentioned earlier in the literature.13

Table 1. Interfacial Area in the Melt of Incompatible Homopolymers
A and B (NA = NB = 5)

aAB 30 35 40 45 50 60 80
S0 1.6169 1.2819 1.2495 1.2219 1.1814 1.1661 1.1331

Figure 4. Copolymer interfacial coverage n vs scaled time for different
values of the repulsionparameteraAB, pR=0.025,N=5.The red curve
is drawn through the points that correspond to the interfacial coverage
for a pure copolymer melt forming lamellas under the same conditions.

Figure 5. The dependence of the interfacial tension on scaled time for
different block lengths at aAB = 50. Large circle on each curve
corresponds to the saturation time t = ts, when n = n* is attained.
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Our findings correlate with the results of studies on
compatibilizing polymer blends with premade copolymer
additives. For a blend of PS and PMMA, it was argued53,54

that the stability of a dispersed phase, especially under
blending conditions, could be provided by a small (several
wt %) amount of copolymer, which did not cause a signifi-
cant reduction in the interfacial tension. Steric interactions
of diblock copolymer shells covering droplet phase particles
and hindering their coalescence were proposed as the main
mechanism of stabilization.

Late Stage Kinetics. The interfacial density c¥, which is
attained just before the instability manifests itself, is kept
nearly constant during its development. This is demonstrated
in Figure 6, where the dependence of the total interfacial area
on the amount of copolymer product is plotted up to the end
of simulation. As long as the single flat A/B interface is
retained (for n e 1), its area does not deviate much from the
initial value S0. However, later the interfacial area grows
almost linearly with the copolymer amount so that the ratio
n/S, which is nothing else but the interfacial copolymer
density, remains approximately equal to n*/S0 = c¥. It is
worth noting that c¥, calculated as the thermodynamically
equilibrium value for a pure copolymer melt, has the same
meaning for the reacting system because it is almost indepen-
dent of the reaction rate pR at a fixed block length N.

Nearly linear dependencies S(n) in Figure 6 correspond
to an apparent rise of the kinetic curves in Figure 1 after
the inflection point (t= ts). If those curves are plotted in the
semilogarithmic scale of Figure 7, their linear parts are
clearly visible. It means that the kinetics is exponential and
the reaction proceeds in an autocatalytic regime starting at
tpR/N

2= 1 when the copolymer interfacial coverage n≈ 1 so
that the initial flat interface is saturatedwith copolymer chains.

Close correspondence between Figures 6 and 7 indicates
that during the autocatalytic regime end-coupling still obeys
the second-order mean field law

dn

dt
¼ krArB ð14Þ

Indeed, the effective rate constant k is proportional to the
instant interfacial area S, which in turn linearly increases
with the copolymer amount n as it follows from Figure 6:

k

ks
� S

S0
� n

n� ð15Þ

Constants in the denominator of eq 15 correspond to the
instability onset at t= ts, when n= n*, S= S0, and k= ks.

If we neglect a decrease in the initial reactants (FA = FB ≈
F0/N), then dn/dt ∼ n. Integrating eq 14 we obtain that the
total number of copolymermolecules per unit area of the box
face grows exponentially in time:

n ¼ n� expðksr0ðt- tsÞ=ðN2n�ÞÞ ð16Þ
as is observed in Figure 7 for all modeled systems.

The duration of the autocatalytic stage decreases with
increasing the reaction probability pR (note that the abscissa
coordinates in Figure 7 are proportional to the product tpR
rather than t itself). It correlates with our finding that the
fastest reaction for N = 2 leaves microphase separation of
the copolymer behind its formation (ts e t1/2). In other
words, in the last case copolymer chains have not enough
time to set up a quasi-equilibrium lamellar structure and this
results in a lower interface area andhigher copolymer density
thus retarding end-coupling and deteriorating mean-field
kinetics described by eq 16.

In order to emphasize this effect, we modeled the system
behavior at even higher reaction rate pR = 2.5, when
macromonomers A and B react immediately at their first
contact. In that case, the earliest linear stage is not visible
at all, which agrees well with the previous simulations of
end-coupling,12,13 and only the final stage of the saturation
regime is reproduced. As is seen fromFigure 7 and especially
from its inset, the corresponding curve has an inflection
point at tpR/N

2 = 5 and the subsequent autocatalytic regime
is rather short.

For chains of 10 (N=5) and especially of 4 beads (N=2)
it is superseded by a terminal regimewith slower kinetics, just
as the linear regime at the early stage is followed by the
saturation one. It could happen that for longer chains of 20
beads (N= 10) the slowdown in kinetics is not attained due
to computing restrictions.

In the terminal regime, the density of unreacted end
groups decreases and the role of diffusion unavoidably
grows. If the kinetic curves for N= 2 are plotted in the
double logarithmic coordinates, they become linear (see inset
in Figure 7) though the slope is not precisely equal to 1/2 and
depends on the reaction rate. It means that a true diffusion

Figure 6. The total interfacial area vs the number of copolymer
molecules formed by end-coupling (both divided by the xy face area
of the simulation box) at aAB = 50. The data for pR = 0.25, 0.025, and
0.0025 almost coincide at a fixed N.

Figure 7. End-coupling kinetics at the late stage forNA= 2, aAB= 50
and different reaction probabilities pR. Curve parts corresponding to
the autocatalytic and terminal regimes are shown in red and blue,
respectively. In the inset, the same curves are plotted in bilogarithmic
coordinates to compare their terminal parts with the dashed lines
corresponding to the pure DC kinetics (n ∼ t1/2).
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controlled regime is probably still not attained by simula-
tions and some mixed type of kinetics is observed.

Yin et al.18 applied SEC-UV for monitoring an end-
coupling reaction in the PS/PMMA pair. Using anthracene-
labeled PS chains as a probe, the authors directly measured
the dependence of the copolymer interfacial coverage n on
time. In the course of the reaction, the interfacial roughness
sharply increased and n attained the value of ca. 1 chain per
square nm of a flat interface, which is by an order larger than
the equilibrium coverage n* extracted frommeasurements of
the lamellar spacing in a symmetric PS-b-PMMA copoly-
mer of the same molecular weight (32 kg/mol). Note that the
product χ(NA þ NB) was equal to 12, which is quite close to
our DPD parametrization. In a very similar research,26 where
the same macromonomers with the molecular weight of 18
kg/mol at χ(NA þ NB)=12.7 were used, it was found by
AFM that the interface roughness considerably increased
after 5-10 min of annealing and afterward stayed approxi-
mately constant for 2 h. The kinetic curves obtained in refs 18
and 26 are plotted in Figure 8 in double logarithmic coordi-
nates. It is seen that at the late stage (t>20min) the diffusion
controlled kinetics (n ∼ t1/2) is asymptotically established,
which is consistent with the terminal regime behavior in our
simulations.

It is also worth mentioning a striking likeness of the whole
kinetic curve n(t) obtained in our work and the time depen-
dence of the complex viscosity measured byKim et al.28 for a
reacting blend of end-functional monocarboxylated PS and
poly(methyl methacrylate-ran-glycidyl methacrylate). There
is a second-order kinetics at the initial stage of the process,
then retardation, and a first-order diffusion controlled re-
gime in between (which is not observed in our case due to the
high concentration of reactants). For some time, the viscos-
ity stays constant, which corresponds to the slow reaction in
a saturated copolymer layer. Later, a fast growth in conver-
sion accompanied by a sharp increase in the interfacial rough-
ness measured by AFM takes place,28 similarly to our auto-
catalytic regime. Finally, the blend viscosity stops growing
and tends to a constant value thus resembling the simulated
behavior in the terminal regime.

The evolution of the interfacial morphology is visualized
in Figure 9, which is similar to Figure 3 but reports on
simulations with the shortest macromonomers carried out in
a long narrow box, i.e., under conditions mostly suitable to
follow late stages of the process. It is seen that the interface is
disordered in the autocatalytic regime (at 2.5< tpR/N

2< 7.5),
whereas a pronounced lamellar structure arises only in the
terminal regime.Ordering starts in a“long-living”central region
and gradually expands over the box volume.

Very similar micrographs of partially ordered structures
by TEMandAFMwere obtained byLyu et al.25 who studied
the reactive compatibilization in a bilayer system of PS end-
capped with primary amine and PMMA end-capped with
anhydride. It was demonstrated that the interfacial instabil-
ity leads to a disorderedmorphology, which gradually trans-
forms into local lamellar order.

Interestingly, in all our simulations lamellas are slanted
like in Figure 9. Such orientation seems kinetically more
stable when new copolymer chains are continuously formed.
Initially, domains with all possible orientations of the inter-
face appear but later some kind of a selection takes place.
Lamellas that are parallel to the initial interface become
unstable due to the lack of free space for their lateral growth.
Quite the opposite, inclined lamellas can grow longer with-
out realignment and therefore they survive in the course of
the evolution in a reacting system. At the same time, a
specific orientation of lamellar microdomains in our studies
is related to the confined geometry of a simulation box rather
than to real physical phenomena. Experiments25 demon-
strate that the orientation of domains is more or less arbi-
trary being governed by large-scale hydrodynamic fluctua-
tions, which cannot be reproduced in a small model system.

Conclusions and Outlook

DPD modeling technique was applied for the first time to
simulate in situ reactive compatibilization of immiscible polymer
melts initially separated by a flat interface. Combining themolec-
ular dynamics with probabilistic kinetics of an end-coupling
reaction made it possible to reproduce the mean field (linear)
and saturation (logarithmic) regimes at the early stage of the
process, which is characterized by a low interface roughness. Such
behavior is in the better agreement with experimental data than
the results of preceding simulations, where too high reaction
rates were used in order to observe diffusion controlled regimes,
though very uncommon in laboratory experiments on macro-
molecular reactions.

The most attention in our work was paid to the practically
interesting phenomenon of interfacial instability. Its mechanism
was revealed through detailed analysis of the copolymer accu-
mulation at different reaction rates, lengths of the initial polymers
and repulsive interactions between their units. It was found that
under realistic experimental conditions the interface roughening

Figure 8. Coverage of an initially flat PS/PMMA interface by copoly-
mer chains formed in situ according to the experimental data of ref 18
(1) and ref 26 (2). A dashed line shows the DC trend.

Figure 9. Interface in the reacting system (N=2, pR=0.0025, aAB=50)
at different moments of time. The values of tpR/N

2 are shown below
simulation boxes.
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just indicates microphase separation taking place when the
interfacial copolymer density exceeds its equilibrium value. This
important conclusion was supported by modeling the dynamic
behavior of pure diblock copolymer melts with corresponding
characteristics. Itwas demonstrated that the copolymerdensity at
a newly formed interface in the reacting system is close to that in
the microdomain structure of a pure copolymer melt. Thus, the
interfacial instability development during reactive compatibiliza-
tion is an irreversible, thermodynamically beneficial process,
which however takes place only as long as the chemical reaction
proceeds. Aswas shown, the interface roughening occurs before a
substantial decrease in the interfacial tension takes place and
therefore is not governed by thermal fluctuations.

It was found that after the interface distortion the reaction
proceeds in an autocatalytic regime characterized by exponential
kinetics, which is followed by a terminal, diffusion-controlled-
like regime. It is during that experimentally observable stage the
microdomain copolymer structure at first arises in the region
where the initial interface was situated, then gradually expands in
both directions and ripens until reactants are completely ex-
hausted. Of course, under blending conditions the ordered
regions could be also carried away by convective flows.

In this work, only lamellar microstructures were observed
because of equal length and amount of modeled reactive poly-
mers. It would be interesting to simulate reactive compatibiliza-
tion in asymmetric systems, where microphase separation of the
reaction product could result in different morphologies. Even
more complex is the case of polydisperse melts, in which the
preferential length and/or composition of a copolymer would be
time dependent so that one may anticipate the formation of
gradient microstructures with some characteristics depending on
a distance from the initial polymer/polymer interface.
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Appendix A. Microphase Separation in a Diblock Copolymer
Melt

In this Appendix we consider the dynamics of microphase
separation in a melt of pure AB diblock copolymer having the
same characteristics as the copolymer formed by end-coupling.
Our aim is to calculate equilibrium parameters of the micro-
structure and a characteristic time of its formation.

Simulationswere performed in a box of sizes 30� 30� 30with
periodic boundary conditions at the fixed repulsion parameter
aAB = 50 for NA = NB = 2, 5, 10 and at the fixed block length
NA = NB = 5 for aAB = 30, 35, 40, 45, 50, 60, and 80. In all the
cases, an equilibrium lamellar microstructure was formed within
2 � 104 units of dimensionless time. Its structural characteristics
were averaged over 100 configurations selected by the time step
Δt = 40.

Let us introduce an order parameter

θX ¼ ÆφX, rc æ-φ0
X, φX ¼ rX=r0, X ¼ A,B ðA.1Þ

where φX,rc
is the volume fraction of X-particles within the cutoff

distance rc (rc = 1 was taken) from a selected particle of type X,
φ
0
X is the mean fraction of X-particles in the system. Brackets

denote averaging over the surrounding of all X-particles.
Evolution of the order parameter θA from a disordered initial

state to the equilibrium is shown in Figure A1.
The behavior of different curves in Figure A1 cannot be

described with a universal dependence. Therefore, we postulated

that the characteristic time of a microstructure formation, t1/2,
satisfies the condition

θAðt1=2Þ ¼
θAð0Þþ lim

t f ¥
θAðtÞ

2
ðA.2Þ

Since θA≈ 0 in the initial state, t1/2 is the time that is necessary to
attain half of the order parameter value in the equilibrium state.

Simulation results for t1/2, the equilibrium number density of
copolymer molecules (per unit area of lamellar surface) c¥, and
the domain width d are summarized in Tables A1 and A2.

An accurate determination of c¥ and d was possible with
implementing the procedure for calculating the area of a polymer/
polymer interface known as the “marching cubes” algorithm,50

which is described in Appendix B.

Appendix B. Calculation of the Interfacial Area in a Polymer
Blend

Here we briefly describe the procedure of calculating the area
of a polymer/polymer interface. Let us introduce an auxiliary
potential generated by particles, which may be an arbitrary
function decreasing with distance and having different signs in
AandBphases. In thiswork, the potential created at point rby i-th
particle situated at point ri is taken in a simple spring-like form:

ωðr, riÞ ¼ εðrc - jr- rijÞ2, r < rc
0, r g rc

(
ðB.1Þ

Figure A1. Time dependence of the order parameter θA for AB diblock
copolymer melts at different block lengths N. The repulsion parameter
aAB = 50.

Table A1. Ordering in ABDiblock CopolymerMelts and Influence of
the Block Length N

N c¥ d t1/2

2 1.188 1.5838( 0.0007 157.3
5 0.845 2.8158( 0.0044 380.3

10 0.630 4.1944( 0.0011 470.1

Table A2. Ordering in ABDiblock CopolymerMelts and Influence of
the Repulsion Parameter aAB

aAB χAB c¥ d

30 1.53 0.355 67 1.1856( 0.0007
35 3.06 0.608 04 2.0268( 0.0063
40 4.59 0.753 60 2.5120( 0.0081
45 6.12 0.804 31 2.6810( 0.0092
50 7.65 0.844 75 2.8158( 0.0044
60 10.71 0.897 41 2.9914( 0.0060
80 16.83 0.988 03 3.2934( 0.0101
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where εi equals 1 for particle A and-1 for particle B. It is easy to
check that the net potential

ΩðrÞ ¼
X
i

ωðr, riÞ ðB.2Þ

has different signs within the phases A and B.
The A/B interface is identified with a surface, whereΩ(r) takes

zero value. Its area can be calculated using the “marching cubes”
cell-based triangulation scheme.50 The simulation box is covered
with a simple cubic lattice. Triangulation is performed separately
for each lattice cell crossed by the interface. The values ofΩ(r) are
calculated at all lattice vertices and edges connecting the vertices
with different sign of Ω(r) are detected. Assuming a linear
dependence of the net potential along edges, one finds edge
points, where Ω(r) ≈ 0. These points belong to the interface
and in each cell can be considered as vertices of a polygon. In this
work, such polygons are determined “on the fly” in contrast to
the original algorithm,50 where a set of templates is used. If a
polygon has more than three vertices, an extra point is added as
the “center ofmasses” of those vertices and a perpendicular to the
interface is dropped from it. The intersection point is used as a
common vertex for dividing the polygon into triangles.

The “marching cubes” algorithm produces relatively small
number of triangles and has high efficiency. Though the gener-
ated interface can have small topological defects,55 its area
converges with decreasing the grid size. Variations in the interface
area were less than 1.0% at the grid size of 0.25rc, which was used
in all calculations.
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ABSTRACT: We investigate the dispersion mechanisms of nanocomposites made of well-defined polymer
(polystyrene, PS) grafted-nanoparticles (silica) mixed with free chains of the same polymer using a combi-
nation of scattering (SAXS/USAXS) and imaging (TEM) techniques.We show that the relevant parameter of
the dispersion, the grafted/free chainsmass ratioR tunedwith specific synthesis process, enables tomanage the
arrangement of the grafted nanoparticles inside the matrix either as large and compact aggregates (R<0.24)
or as individual nanoparticles dispersion (R>0.24). From the analysis of the interparticles structure factor,
we can extract the thickness of the spherical corona of grafted brushes and correlate it with the dispersion:
aggregation of the particles is associatedwith a significant collapse of the grafted chains, in agreementwith the
theoretical models describing the free energy as a combination of a mixing entropy term between the free and
the grafted chains and an elastic term of deformation of the grafted brushes. At fixed grafting density, the
individual dispersion of particles below the theoretical limit of R=1 can be observed, due to interdiffusion
between the grafted and the free chains but also to processing kinetics effects, surface curvature and chains poly
dispersity. Mechanical analysis of nanocomposites show the appearance of a longer relaxation time at low
frequencies, more pronounced in the aggregated case even without direct connectivity between the aggregates.
Correlation between the local structure and the rheological behavior suggests that the macroscopic elastic
modulus of the nanocomposite could be described mainly by a short-range contribution, at the scale of the
interactions between grafted particles, without significant effect of larger scale organizations.

I. Introduction

The properties of a polymer, an elastomeric matrix, can be
amazingly enhanced by inclusion of hard inorganic particles. The
resulting material, which makes use of both the softness of the
polymer matrix and the specificities of the particles, constitutes
an innovative way of designing new products for applications
in mechanical, optical, fuel cells, or gas barrier engineering. Re-
cently, more attention was focused on the size reduction of the
particles down to the nanometer range, to increase the specific
surface available and thus obtain improved macroscopic proper-
ties. At this scale, these properties are directly related to the local
organization of the nanoparticles inside the matrix, which can
present a large variety of structures: directly connected or not,
from the well-dispersed case to the formation of large and com-
pact aggregates, with intermediate structures like ramified or
elongated objects.Different strategieswere developed to tune and
control the hierarchical structure of the particles distribution
in order to tune and control the expected final properties: one can
play on the initial shape using anisotropic fillers like carbonnano-
tubes1 or fractal fillers,2 or one can use an external trigger by
simple control of the processing conditions,3,4 such as for instance
controlling the electrostatic repulsion5 or a magnetic field.6 An
alternative route of tuning is to use an internal trigger: grafting
chemistry to cover the particles with a corona of grafted polymer
of the same nature as the matrix. Many recent studies7 present

various refined synthesis processes of well-defined grafted nano-
particles using radical-controlled polymerization (RCP), parti-
cles which can then be used as fillers bymixing with free chains of
the same polymer. The resulting interactions between grafted
chains and free chains from thematrix were described from a the-
oretical point of view for planar surfaces8,9 as a function of two
main parameters: the chain length ratio between the free and the
grafted chains (expressed using the polymerization indexesN for
the grafted chains and P for the free chains) and the chains graft-
ing density. For P e N, the phase diagram exhibits a complete
wetting region bound by two grafting density limits, a lower σ*
and an upper σ** (defined asP-1/2). These two limits coincide for
P=N, namely when the free chains length is identical to that of the
grafted ones, and incomplete wetting takes place. These theoretical
concepts have been transferred to colloidal systems10,11 for PeN:
in this case, interparticles interactions and surface curvature have
to be taken into account. For high grafting density, attractive
interactions between grafted chains dominate and induce aggre-
gation of particles.12 For low grafting density, interparticles in-
teractions dominate due to incomplete surface coverage and the
particles can aggregate, or percolate into a continuous network.
In the intermediate grafting density situation (σ*< σ< σ**), the
dispersion is mainly dominated by the interactions between the
grafted and the free chains, and thus by the grafted to free chain
length ratio: the surface coverage is large enough to suppress the
percolation but lower enough to reduce the attractions between
grafted chains. The total free energy can be expressed as the sum*Corresponding author. E-mail: jacques.jestin@cea.fr.
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of a mixing entropy term between the grafted and the free chains,
and an elastic term of deformation (stretching or compression) of
the grafted chains. The key parameter is then the ratio between
the length of grafted chains (N) and of free chains (P), R=N/P.
When an identical polymer is used for the free and for the grafted
chains, which is our case all along this article, the ratio can then
directly be expressed asR=Mn grafted/Mn matrix.WhenR>1, the
free chains, which are shorter, can penetrate into the grafted
corona according to a favorable entropic potential and conse-
quently swell it: the grafted chains are stretched and the brush is
“wet”. When R< 1, the mixing entropy is much lower, swelling
elastic dominates, which expels free chains from the brush and
changes its conformation: the grafted chains are compressed, and
the brush becomes “dry”. From an experimental point of view,
these concepts have been studied mainly in the case of microgel
systems13-16 or for large particles17 (micrometric scale) but less in
the case of nanocomposites.18

The present paper first addresses the experimental validation
of this theory, through the effect of R (expected to be the key
parameter) on the dispersion of grafted nanoparticles inside a
polymer matrix. We focus here on the specific case of N < P,
i.e.Mn grafted <Mn matrix or R< 1, while working at fixed inter-
mediate grafting density. Our previous works19,20 allowed us to
develop a controlled synthesis process of well-defined polystyr-
ene-grafted silica nanoparticles, with grafting densities around
0.2 molecules/nm2 and varying grafted chains molecular masses
between 5000 and 50 000 g/mol. We thus obtained the materials
required to formulate nanocomposites filled with grafted nano-
particles, nanocomposites in which we are able to change the R
parameter according to two different strategies: either by varying
the mass of the free chains at constant mass of the grafted chains,
or by varying the mass of the grafted chains at constant matrix
mass. The second important purpose of this article is to link the
dispersion of the particles with the conformation of the grafted
brushes. We recently showed through a refined combination of
X-rays and neutron scattering that we could directly observe the
conformation of the grafted brushes inside the nanocomposite.21

By comparison with the conformation of the grafted corona in
solution, we showed a compression in the composite, a “wet” to
“dry” conformational transition, which illustrates the competi-
tion between the mixing entropy of grafted and free chains and
the elastic deformation of the grafted chains.

In this contribution, two main questions will then be addressed:
first, the relationbetween the conformationof the graftedbrush and
the dispersion state, second the correlation between the dispersion
and the macroscopic mechanical response of the material.

II. Material and Methods

1. Synthesis of the Grafted Nanoparticles. We developed
our own versatile polymer-grafted nanoparticles synthesis

method.19 This method, based on nitroxide-mediated poly-
merization (NMP), consists of binding covalently the alkoxy-
amine (which acts as an initiator and controlling agent) to
the silica nanoparticles surface in two steps, and then poly-
merize from the alkoxyamine-functionalized surface of the
particles (“grafting from” method). For the grafting of the
initiator, the first step is a reaction between aminopropylsi-
lane and the silica particles in order to functionalize the par-
ticle surface with an amino group, and in a second step, the
initiation-controlling alkoxyamine moiety is introduced via
an overgrafting reaction between the amino group and the
N-hydroxysuccinimide-based MAMA-SG1 activated ester
(MAMA-NHS Scheme 1a). The initiator-grafted particles
are then ready for the polymerization, which is performed at
120 �C, in the presence of free alkoxyamine MAMA-SG1
(Scheme 1b) (for a better control of the polymerization). To
simplify both their chemical transformation and the polym-
erization step, the native silica particles, initially dispersed in
water, are transferred to an organic solvent, dimethylacet-
amide (DMAc),which is also a good solvent of the polystyrene.
The synthesis parameters were optimized to maximize graft-
ing density, conversion rates, and enhance synthesis reproduc-
ibility, while keeping the colloidal stability and avoiding any
aggregation of silica particles (which could be induced by the
change in interparticles interaction during the synthesis). After
synthesis, the final grafted objects are purified and the non-
grafted polymer chains formed in the solvent washed out by
ultrafiltration. The grafted particles were studied using small
angle neutron scattering (SANS) coupled with a neutron con-
trast variation method from which we can extract a complete
description of the grafted objects: number and mass of the
grafted chains, number of particles. Using this first synthesis
method, we synthesized two batches of particles grafted with
deuterated PS chains: Mn grafted = 24000 g/mol, PDI=1.3
andMn grafted=24400 g/mol, PDI=1.27, similar chain length,
polydispersity and grafting density (0.19 chains/nm2). Alter-
natively to this first route, we also developed a new route20

to obtain grafted nanoparticles with tunable grafted chain
length, by replacing the free initiator in solution by the
controller agent (SG1) (Scheme 1c) at the beginning of
the polymerization process. This allowed us to obtain four
batches of grafted nanoparticles with hydrogenated PS chains
ofMn grafted=5300 g/mol,Mn grafted=19000 g/mol,Mn grafted=
32000 g/mol, andMn grafted=50000 g/mol.Grafting densities
are comprised between 0.15 and 0.20 chains/nm2.

2. Preparation of Nanocomposites. The preparation of
nanocomposites follows the process developed in the labora-
tory as described by Jouault et al.3 The grafted nanoparticles,
dispersed in theDMAcaremixedwitha concentrated solution
of atactic PS (10%v/v, also inDMAc), ofMn=140000 g/mol

Scheme 1



124 Macromolecules, Vol. 44, No. 1, 2011 Chevigny et al.

(Aldrich, PDI=2, used as received) or Mn=98 000 g/mol
(PDI=1.7, synthesized by classical radical polymerization),
at various fractions of particles ranging from 0 to 15% v/v.
The mixtures are stirred (using a magnetic rod) for 2 h. They
are then poured into Teflonmolds (5 cm�5 cm�2.5 cm) and
let cast in an oven at constant temperatureTcast=130 �Cdur-
ing 1 week. This method of preparation enables us to obtain
stable films whose local structure does not evolve with time.
This yields dry not crystallized films of dimensions 5 cm �
5 cm � 0.1 cm (i.e., a volume of 2.5 cm3). Disks are then cut
out of the films (diameter 1 cm, thickness 1mm) for the plate-
plate oscillatory shear cell.

3. SAXS/USAXS Experiments. SAXS experiments were
done at the ESRF at the high brilliance small-angle X-ray
scattering beamline (ID2) using the pinhole configuration
at single energy (12.46 keV) and two sample-detector distances
1.5 and10mcovering a scattering vectorQ range from0.5down
to 0.001 Å-1. Complementary ultrasmall X-ray (USAXS)mea-
surements were done using the available Bonse-Hart camera
allowing exploring a Q range from 0.0001 to 0.01 Å-1.

4. Transmission Electronic Microscopy. In order to com-
plete at larger scale the SAXSanalysis of the nanocomposites
structure, conventional TEM observations were also per-
formed on the composite materials. The samples were cut at
room temperature by ultramicrotomy using a LeicaUltracut
UCT microtome with a diamond knife. The cutting speed
was set to 0.2mm 3 s

-1. The thin sections of about 40 nm thick
were floated on deionized water and collected on a 400-mesh
copper grid. Transmission electronmicroscopywas performed
on a FEI Tecnai F20 ST microscope (field-emission gun op-
erated at 3.8 kV extraction voltage) operating at 200 kV.
Precise scans of various regions of the sample were system-
atically done first at small magnification, then at increasing
magnification. The slabs observedwere stable under the elec-
tron beam. The sample aspect was the same in every spot of
every piece, and typically, 10 different slabs were observed.
The pictures presented in the following are completely rep-
resentative of the single aspect of the sample, which appears
on average to be homogeneous.

5. Oscillatory Shear Small Deformation Tests. Shear tests,
corresponding to low deformation levels (0.5%), were car-
ried out in the dynamic mode in strain-controlled conditions
with a plate-plate cell of anARES rheometer (Rheometrics-
TA) equippedwith an air-pulsed oven. This thermal environ-
ment ensures a temperature controlwithin 0.1 �C.The samples
are placed between the two plates (diameter 10 mm) fixtures
at high temperature (180 �C), far above the glass transition,
put under slight normal stress (around0.5N), and temperature
is decreased progressively, while gently reducing the gap to
maintain a constant low normal stress under thermal retrac-
tion. The zero gap is set by contact, and the error on sample
thicknesses is thus minimal and estimated to(0.010 mm with
respect to the indicated value. Slipping artifacts are noticeably
reduced by this procedure, as checked by its reproducibility,
and also by a sweeping in amplitude, at constant pulsation,
which alsomakes it possible to determine the limit of the range
of linear deformation.To staybelow this limit, the shear ampli-
tude is fixed to 0.5%. Samples are stabilized at the temperature
for 30 min before starting measurements. The reproducibility
was first tested on pure PS samples with an average of five
repeatedmeasurements, permitting an estimationof variations
which is found to be of about 10%. In dynamic mode, the fre-
quency range is from0.5 to100 rad/s for different temperatures
(from 160 to 120 �C), and time-temperature superposition is
applied. The obtained multiplicative factor can be adjusted to
WLF law22 as follows: log(aT)=C1(Tref-T )/C2þ (T-Tref),
where aT is the multiplicative factor, Tref is the reference

temperature of the master curve (in our case 143 �C), T is the
temperature of the measurement, and C1 andC2 are theWLF
parameters.We foundC1=6.19 andC2=97.23 �C,which are
commonly obtained values for PS.

III. Results

1. Dispersion of the Grafted Nanoparticles in the Nanocom-
posite. 1.1.Varying theMass of theMatrixChains.The first
systemwe analyzed is a set of nanocompositesmade of nano-
particles grafted with short chains (Mn grafted= 24000 g/mol)
introduced in a matrix of longer chains (Mn matrix = 140 000
g/mol), corresponding to a grafted/free chains length ratio
R of 0.17. Four films containing silica volume fraction of
ΦSiO2

= 4, 7, 9.5, and 11% v/v were formed. The X-rays
scattering, dominated by the strong contrast between the silica
particles and thepolymer, reveals the dispersionof theparticles
inside themelt without discrimination between the grafted and
the free polymer chains. The corresponding scattered intensi-
ties are reported on the Figure 1a as a function of the wave
vectorQ. The scattering coming from the purematrixwas sub-
tracted according to the following equation I=Inanocomposite-
(1 - ΦSiO2

) � Imatrix. In the low Q region close to 10-4 Å-1,
we can observe a strong increase of the intensity (decreasing
as a function ofQ-3) due to the formation of voids domains
inside the composite during the filmprocessing.23 In the large
Q region, all curves superimpose nicely indicating the good
corrections by the sample thicknesses and the silica volume
fractions. In this region, the intensity decreases as a function
ofQ-4, which is a classical scattering behavior of flat surfaces
in a continuous medium characteristic of silica particles. At
glimpse, the scattering patterns present several features: at
4� 10-2 Å-1, we observe a first oscillationwhich is related to
the form factor of the silica particles. This form factor, deter-
mined from the scattering of an aqueous dilute solution of
particles,19 can be easilymodeledwith thewell-known sphere
form factor convoluted with a log-normal dispersion of 0.14
(slight polydispersity of the silica particles) around a mean
sphere radius of 134 Å (see the full black line in Figure 1a).

Figure 1. USAXS and SAXS scattering curves of PS nanocomposites
(Mn matrix = 140000 g/mol) filled with PS grafted silica nanoparticles
(Mn grafted= 24000 g/mol) corresponding to a grafted-free chain length
ratioR=0.17 as a function of the particles concentration (4, 7, 9.5 and
11% v/v). The pure matrix contribution has been subtracted and the
curves have been normalized by the silica concentration. The full black
line is the calculated form factor of a single particle (see text).
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At 2 � 10-2 Å-1, we observe a strong peak whose position,
noted Q*, does not vary with the silica volume fraction. The
presence of this peak and its behavior with the particle con
centration is a first indication of particles aggregation inside
the polymer matrix. Indeed, from the peak position, we can
deduce the mean distance D between the center of masses of
the particles in the real space using the relation Q*=2π/D.
The resulting calculated distance D = 314 Å is close to the
one for particles in close contact. Between Q=10-2 and
10-3 Å-1, we observe a strong increase of the intensity, which
indicates that we observe now objects bigger than the single
particle: this confirms the aggregation of the grafted particles
inside the film. Again in this range, the scattered intensity
varies as Q-4, meaning that at the corresponding scale, the
aggregates behave as compact. Finally, between 10-3 and
2� 10-4 Å-1, we see a second maximum, noted here asQ**,
whose position and intensity change with the particles concen-
tration: the position is shifting toward the small Q values and
the intensity increases when the silica content increases. From
the position of the peak, we can extract the mean distance
between the center of masses of the aggregates, D = 2π/Q**
equal respectively to 0.65, 0.85, 1.15, and 1.60 μmforΦSiO2

=4,
7.5, 9, and 11% v/v. We can also estimate the number of silica
particles per aggregates by assuming a cubic network: Nagg=
D3ΦSiO2

/(4/3πRparticles
3), which gives 1000, 4200, 13100, and

40900particles per aggregate forΦSiO2
=4, 7.5, 9, and 11%v/v.

To summarize, inside the matrix, the grafted particles of form
factor Pparticles arrange in close contact according to an inter-
particle structure factor Sinter-particle, to form compact aggre-
gates of form factor Paggregates. The size of the aggregates and
the distance between them, illustrated with a repulsive inter-
aggregates structure factor Sinter-aggregate, increases with the
particles content. This picture, extracted from the behavior in

Q space, is nicely confirmed by direct observation in real space
with the microscopy experiments (TEM) presented in Figure 2
for two particles concentrations: 4 and 11% v/v, at low (parts
a and c) and high magnification (parts b and d). At low mag-
nification and low particles content, we can observe the well-
dispersed organization of small-sized aggregates of grafted
particles, an organization which is preserved up to the micro-
meter scale. The typical sizes and interparticle distances de-
duced from SAXS and USAXS analysis are confirmed here
and increase with ΦSiO2

. The largest magnification picture
confirms the evolution of the number of grafted particles per
aggregates as a function of the particle content.

In a second step, we obtained and observed a different
situation: we still used the same molecular mass of grafted
chains (Mn grafted=24 400 g/mol), but reduced the mass of
the freematrix chains (Mn matrix=98 000 g/mol), which gives
a chain mass ratio R=0.25. Four films at four particles
content (ΦSiO2

=5, 9, 12 and 14% v/v), still using the same
film processing conditions, are again characterized byX-rays
scattering experiments (Figure 3). In the largeQ domain, the
intensities normalized by the particles content show the same
behavior than for the previous films: the scattering is domi-
nated by the signal of the single silica particles illustrated
with the poly disperse sphere form factor calculation in full
black line (R=134 Å, σlog-normal= 0.14). On the reverse, the
lower Q behavior is different: around 0.01 and 0.02 Å-1, we
see a correlation peak, whose intensity and position,Q*, now
varies with ΦSiO2

: the intensity increases and the position is
shifted toward higherQ values while increasing the particles
content. However, the main difference with the previous set of
data is the vanishingof the strong increase of the intensity in the
lowQ region (previously varying asQ-4) and of the correlation
peak Q** between aggregates around 5 � 10-4 Å-1. There is

Figure 2. Transmission electronic microscopy on the nanocomposites (Mn matrix=140 000 g/mol) filled with 4% v/v of grafted silica particles
(Mn grafted=24000 g/mol) (the grafted-free chain length ratio R = 0.17) at low (a) and medium (b) magnification and filled with 11% v/v of grated
particles at low (c) and medium (d) magnification.
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only a slow increase of the intensity left in the low Q range,
which comes from the scattering of crazes, the voids domains
which form during the film processing. This is a strong indica-
tion that the particles are now individually dispersed inside the
polymer matrix for this chain length ratio. This also matches

with the variation ofQ* around 0.01 and 0.02 Å-1 withΦSiO2
,

which thus corresponds to particles coming closer when more
concentrated. This Q space evidence of the grafted particles
perfect dispersion inside the polymer matrix is one again nicely
confirmed in the real space by TEM, in Figure 4 for two parti-
cles volume fractions, 5% and 14% v/v. From high mag-
nification (Figure 4, parts b and d) up to lower magnifica-
tion (Figure 4, parts a and c), one can see that the dispersion
is homogeneous until the micrometer scale. The reduction of
the interparticle distance with increase of concentration is also
clearly highlighted.

1.2. Varying the Mass of the Grafted Chains. The disper-
sion of the grafted nanoparticles inside a polymer matrix can
then be probed as a function of the grafted/free chain mass
ratio with fixed free chains mass (Mn matrix = 140 000 g/mol)
and variable grafted chains mass. Four nanocomposite
films were prepared and measured by SAXS as previously
(Figure 5). The silica content is fixed at 5% v/v and the
grafted/free chain length ratio is varied fromR=0.04, 0.14,
0.23, to 0.36 by the use of particles with grafted chainsmasses
of respectively Mn grafted = 5200, 19 000, 32 000, and 50 000
g/mol. In the large Q domain, all the normalized curves su-
perimpose perfectly and the scattering is, as in both the pre-
vious cases, proportional to the form factor of single silica
particles. In the intermediate Q range, we can observe a cor-
relation peak of abscissa Q* moving toward the small Q
values while increasing the mass ratio R, indicating that the
interparticles distance increases alongwith the grafted chains
mass. Two different behaviors appear then, especially in the
low Q domain: for the three lower values of R= 0.04, 0.14,
and 0.23, we observe a strong increase of the scattered inten-
sity, similar to the case of R=0.17 in Figure 1 and char-
acteristic of dense aggregates. Conversely, for the highest

Figure 3. USAXS and SAXS scattering curves of PS nanocomposites
(Mn matrix = 98 000 g/mol) filled with PS grafted silica nanoparticles
(Mn grafted= 24 400 g/mol) corresponding to a grafted-free chain length
ratioR=0.25 as a function of the particles concentration (4, 9, 12, and
15% v/v). The pure matrix contribution has been subtracted and the
curves have been normalized by the silica concentration. The full black
line is the calculated form factor of a single particle (see text).

Figure 4. Transmission electronicmicroscopy on the nanocomposites (Mn matrix=98000 g/mol) filledwith 5%v/v of grafted silica particles (Mn grafted=
24400 g/mol) (the grafted-free chain length ratioR=0.25) at low (a) andmedium (b) magnification and filled with 14% v/v of grated particles at low
(c) and medium (d) magnification.
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value of R = 0.36, the intensity at small Q is close to a pla-
teau, as for the case R=0.25 in Figure 3, corresponding to a
complete dispersion of the particles. So by varying the grafted
chains mass, and thus varying the chains length ratio from
R = 0.04 to R = 0.36, we are able to observe a transition:

between the formation of dense aggregates of grafted nano-
particles for R< 0.24, and the complete dispersion of the
grafted nanoparticles for R>0.24. This transition is con-
firmed by TEM pictures shown in Figure 6, where we see
directly the formation of aggregates forR=0.04 (Figure 6a),
R = 0.14 (Figure 6b), and R = 0.23 (Figure 6c) and a com-
plete dispersion for R = 0.36 in Figure 6d. We also see dis-
tinctly that the interparticles distance increases along with the
grafted chains mass.

2. Interparticles Structure Factor Sinter-particle. The combi-
nation of scattering and imaging methods showed that,
whatever the way of varying the grafted over free chains
mass ratio R (at constant grafted chain mass or at constant
matrix mass), we observe a transition between the formation
of compact aggregates of grafted nanoparticles, for R <
0.24, and a complete dispersion of the grafted nanoparticles
inside the matrix for R > 0.24. We will now analyze more in
details the interparticles structure factor, which can provide an
indirect determination of the thickness of the polymer corona
grafted around the nanoparticles. We first analyze the case
described in Figure 3 and 4, i.e., R=0.25, corresponding to a
complete dispersion of the nanoparticles. Following the gen-
eral behavior of the scattering intensity from particles:

I∼Δr2ΦνparticlePparticlesðQÞSinter-particleðQÞ ð1Þ
(with ΔF2 as the contrast term), the interparticles structure
factor can be extractedbydividing the total scattering intensity
with the particle form factor:

Sinter-particleðQÞ∼I=PparticlesðQÞ ð2Þ
Since we measured the form factor of our silica particles,

such operation can be easily done by dividing the total

Figure 5. SAXS scattering curves of PS nanocomposites (Mn matrix =
140 000 g/mol) filled with 5% v/v of PS grafted silica nanoparticles with
variable grafted chain length Mn grafted= 5300, 19000, 32 000, and
50 000 g/mol corresponding to grafted-free chain length ratiosR=0.04,
0.14, 0.23, and 0.36. The pure matrix contribution has been subtracted
and the curves have been normalized by the silica concentration. The full
black line is the calculated form factor of a single particle (see text).

Figure 6. Transmission electronic microscopy on the nanocomposites (Mn matrix= 140 000 g/mol) filled with 5%v/v of PS grafted silica nanoparticles
with variable chain lengthMn grafted= 5300 g/mol,R=0.04 (a),Mn grafted= 19000 g/mol,R=0.14 (b),Mn grafted= 32 000 g/mol,R=0.23 (c), and
Mn grafted = 50000 g/mol, R = 0.36 (d).
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intensity with the full black line from Figure 4 (representing
the single silica particle form factor). The result is presented
in Figure 7a (for silica contentΦSiO2

= 4, 9, 12, and 14%v/v.
While increasing ΦSiO2

the peak position moves toward
higher Q values and its intensity increases, indicating a de-
crease of the interparticles distance and (increase of the
interparticles interactions). The interparticles structure fac-
tor can bemodeled by the Percus-Yevickmodel,24 forwhich
an analytical solution was calculated by Wertheim, for a
hard spheres system:25 it models the interactions between
noncharged hard spheres. This model mainly depends on
two parameters: the volume fractionΦeff and the radius Reff

of the interacting particles. The best adjustments are pre-
sented in Figure 7b for all silica volume fractions. A rather
good agreement is found between the experimental data and
the model, even if the calculation does not take into account
the polydispersity of the particles.

Knowing RSiO2
from our previous solution measurements

(RSiO2
=134 Å), we can extract the thickness of the grafted

layer on particles, assuming the parameters of the Percus-
Yevick to be related to the whole particles: polymer corona
plus silica sphere. Then the Reff represents the radius of a
grafted particle Rgrafted particle, and the thickness e of the
corona is easily obtained by:

e ¼ Reff -RSiO2
ð3Þ

The volume fraction of the grafted particles can be ex-
pressed as:

Φgrafted particles ¼ Nνgrafted particles=V ð4Þ
with N the number of particles and V the total volume. The
silica volume fraction can be expressed as well:

ΦSiO2
¼ NνSiO2

=V ð5Þ
Combining 4 and 5 allows expressing a modeled grafted

particle volume fraction as a function of the silica volume frac-
tion, the radiusRSiO2

of the silica particles, and the thickness e

of the grafted polymer layer:

Φmod
grafted particles ¼ ΦSiO2

½1þ e=RSiO2
�3 ð6Þ

Besides, from thermo-gravimetric analysis (TGA) on the
dry grafted particles, we know the mass ratio between silica
and polymer and are then able to estimate an experimental
volume fraction of grafted particles,Φexp

grafted particles. If the
approximation Reff = Rgrafted particles is appropriate, both
theseΦgrafted particles should be similar toΦeff. All the param-
eters useful for the fitting procedure (ΦSiO2

,Φexp
grafted particles)

or deduced from it (Reff, Φeff, e, Φmod
grafted particles) are

reported in Table 1. We find a good agreement between Φeff

and Φexp
grafted particles, which justifies the assimilation of the

“interacting particles” from the Percus-Yevick model with
the grafted particles. Φmod

grafted particles is also pretty close to
both these parameters, which is one more justification of this
assimilation. Besides, the effective radius of particles, and
therefore the thickness of the polymer coronas as well, appear
to be quite independent of the silica content

The interparticle structure factor was also derived for the
chain length ratio R = 0.17 (Mn grafted = 24 000 g/mol and
Mn Matrix=140 000 g/mol). Here too, it is obtained by di-
viding the total intensities (Figure 1) by the form factor of the
silica particle (full black line). The result is presented in
Figure 8a for different silica contents (4, 7, 9.5, and 11% v/v).
The modeling is shown in Figure 8b for each silica concentra-
tion and the fitting parameters reported inTable 2.Oncemore
there is a good agreement between model and experiment. In
this case where the grafted particles form compact aggregates
inside the polymer matrix, the effective volume fraction of
particle corresponds to a number of particles per aggregate
and is thus very high, around 40%v/v. This value then cannot
be directly expressed as a function of the number of grafted
particles and compared with the volume fraction of grafted
particles as for the previous well-dispersed case. However, the
indirect evaluation of the thickness of the grafted corona e
from the radius of particles deduced from the Percus-Yevick

Figure 7. (a) Interparticle structure factor S(Q) deduced from the division of the total scattering intensity (Figure 3) by the silica form factor (full black
line in Figure 3) for dispersed grafted nanoparticles (Mn grafted=24 400 g/mol) in a 98 000 g/molmatrix (R=0.25) at the four particle contents. (b) Fits
with the Percus-Yevick model (full black line) for each particle content.
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fits is still valid inside an aggregate.We observe that the thick-
ness e, still independent of the silica content, is smaller of about
a factor two compared to the layer thicknesses corresponding
to well-dispersed particles (Table 1): average value was then
around 60 Å, and is now around 30 Å.

Finally, we analyzed the evolution of the interparticle
structure factor when varying the grafted chains mass ratio
R at constant matrix mass. It is again calculated by dividing
the total intensities (Figure 5) with the form factor of the
silica particles. The interparticles structure factors are pre-
sented in Figure 9a for R=0.04, 0.14, 0.23, and 0.36. The
Percus-Yevick modeling is shown in Figure 9(b) and the
corresponding fitting parameters are reported in Table 3.
The results correspond to the transition between the aggre-
gation and the good dispersion of the particles previously
observed when increasing the chain length ratio R. For the
first three values (R=0.04, 0.14, and 0.23), the high value
(∼40%) of the effective volume fraction of the particles
deduced from the fit, reflects the particles aggregation: this
Φeff is then about four times higher than theΦexp

grafted particles

deduced from TGA. For the last value (R=0.36), we find a
good agreement between Φeff and Φgrafted particles (both
Φexp

grafted particles andΦmod
grafted particles), illustrating the good

dispersionof the particles.Yet independently of the dispersion
state of the particles, we can still extract the thickness e of the
grafted polymer layer from the radius of the particles deduced

from the fit, except for theR=0.04 (forwhich the effective ra-
dius is very close to theoneof the naked silicameaning that the
layer thickness is below the limit of detection of the method,
which is estimated to be of the order of 10 Å).

3. Mechanical Behavior. We investigated the mechanical
response of the composites for both the dispersion states de-
scribedpreviously: completedispersion, and large andcompact
aggregates. We used oscillatory shear measurements at small
deformation (amplitude 0.5%) with a plate-plate rheometer
ARES. The evolution of the elastic modulus G0 and G0’ was
determined as a function of the filler content (% v/v) for the

Table 1. Fitting Parameters of the Inter-Particle Structure Factor by the Percus-YevickModel for theChain LengthRatioR=0.25 as a Function
of the Silica Volume Fraction (Particles Dispersed Inside the Polymer Matrix)

silica volume
fraction ΦSiO2

a
experimental grafted particles volume

fraction Φexp
grafted particles

a
effective volume
fraction Φeff

b
effective radius of
particles Reff

b
thickness of the
grafted corona ed

modeled grafted particles volume
fraction Φmod

grafted particles
c

5 14 11 189 55 14
9 26 24 198 64 29
12 36 31 195 61 37
14 42 34 187 53 38

aExperimental values. bDeduced from the fit with the Percus-Yevick model. c e= Reff - RSiO2
with RSiO2

=134 Å. dDeduced from eq 6 (see text).
Volume fractions are in % [v/v], lengths in Å.

Figure 8. (a) Interparticle structure factor S(Q) deduced from the division of the total scattering intensity (Figure 1) by the silica form factor (full black
line in Figure 1) for aggregated grafted nanoparticles (Mn grafted = 24000 g/mol) in a 140000 g/mol matrix (R = 0.17) at the four particle contents.
(b) Fits with the Percus-Yevick model (full black line) for each particle content.

Table 2. Fitting Parameters of the Inter-Particle Structure Factor by
the Percus-Yevick Model for the Chain Length Ratio R= 0.17 as a
Function of the Silica Volume Fraction (Particles Aggregated Inside

the Polymer Matrix)

silica
volume
fraction
ΦSiO2

a

experimental grafted
particles volume
fraction Φexp

grafted

particles
a

effective
volume
fraction
Φeff

b

effective
radius of
particles
Reff

b

thickness of
the grafted
corona ec

4 12 40.5 162 28
7.5 21 44 167 33
9 28 44 169 35
11 32 44.5 171 37
aExperimental values. bDeduced from the fit with the Percus-

Yevick model. c e = Reff - RSiO2
with RSiO2

=134 Å. Volume fractions
are in % [v/v], lengths in Å.
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complete dispersion, obtained with a grafted/free chain length
ratioR=0.25 (Mn grafted=24400g/mol,Mnmatrix=98000g/
mol) (Figure 10 (a),G0 and10 (b),G00), and for the case of dense
aggregates of grafted particles, for R = 0.17 (Mn grafted =
24000 g/mol,Mn matrix=140000 g/mol) (Figure 10 (c),G0 and
10 (d), G00). The two matrices (98 000 and of 140 000 g/mol)
used as references do not show significant differences as a func-
tion of the frequency, indicating that their contribution are
similar for the two kinds of dispersion and will not influence the
comparison of the nanocomposites. Whatever the silica content
and the dispersion state, the curves (G0 and G00) superimpose
perfectly in thewholehigh frequencies range (above0.1 rad 3 s

-1).
Thismeans that the short characteristic times (theRousemodes)
of the polymer matrix are not affected by the fillers. Conversely,
in the lower frequencies domain (between 10-3 and 0.1 rad 3 s

-1),
weobserve, especially on theG0, an increaseof themodulus.This
can be associated with the apparition of a longer time in the
relaxation modes of the polymer chains, becoming longer with
increasing filler content. In addition, the effect seems to be more
pronounced for the aggregated case than for the dispersed one.
Sucha long-timeeffect at lowfrequencies canbe seenasaprocess
analogous to a liquid-solid transition inside the materials,
whose origin can be interpreted in different ways. One of the
main view postulates that the transition is associated with the

formation of a connected network of the filler. This can be a
direct connection3,26 or a specific interaction between the
particles15,27,28 but also an indirect connection through the
polymer chains. In addition, some interfacial effects can also
contribute: mobility of the polymer chains at the interface
with the fillers is modified because of confinement.29,30

IV. Discussion

We address the dispersion mechanisms of a model nanocom-
posite, formed by silica nanoparticles grafted with PS chains and
spread inside a PS matrix, as a function of the key parameter
R. Dispersion can be tuned either by coupling fixed grafted chains
length (Mn grafted =24 000 g/mol) with variable free matrix chain
length (Mn matrix=98000 or Mn matrix=140 000 g/mol), or by
coupling variable grafted chain length (Mn grafted = 5300, 19 000,
32 000 and 50000 g/mol) with fixed free chains length (Mn matrix=
140 000 g/mol): we cover then a wide range of values from R =
0.04 up to 0.36. This specific approach allowed us to obtain a
clear and unambiguous result:

When R< 0.24, the grafted nanoparticles organize inside the
polymer matrix as dense and large aggregates, which size and
distance between eachother increase alongwith the silica content.

When R>0.24, the grafted nanoparticles form a repulsive
well-dispersed organization inside the polymer matrix: while

Figure 9. (a) Interparticle structure factor S(Q) deduced from the division of the total scattering intensity (Figure 5) by the silica form factor (full black
line in Figure 5) as a function of the chainmass ratioR: matrix ofmassMn matrix= 140 000 g/mol filled with 5% v/v of silica nanoparticles with grafted
chain massMn grafted= 5300, 19000, 32000 and 50 000 g/mol corresponding toR=0.04, 0.14, 0.23 and 0.36. (b) Fits with the Percus-Yevick model
(full black line) for each chain length ratio R.

Table 3. Fitting Parameters of the Inter-Particle Structure Factor by the Percus-Yevick Model at Fixed Silica Volume Fraction of 4.5% v/v for
Various Chain Length Ratios R

chain length
ratio Ra

experimental grafted particles volume
fraction Φexp

grafted particles
a

effective volume
fraction Φeff

b
effective radius of
particles Reff

b
thickness of the
grafted corona ec

modeled grafted particles volume
fraction Φmod

grafted particles
d

0.04 9 40 115
0.14 9 41 146 12
0.23 12 40 180 46
0.36 17 18 207 73 17

aExperimental values. bDeduced from the fit with the Percus-Yevick model. c e= Reff - RSiO2
with RSiO2

= 134 Å. dDeduced from eq 6 (see text).
Volume fractions are in % [v/v], lengths in Å.
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increasing the silica content, the mean interparticles distance
decreases, according to a classical volume compression process.
Using the Percus-Yevick hard-spheremodel to fit our interparti-
cles structure factor, we extracted the thickness e of the polymer
layer grafted around the particles. In the case of complete dis-
persion, the values (53 Å< e<64 Å forR=0.25 and e=73 Å
for R=0.36) obtained with this indirect method are to compare
with the ones calculated in our previous work (e=62 Å forR=
0.25, 0.43, and 0.71), in which the thickness was determined in a
direct way using a specific neutron contrast technique.21 As the
thickness of the grafted layer depends intrinsically on the length
of the grafted chains, we normalized the thicknesses e of the graft-
ed layers by the radius of gyrationRg for Gaussian conformation
(Rg= 0.275M1/2 for polystyrene). The results deduced from both
the ways of determination are reported as a function of R in
Figure 11. We see an excellent agreement between the two
methods. Besides, we observe that the transition between com-
plete dispersion and formation of aggregates is accompanied by a
significant reduction of the normalized thickness of the grafted
polymer layer: by about a factor of 2. These results show that the
dispersion can be tuned by a refined control of the grafted/free
chains wetting properties.

These observations can be qualitatively described considering
the total free energy as a combination of a mixing entropy term
between the grafted and the free chain and an elastic term of

compression or stretching of the grafted brushes. For R < 0.24,
according to a depletion process, entropic expulsion of the free
chains from the grafted corona is observed, and the corona even-
tually collapses. The resulting short-ranged interparticles potential
induces therefore aggregation. For R > 0.24, the free chains can
partly swell the grafted corona which is then more extended and
creates a repulsive long-ranged interparticles potential, favoring
the complete dispersion of the particles. If these observations are
qualitatively in agreement with theoretical considerations,8,10,11,31

open questions remain to be clarified, especially concerning the
parameter fixing the R value separating dispersed from aggre-
gated state. Indeed, we obtained a complete dispersion for value
below R= 1, which is the theoretical limit below which no com-
plete wetting is possible. Similar observations are reported in the
literature32-34 and are usually explained by kinetic effects, related
to the processing conditions of the systems: the observed dis-
persed state is indeed ametastable state, inwhich particles should
aggregate but cannot move anymore because of solvent evapora-
tion. The depletion effects being stronger for larger differences
in chain lengths, and stronger depletion then inducing quicker
aggregation, it explains why we see aggregates for larger chains.
Another explanation could be the presence of an interpenetration
domain35 between the grafted and the free chains, even when the
free chains are longer than the grafted chains, which would then
allow dispersion. This idea is supported by the fact that the

Figure 10. Elastic shear modulus as a function of pulsationω, using time-temperature superposition (T0 = 143 �C) coefficient aT defined in the text,
for different volume fractions (% v/v) of grafted particles in the composite for two dispersion state of the particles inside the polymer matrix: (a) G0,
(b) G0 0 complete dispersion of the particles inside the matrix corresponding to the grafted/free chain length ration R = 0.25 and (c) G0, (d) G0 0,
aggregation of grafted particles inside the matrix corresponding the grafted/free chain length ratio R = 0.17.
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dispersed state corresponds to a collapse of the grafted chains
which is only partial (e=50-70 Å), in comparisonwith the com-
plete collapse observed for the aggregated state (e = 30-40 Å)
and the totally expanded conformation observed in solution (e=
120 Å), corresponding to wet brushes (R . 1). In addition, the
surface curvature,36 which can come in play for spherical parti-
cles, and the polydispersity of the grafted and of the matrix
chains, constitute two other relevant contributions which could
also have an influence on the transition between aggregated and
individual particles. To progress in the understanding of the
experimental limiting R parameter, varying the grafting density
would certainly be an interesting method of investigation.

The direct correlation between the local structure and the
macroscopic rheological response of a material is in many cases
difficult to establish. At first order, the mechanical response of our
nanocomposites as a function of the two dispersion states, aggre-
gated particles or dispersed ones, shows inboth cases the apparition
of a much longer relaxation time in the low-frequencies range,
which appears to be more pronounced in the case of aggregates.
Because of grafting and as revealed by the entire dispersion study,
the observed rise in time, which has some features of a liquid-solid
transition, cannot be interpreted as a direct percolation3,26 of the
silica fillers or of the compact aggregates. However, it could be the
signature of the formation of an indirect network by means of the
grafted layer. For the individual dispersion, the particles come in
brush-to-brush contact at ΦSiO2

=12% v/v, illustrating that the
observed liquid-solid like transition could be related to the direct
contact between grafted brushes. It was already observed in other
well dispersed and diluted systems.15,27,28 In the case of aggregated
particles, the aggregates are not connected, but dispersed in a
matrix which is liquid at the considered frequencies (ω*aT =10-2

rad 3 s
-1). Moreover, the large distances between aggregates in-

crease with silica content, while the modulus also increases: this is
contradictory with a confinement effect between aggregates. Such
behavior is indicative that at this given frequency, the elastic
modulus of the filled nanocomposite should only be depending
on short-ranged phenomena, governed by the interparticle inter-
actions. No additional long-range contribution, as already shown
in nanocomposites showing fractal dispersion,3 seems to be ob-
served. The short-range interparticles effects could be related to the
interpenetration between the grafted brushes, which becomes then
dominant compared to the interaction between grafted and free
chains. Besides, confinement can also alter the dynamics of chains

grafted to particles, especially by slowing-down effects. Finally,
this new relaxation could also be related to the intrinsic relaxation
of the polymer-silica aggregates, depending on the aggregates
sizes. However, such interpretations remain to be experimentally
validated, for instance by probing directly the dynamics of the
chains with inelastic neutron scattering experiments.

V. Summary and Conclusion

Using a combination of refined synthesis of polymer-grafted
nanoparticles with a controlled formation process of nanocom-
posites films, we investigated the complex problem of the disper-
sion of polymer grafted particles inside a matrix of the same
polymer (PS). For a given intermediate density of grafted chains,
the dispersion of the particles inside the films was analyzed with
complementary scattering (SAXS/USAXS) and imaging (TEM)
techniques as a function of the particle content. The relevant
parameter in this case is the grafted/free chains length ratio R,
which can be tuned either at fixed grafted chains length, by
varying the molecular mass of the free chains, or at fixed molec-
ularmass for the chains of thematrix, by varying the length of the
grafted chains. In the probed range of the R parameter always
below 1 in our case, between 0.04 and 0.36, we demonstrate the
possibility of two dispersion states of the grafted particles inside
the polymer matrix: for R below 0.24, the particles arrange in
compact and large aggregates whose size and interaggregate dis-
tance increase when increasing the particle content. For R above
0.24, the particles form a complete well-defined repulsive orga-
nization inside the matrix, where interparticles distance decreases
while increasing the silica content, without any aggregation.
From the analysis of the interparticle structure factor, we in-
directly extract the thickness of the spherical grafted brushes and
correlate it with the dispersion state: aggregation of the particles
is clearly associated with a significant collapse of the spherical
grafted brushes. These results, showing the tuning of the disper-
sion by a refined control of the grafted/free chains wetting prop-
erties, are in qualitative agreement with the theoretical descrip-
tion of the dispersion mechanisms but also lead to questionings
about the numerical value of R separating the two dispersion
states. The mismatch with the expected theoretical frontier of
R=1 can be linked to the possible existence of an interdiffusion
zone between the grafted and free chains, along with processing
kinetics, surface curvature and chains polydispersity effects.
Finally, mechanical analysis shows the appearance of a longer
relaxation time at low frequencies more pronounced for the aggre-
gates. The observed liquid-solid like transition can be attributed
to the contact between the grafted brushes for the individual
dispersion, while modulus increase for the aggregates seems to
be also dominated by a short-ranged contribution, with no sig-
nificant effect of larger scale organizations. This suggests a sub-
stantial influence of the interpenetration between grafted
brushes or of grafted chains confinement, but this remains to
establish with complementary techniques to clarify the contribu-
tions of the different effects described above. Such control on the
design and the characterization of well-defined nanocomposites
and the understanding of correlations between local dispersion,
chain conformations and rheological behavior can have a sig-
nificant impact on the progresses and design of new applicative
materials.
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ABSTRACT: Nucleation and growth of holes in free-standing ultrathin (<100 nm) polymer films are
examined via opticalmicroscopy in order to gain a better understanding of these phenomena.Hole nucleation
is quantified with a free energy barrier based on a simple capillary model. Additionally, holes are found to
grow exponentially in accordance with previous studies in the literature. Ultrathin films of polystyrene
(between 50 and 100 nm) cast via flow coating are suspended atop lithographically patterned arrays of pillars.
The films are then annealed above the glass transition temperature to study the nucleation and growth of
holes via optical microscopy. Image analysis is performed tomeasure the density of nucleated holes as well as
hole radius as a function of time. Holes are found to grow exponentially with time in a nonlinear viscoelastic,
shear thinning regime under high shear strain. The energy barriermodel is applied to the nucleation of holes in
free-standing thin films and is found to describe the phenomenon well. This analysis of hole nucleation and
growth extends the understanding of ongoing research into suspended fiber formation from the melting of
free-standing polymer thin films.

Introduction

The study of the dynamics of thin film stability, such as rupture
and dewetting phenomena, has been a major research area in
polymer science due to its applications in adhesives, coatings, and
lithographic techniques for device fabrication. In ultrathin films,
films less than 100 nm in thickness, the natural length scale of
a polymer chain, represented by the radius of gyration, Rg, is
comparable to or greater than the film thickness. In this confined
regime, polymer conformational changes can result in large
deviations in dynamics and phase behavior from the bulk.1-12

Because systems of very small dimensions are easily fabricated
and manufactured, these problems can now be probed with new
interesting geometries. These confined geometries allow for the
study of polymer molecules as they relate to polymer-surface
interactions and the effect of confinement on the motion of the
chains. Many studies have shown how confinement of polymer
chains within thin films effects the mobility and dynamics of
chains and thus the glass transition temperature, Tg, of the poly-
mer. High-molecular-weight (Mw>350 kDa) polystyrene (PS)
thin films exhibit a linear dependence onmolecular weight, below
a critical thickness,1,3,4,7 while low-Mw films show a nonlinear,
Mw-independentTg reduction described by the empirical Keddie,
Jones, and Cory functional form.10-12 These Tg confinement
effects have been summarized by Roth et al.7

Previous studies on polymer dynamics in thin films have
focused on the dewetting of polymers from a surface, examining
the growth rate of holes formed as well as the developing shape of
rims surrounding the holes.5,13-28 Many of these studies have
relied on assumptions of a “frictionless surface” or neglect the
effects of the surface uponwhich the polymer dewets. Comparati-
vely, much less work has been performed analyzing the growth of
holes in free-standing, polymeric thin films.2,6,9,29-31 Dependent

upon the temperature regime, holes have been found to grow
linearly close to the Tg of the polymer or exponentially with time
when well above the Tg. Debregeas et al. probed the viscous
bursting of thick, 5-50μmsuspendedpolydimethylsiloxane films
and characterized the exponential growth of nucleated holes
showing uniform thickening of the film and an absence of a
rim formed at the hole edge.32,33 Dutcher and co-workers studied
the growth of holes in free-standing polystyrene (PS) thin films as
a function of molecular weight, film thickness, and temperature,
showing exponential hole growth above the Tg.

2,6,29,30 Xavier
et al. show the growth of holes in exponential and linear growth
modes, with linear hole growth occurring as film thickness is
decreased or the temperature is decreased close to the Tg of the
bulk polymer (Tg

bulk).9 Roth et al. show that this observed linear
response, and the largest deviations from exponential growth at
early hole growth times, occur at higherMw and at temperatures
very close to Tg

bulk, resulting from an exponential decay of the
initial long-lived transient response and suggest this is due to the
decay of elastic chain entanglements during the onset of shear
thinning.6 This linear regime was observed to transition to
exponential growth at longer times where large shear strain rates
disentangle the chains rapidly, giving rise to the shear thinning
regime and a reduced viscosity.

Although the study of hole growth has been investigated, to
date there exists a lack of studies in the literature on the
spontaneous nucleation of holes in free-standing, polymer thin
films. Reports investigating hole growth in free-standing films
attribute two mechanisms to hole formation in the melt state:
spontaneously through a process analogous to spinodal decom-
position or by nucleation from defects such as dust (<0.2 μm) or
density inhomogeneities.2,13 Inmost examples where hole growth
is studied, holes are nucleated with a heated scanning tunneling
microscope tip, laser, or needle. Hole formation in thin films has
been addressed while on a substrate such as in the case of
dewetting.5,14,19,21,24,26,27,34 Reiter and co-workers reported*Corresponding author. E-mail: tew@mail.pse.umass.edu.
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on instabilities and the development of holes in PS thin films on
coated substrates and determined the number of holes formed,
Nh, hadapower lawdependenceon film thickness,h, stated asNh�
hp, where p ∼ -4.21,26,34 The formation of instabilities is attrib-
uted to van der Waals forces giving rise to a disjoining pressure
which attempts to adjust and minimize the free energy while the
surface tension competes to maintain the flat film. Although
assumptions are made that this hole nucleation theory can be
extended to free-standing thin films, given that the models are
based on frictionless surfaces or are independent of the substrate,
no direct study has been performed.

In this study, the nucleation and growth of holes in free-
standing, ultrathin polymer films are probed atop lithographi-
cally patterned arrays ofmicroscale pillars. This study is extended
from work on the formation of oriented, suspended fibers from
the melting of free-standing polystyrene thin films, derived from
the nucleation of holes in the same films.35 The growth of holes is
shown to be an exponential expansion of the holes in a shear thin-
ning, high shear strain regime, unencumbered by the pillar array
substrate. Hole nucleation in free-standing, ultrathin polymer
films is modeled using an energy barrier approach,36 and esti-
mates for this energy barrier are made.

Results and Discussion

Thin Film Preparation.Gradient thickness ultrathin poly-
mer films in the submicrometer to nanoscale regime were
fabricated via a technique called “flow coating”, in which a
bead of polymer solution is sandwiched between a blade and
is drawn across a substrate.28,37 A schematic of thin film
sample preparation is given in Figure 1. For this study, gradi-
ent thickness polystyrene films, from approximately 50 to
100 nm in thickness, were cast from 0.75-1.5 wt% solutions
in toluene using an acceleration of 6 mm/s2. Monodisperse
polystyrene standard samples of various molecular weights
were used (PS, Mn=123, 400, 2000, 6000 kDa; Mw/Mn=
1.08, 1.06, 1.20, 1.22, respectively, Alfa Aesar). After flow

coating, film thickness was measured across the film profile
via a UV-vis interferometer (Model F20, Filmetrics, Inc.).
Films were then floated off the silicon substrate onto clean
water (Milli-Q) and subsequently transferred atop a litho-
graphically patterned array of pillars. The pillars have di-
mensions of 15 μm in diameter and 75 μm spacing (65 nm
thickness, 400 kDaPS sampleswere also tested on 15, 25, and
35 μm pillar spacings). Films were dried and annealed just
below theTg of the polymer under vacuum for 24 h to remove
water and residual solvents.

Hole Expansion. Ultrathin PS film samples of various
thicknesses and molecular weights (Table 1) were annealed
using an enclosed Linkham LTS350 microscopy thermal
stage and a Zeiss Axio Imager M2m optical microscope at
50�magnification for imaging. A specific area of a film with
a corresponding thickness was selected for imaging in each
experiment. The variation of thickness over the resultant
images was approximately(0.16 nm for a film with a 50 nm
gradient thickness over a 45 mm width. Samples were taken
from room temperature and heated quickly (30 �C/min) to
the annealing temperature, 130 �C, for Mn = 400 kDa
samples and held at this temperature while hole formation
and expansion occurred. Samples of othermolecular weights
were annealed at temperatures (116, 161, and 196 �C for 123,

Figure 1. Experimental approach toward hole formation via flow coating and thin film melting with a representative image of the nucleation of holes
(h = 65 nm, 400 kDa PS). The very dark red uniform circles in the image are the supporting pillars, 15 μm in diameter with 75 μm spacing.

Table 1. Molecular Weight,Mn, Polydispersity Index,Mw/Mn, Film
Thickness, h, and Annealing Temperature, T, for the Hole

Expansion Study

Mn (kDa) Mw/Mn h T (�C)

123 1.08 65b 116
400 1.06 53,a 65,c 80,a 100a 130
2000 1.20 65b 161
6000 1.22 65b 196
aTested on arrays with 75 μm pillar spacings. bTested on arrays with

25 and 75 μm pillar spacings. cTested on arrays with 15, 25, 35, and 75 μm
pillar spacings.
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2000, and 6000 kDa, respectively) to match the zero shear
rate viscosity, η0, of this experiment (1.73 � 109 Pa 3 s),
calculated using the empirical VFT equation

η0ðTÞ ¼ A exp
TA

T -T0

� �
ð1Þ

whereTA=2022K andT0=311K and determined from the
value η0=1.2�1011 Pa 3 s atT=119.4 �C for 600 kDa PS and
scaled using η0∼Mw

3.4.38,39 Optical microscopy was used to
take images of hole formation over time, typically at a rate of
2 fps for 30 min, over the annealing experiment. A novel
image analysis technique developed for the acquisition of
suspended fiber properties, such as diameter, orientation and
branching, was applied to images of growing holes to iden-
tify, track, and measure individual hole radii.35 Hole radius
was measured as a function of time as soon as holes could be
optically resolved, typically ∼0.5 μm in diameter, and then
normalized against their initial respective radii.

Figure 2 shows a representative example of hole radius as a
function of time, Rhole(t), for a hole expansion experiment
with a parent film of 400 kDaPS, having a thickness of 65 nm.
Initial exponential growth is seen, followed by a decay in
growth, corresponding to holes impinging upon each other
and the pillar array. This impingement is illustrated by the
dashed line in Figure 2, where the leading holes edges can be
visually observed to contact each other and supporting
pillars in optical microscopy images. The onset of this decay
in growth and the point at which holes begin to compete for
space to grow occurs just before this impingement point, at
the midpoint transition (Rhole/R0 = 0.5). The curve in
Figure 2 is from an average of hole data from at minimum
five representative holes and is fitted with both exponential
growth and decay curves, before and after the midpoint
transition, respectively. The fits for both exponential curves
are given. Similar exponential growth curves (see Supporting
Information) were attained for all samples in this study
(Table 1), yielding viscosity values at the hole edge, as dis-
cussed in detail next.

Hole expansion is driven by an energy balance between
a surface tension stress pulling the hole open and vis-
cous dissipation within the film resisting flow. An exponen-
tial growth law for the radius of a hole, Rhole(t), with re-
spect to time t, has been developed and confirmed

experimentally2,6,9,29,33

RholeðtÞ ¼ R0 expðt=τflowÞ ð2Þ

τflow ¼ ηh=ε ð3Þ
where R0 is the initial hole radius, τflow is the characteristic
growth time, η is the viscosity at the hole edge, h is the film
thickness, and ε is the surface tension of the polymer-air
interface, with ε for PS at different temperatures calculated
using the equation40

ε ¼ - 0:072ðT - 20Þþ 40:7 ð4Þ

with ε inmN/m forT in �C. This surface tension gives a shear
stress σ=2ε/h and produces a shear strain rate at the hole
edge of _γ=2/τ. At higher viscosities, lower temperatures,
and higher molecular weights, the importance of nonlinear
viscoelastic effects such as shear thinning becomes greater.41,42

Shear thinning is described as a power law of the viscosity
normalized by the zero shear rate viscosity versus the re-
duced shear strain rate, β

logðη=η0Þ ¼ - d log β ð5Þ
where the power law exponent, d, in the bulk is typically ∼0.8
in the shear thinning regime,42 experimentally found to be
between ∼0.65 and 0.78 by Dutcher and co-workers.2,6,29,30

The reduced shear strain rate is defined as

β ¼ η0Mw

_γ

rRmolT
ð6Þ

where Rmol is the molar gas constant and F is the density of
the polymer, with F for PS at different temperatures calcu-
lated using the equation43,44

r ¼ 1:0865- 6:19� 10- 4T þ 0:136� 10- 6T2 ð7Þ
with F in g/cm3 for T in �C. Figure 3 shows the reduced
viscosity at the hole edge, as calculated from the hole growth
experiments, for all samples in Table 1, as a function of the
reduced shear strain rate. The horizontal dashed line indi-
cates the linear viscoelastic regime of hole growth where
η=η0. The solid line with slope of -0.78 ( 0.01 indicates
the power law fitting of the nonlinear viscoelastic regime
where shear thinning effects dominate the flow. Exponential

Figure 2. Normalized hole radius as a function of time showing both
exponential growth of holes, followedby exponential decay in growth at
the midpoint transition (Rhole/R0 = 0.5), after impingement with other
holes as well as pillars (h = 65 nm, 400 kDa PS, T = 130 �C). The
dashed line is given to indicate where holes visually impinge upon the
pillars as seen by optical microscopy.

Figure 3. Reduced viscosity, η/η0, versus reduced shear strain rate, β,
for samples with varyingmolecular weight (b), thickness (2), and pillar
spacing ([). Figure adapted from ref 29 with a best fit line of slope
-0.78 ( 0.01. The inset shows data from the present study fitted by
least-squares regression to give a slope of -0.73 ( 0.05.
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growth time scale data from the current study is overlaid on
data from ref 29. Figure 3 clearly indicates that the hole
growth regime of this study lies within the shear thinning,
nonlinear viscoelastic regime, with all samples of varying
Mw, thickness, and pillar spacing reducing to fit well upon
the trend line, η(β)/η0∼ |β|-0.78. Furthermore, no noticeable
effect of the pillars upon the film can be detected as the
viscosity data clearly falls in line with literature reported
trends for hole expansion. The inset in Figure 3 is data from
the present study, fitted with a power law determined by
least-squares regression to give a slope of -0.73 ( 0.05,
which is slightly smaller than the bulk value of -0.8 but fits
well within the previous given range of literature values (d=
0.65-0.78). The deviation of data from the trend at largeMw

(2 and 6 MDa) is thought to be contributions of additional
driving forces, such as from weak residual strain in the film
due to suspension or from residual stresses remnant from the
flow coating process. Although films were annealed just
below Tg, this would likely not allow gross chain reorienta-
tion due to lack of mobility. Annealing films for long times
over Tg could be applied in future studies to better ensure
equilibration of residual stresses and molecular conforma-
tions within the films. However, strain due to suspension is
unavoidable for the purpose of thin film melting for the
eventual fabrication of suspended fibers in this architecture.
These additional stresses could add to the effective surface
tension (η ∼ τflowε/h) and would be expected to play a more
significant role at higher values of Mw.

HoleNucleation.As discussed earlier, Reiter and co-work-
ers have developed a scaling for the hole nucleation and
rupture of unstable, thin polymer films.21,26,34 For a liquid
film on a substrate, a competition between van der Waals
forces, giving rise to a disjoining pressure, and viscous loss,
due to a Poiseuille flow of the fluid, results in fluctuations of
the surface with a specific wavelength. These undulating
surface modulations have a characteristic dimensionality of
h2, and thus a hole density per area, Nh, which scales with
thickness to the-4 power (Nh� hp, where p∼-4), yielding a
scaling for the nucleation of holes. In order to probe hole
nucleation in free-standing, ultrathin films, numerous an-
nealing experiments on 400 kDa PS films were carried out at
various thicknesses between 50 and 100 nm. The density of
nucleated holes was calculated by counting the number of
holes initiated in the annealed samples in a given area. All
holes in a given sample typically initiated instantaneously,
within the limitations of this experiment. Figure 4 shows the
hole nucleation data plotted as a log-log graph and fitted

with a power law (Nh � h-4) using least-squares regression.
As clearly shown, a-4 power law does not represent the data
very accurately and provides evidence that the observed hole
nucleation mechanism is obeying a stronger scaling, which
would correspond to a fit with a higher power and thus a
steeper “slope” (see Supporting Information). This stronger
scaling is attributed to the two surfaces of the free-standing
film influencing hole nucleation. In contrast to Poiseuille
flow, a free-standing film would be expected to undergo plug
flow, and therefore the power law scaling of Reiter is not in
fact a clear expectation. Thus, this data suggests that the
nucleation of holes in thin free-standing polymer films in the
melt state should not be considered in the same manner as
unstable, rupturing films on a solid surface. These models
only consider surface modulations of the supported films,
i.e., independent of substrate surface energy or morphology,
and they do not adequately describe hole nucleation in free-
standing films.

The nucleation of holes in a free-standing polymer film can
be considered as a balance of free energy. A suspended
polymer film in the melt/fluid state is metastable; however,
there is an energy barrier resisting breakup of the film. A
schematic representation of the free energy balance of hole
nucleation is depicted in Figure 5. The free energy, F, of a
hole formed in a free-standing film can be written as

F ¼ - 2επRhole
2 þΓ2πRhole ð8Þ

where -2επRhole
2 represents the loss of surface energy from

the two circular areas of the film where the hole is generated
and Γ is an edge tension of the hole.36 A hole created through
the thickness of a film should have an energy cost of the
newly formed hole edge; thus Γ = cεh, with c being a
geometric factor of 1, and the newly formed hole edge has
an energy of Γ2πRhole. From this free energy expression,
Croll et al. have developed a scaling for the nucleation of
holes that considers hole nucleation as a classic energy
barrier problem, in which the number of nucleated holes,
Nh, thus the density of holes, Fh, can be expressed as a
Boltzmann distribution

rh ¼ a exp -
F�
kT

� �
ð9Þ

where a is the attempt frequency, F* is the energy barrier for
creating a hole, and k is the Boltzmann constant.36 Given the
geometry of a hole, the energy barrier can be written as

F� ¼ πΓ2=2ε ¼ πεc2h2=2 ð10Þ
utilizing the simple assumption of the edge tension (Γ=cεh).
Therefore, with a film thickness of 50 nm and surface tension
of 32.8 mN/m at 130 �C,40 the energy barrier, F*, is expected
to be about 10-16 J.

In order to examine the free energy model for hole
nucleation, the hole nucleation density data from Figure 4
is plotted in Figure 6 as log(Fh) as a function of the square of
thickness, h2. The capillary model and energy barrier scaling

Figure 4. Hole density, Fh, as a function of film thickness, h, for 400
kDa PS samples, T = 130 �C, with a -4 power law (Fh ∼ h-4) deter-
mined by least-squares regression applied.

Figure 5. Schematic of the free energy of a free-standing filmbefore and
after hole nucleation.
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shown in eq 9 was applied to the data in Figure 6. The data in
this report encompasses a range up to a greater thickness
(53-100 nm) than that investigated by the study of Croll
et al. (∼20-70 nm). While the energy barrier model agrees
remarkably well with the hole nucleation data in this lower
range, hole nucleation data above ∼80 nm begins to deviate
from the pure exponential scaling, approaching an asymp-
totic limit of hole density. With the addition of an offset hole
density value (5.5�10-8 holes/m2), the exponential function
maintains the same “slope” and agreement in thinner films
and captures this limit seen in films above ∼80 nm. This
minimum hole density suggests that other mechanisms for
hole nucleation must be considered above a certain film
thickness. In this thicker regime, the energy barrier becomes
large; thus, nucleation from additional effects may domi-
nate, such as nucleation from inhomogeneities in the film,
like those of residual density fluctuations from the casting of
films. Both the pure exponential scaling characterizing the
thinner regime as well as the offset exponential fit are given
for reference in Figure 6, both calculated using least-squares
regression. As shown, the fits vary only slightly and do not
significantly affect the energy barrier calculation discussed
below.

The data are well fit by the energy barrier model of eq 9
giving a value of F*/kT=4.4, corresponding to a nucleation
event that occurs readily and frequently.CalculatingF* from
the exponential curve fit of this data gives a value for F* of
2.50�10-20 J for a 50 nm thick film. Though the data qualita-
tively agree with the fit curve from eq 9, the calculated value
for F* is lower than the predicted energy barrier of 10-16 J,
indicating that another driving force is influencing hole
nucleation. Croll et al. discuss this hole nucleation model
and make a comparison between PS films and PS/poly-
(methylmethacrylate) block copolymer (PS-b-PMMA) films
with disordered, cylindrical, and lamellar morphologies.36

Their hole nucleation data gives a free energy barrier of∼1.5�
10-20 J for a 40 nm thick film, which is remarkably close to
the calculated value from the data in the present study (F*=
1.57�10-20 J for h=40 nm) and deviates from the simple
prediction of 10-16 J in the same manner. This difference
from the theoretical value of the energy barrier shows that
the free energy of the capillary model (eq 8) captures just the
general scaling. These markedly reproducible deviations can
be attributed to the attempt frequency, a, having some
dependence upon thickness. This difference in calculated
energy barriers may also result from an effective surface

energy which is dependent on thickness due to this change in
thickness modifying the disjoining pressure. Additionally,
nucleation from defects could work to lower the energy
barrier of nucleation. In the thinner film thickness regime,
where the data are well described by the energy barrier
scaling, nucleation from defects are unlikely to be an influ-
ence of the lowered energy barrier due to the replication of
the same free energy barrier over numerous experiments
conducted between this present study and Croll et al., where
samples were created with different polymers and with
different experimental conditions. However, as stated ear-
lier, the asymptotic limit of hole density observed in thicker
films is likely to be influenced by nucleation from inhomo-
geneities as the energy barrier becomes large. Although the
attempt frequency prefactor is not quantitative, hole nuclea-
tion in this study scales well with the simple capillary model.
A more detailed molecular model that captures the attempt
frequency variations is needed to quantitatively understand
the nucleation mechanism in free-standing thin films.

Conclusions

The growth of holes in free-standing polymer thin films was
determined to be exponential in a shear thinning dominated,
nonlinear viscoelastic, high shear strain regime. Additionally,
hole growth was unencumbered by the supporting pillar array
substrate. A simple capillary model was applied to the analysis
of hole nucleation. The scaling predicts the relationship between
hole nucleation and thickness well; however, quantitative mea-
surements of the energy barrier for hole nucleation did not
match the theoretical values. Hole nucleation data yield an
energy barrier of 2.45 � 10-20 J, which deviates from the
predicted value of 10-16 J for a 50 nm film. This deviation is
lower than expected, indicating the influence of an additional
driving force and could be attributed to the variation of surface
tension and attempt frequency with thickness. The collected hole
nucleationdensity datadidnot fitwith the standardhole nucleation
theory (Nh � h-4) in the literature from the study of thin film
rupture and dewetting where surface modulations from van der
Waals forces are considered, indicating nucleation in free-standing
thin films must be approached with different considerations.
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ABSTRACT: Networks and gels are part of our everyday experience starting from automotive tires and
rubber bands to biological tissues and cells. Biological and polymeric networks show remarkably high
deformability at relatively small stresses and can sustain reversible deformations up to 10 times their initial
size. A distinctive feature of these materials is highly nonlinear stress-strain curves leading to material
hardening with increasing deformation. This differentiates networks and gels from conventional materials,
such as metals and glasses, showing linear stress-strain relationship in the reversible deformation regime.
Using theoretical analysis and molecular dynamics simulations, we propose and test a theory that describes
nonlinear mechanical properties of a broad variety of biological and polymeric networks and gels by relating
their macroscopic strain-hardening behavior with molecular parameters of the network strands. This theory
provides a universal relationship between the strain-dependent network modulus and the network deforma-
tion and explains strain-hardening of natural rubber, synthetic polymeric networks, and biopolymer
networks of actin, collagen, fibrin, vimentin, and neurofilaments.

The characteristic feature of biological and polymeric net-
works and gels is the predominantly entropic nature of their
elasticity.1 The elastic response of these materials is due to
extension of the individual chains or filaments reducing the number
of available molecular conformations and hence the configura-
tional entropy of the system. The entropic nature of the network
elasticity allows large reversible deformations. In Figure 1, we
combined stress-strain curves for natural rubber,1,2 synthetic
polymeric networks,2,3 and biopolymer networks4 of actin, col-
lagen, fibrin, vimentin, and neurofilaments. The natural rubber1,2

and synthetic networks2,3 are dense polymeric systems consisting
of highly coiled polymeric chains. The typical stress necessary for
network deformations is on the order of 104-107 Pa. These
networks can recover their initial form after up to a 10-fold
increase in their original size, ε � 10. The biological networks are
sparse and filledwithwater such that the filamentsmaking up the
network are only slightly coiled.4 The deformation of these
networks requires significantly low stresses (10-1-102 Pa) and
they can reversibly deform under the shear strain, γ e 10.4 The
striking similarity between two different classes of the network
materials is the stress-induced network hardening which is
manifested in the highly nonlinear stress-strain deformation
curves (see Figure 1).

Modern theories of elasticity of networks and gels are based on
the elastic response of the individual network strands making up
the network.1,5 These theories treat polymeric and biological
networks as two different classes of systems. The deformation of
strands of polymeric networks is usually described by the freely
jointed chain model.1,5 The deformation of biological networks
made of stiff biological macromolecules or filaments4,6-10

is modeled by the worm-like chainmodel.6,11-14 In the small defor-
mation limit both models give linear relationship between the
magnitude of the local tension and the strand deformation.5

But for the large strand deformations that correspond to the
nonlinear network deformation regime, two models demonstrate

qualitatively different divergence of the local tension f as a size of
the deformed network strand R approaches its maximum value
Rmax. For the freely jointed chainmodel the local tension diverges
as, f � (Rmax - R)-1, while for the worm-like chain model the
tension f exhibits a faster divergence f � (Rmax - R)-2.5 This
results in a qualitatively different strain-hardening behavior of
polymeric and biological networks and gels.

However, it was shown recently that polymer chains behave as
a worm-like chain under tension in the interval of the applied
forces f smaller than the crossover force fc and as a freely jointed
chain for f> fc.

15-18Magnitude of the crossover force fc�KkBT/b
depends on the effective chain bending constant K (or chain
persistence length lp) and bond length b (kB is the Boltzmann
constant and T is the absolute temperature). For biological
macromolecules like DNA the crossover force is estimated to
be on the order of 4 nN while for flexible chains such as poly-
styrene, single stranded DNA, and PDMS it is on the order of
20-300 pN.15,18 Universality in single chain deformation behav-
ior indicates that one should expect universality in elastic properties
of polymeric and biological networks and gels in the range of
strains for which the forces acting on the network strands are
smaller than a crossover force. Below we will show that this
universality exists. To prove this we use a nonlinear deformation
model of a worm-like chain19 and derive expressions for the
network stress under uniaxial and shear deformations. The
derivation details are worked out in the Appendix A.

In the case of the uniaxial deformation at a constant volume
the network extends in one direction say along the x-axis λx = λ
while it contracts in two others

λy ¼ λz ¼ 1=
ffiffiffi
λ

p

(see Figure 2).1,5 The true stress generated in the uniaxially
deformed network is equal to

σxxðλÞ ¼ G

3
ðλ2 - λ- 1Þ 1þ 2 1-

βI1ðλÞ
3

� �- 2
 !

ð1Þ
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where the first strain invariant for the uniaxial deformation is
I1(λ) = (λ2 þ 2/λ). Thus, the magnitude of the network stress
depends on two parameters: the network shear modulus G and
the chain elongation ratio β. The network shear modulus G ≈
kBTFÆRin

2æ/ÆR0
2æNs depends on the monomer density F, the

averagenumber of bondsNsbetween cross-links, and the intrinsic
chain extension ÆRin

2æ/ÆR0
2æ;the ratio of the mean-square ave-

rage end-to-enddistance of the strand in the undeformednetwork
ÆRin

2æ to its ideal value ÆR0
2æ. Note that in the case of the natural

rubber ÆRin
2æ = ÆR0

2æ. The second molecular parameter describ-
ing network properties is β = ÆRin

2æ/Rmax
2 which is the ratio of

ÆRin
2æ and the square of the end-to-end distance of the fully

extended strand Rmax
2.

For a shear deformation a shear strain γ is equal to γ= tan φ
(see Figure 2).1 The shear stress can be written as follows

σxyðγÞ ¼ Gγ

3
1þ 2 1-

βI1ðγÞ
3

� �- 2
 !

ð2Þ

where the first strain invariant for the shear deformation is given
by I1(γ) = γ2 þ 3.

The diverging term appearing in eqs 1 and 2 reflects finite
extensibility of the strands between cross-links. It has the same
quadratic divergence as the singular term in the expression for
tension in a stretched worm-like chain (see Appendix A).

We have applied eqs 1 and 2 to fit the stress-strain curves for
networks shown in Figure 1. For uniaxial deformation the
elongation strain ε = λ - 1. The lines in Figure 1 correspond to
the best fits to eqs 1 and 2. Note that for the weakly cross-linked
networks at small deformations the part of the stress is supported
by entanglements.Toaccount for the entanglement contributions
we have added a Mooney-Rivlin term1,5 to the chain’s free
energy and to the network stress (see Appendix B). From fitting
experimental data sets to eqs 1 and 2, we have obtained values of
the network shear modulus G and the chain elongation ratio β.
These parameters are summarized in Table 1. The data presented
in Table 1 show that polymeric networks have a shearmodulusG
on the order of MPa and chain elongation ratios β � 10-2-0.4.
The small values of the chain elongation ratio support the idea
that in polymeric networks the network strands are coiled.On the
contrary, the chain elongation ratios for biological networks are
close to unity indicating that filaments forming these networks
are almost fully extended due to high values of the filament bending
modulus and persistence length. Furthermore, the typical values of
the shearmodulus for biological networks are on the order ofG�
10-2-1 Pa with the largest value of the shear modulus corre-
sponding to a network of the neurofilaments and the smallest
value obtained for a collagen network. The network shear
modulus decreases with increasing the filament rigidity, G �
kBTFb/lp, which immediately follows from dependence of the
network shear modules G on the system parameters ÆRin

2æ ≈
Rmax

2 ≈ b2Ns
2 (for β ≈ 1), and ÆR0

2æ ≈ 2lpRmax.
To test predictions of our theory, we have performed molecular

dynamics simulations21 of the coarse-grained model of randomly
cross-linked networks. The simulations details are described in
Appendix C. We have performed simulations of the networks
undergoing uniaxial and shear deformations. Figure 3 presents
simulation results for uniaxial deformation of networks consist-
ing of polymeric strands with different values of the chain bending
constant. The lines correspond to the best fit to eq 1 considering
shearmodulusG and elongation ratio β as adjustable parameters.
The values of the fitting parameters are given in Table 1. Note
that the values of the chain elongation ratios obtained from
the fitting procedure are close to the one directly calculated from
the structures of the undeformed networks (see Appendix C). As
one can see from this plot the agreement between simulation
results and theoretical expression for uniaxial network deforma-
tion eq1 is excellent. It is interesting to point out that the simulations
also show a decrease in network shear modulus with increasing
strand stiffness (persistence length) (see Appendix C).

Figure 1. Stress-strain deformation curves of neurofilamentnetwork (1),
collagen network (2), vimentin network (3), fibrin network (4, 5),
actin network (6), natural rubber (7-9), and PPG BisAcAc-
EA-HMDI-EA network (10). For natural rubber (7-9) and poly-
meric network (10) we have converted the original data sets for the
engineering stress to the true stressσxx=(1þ ε)σxx

eng. The lines represent
a best fit to the theoretical expression for stress-strain deformation curve
(see text for details).

Figure 2. Snapshots of the simulation box of the network deformation at a constant volume. Uniaxial deformation (left) and shear (right).



142 Macromolecules, Vol. 44, No. 1, 2011 Dobrynin and Carrillo

Using eqs 1 and 2 we can introduce a deformation dependent
network shear modulus in the case of the uniaxial and shear
deformations as

GðI1Þ � σxxðλÞ
λ2 - λ- 1

¼ G

3

 
1þ 2

 
1-

βI1ðλÞ
3

!- 2!
ð3aÞ

and
GðI1Þ � σxyðγÞ=γ ð3bÞ

Equations 3a and 3b are themain results of the paper. They are
different from the previous theoretical results on nonlinear network
elasticity.1,4,6-10 For the first time,we have been able to derive the

invariant expression for the strain-dependent network shear
modulus. This modulus is a universal function of the strain
invariant I1 characterizing network deformation and parameter
β determining the stretching ability of the strands between
cross-links. Thus, biological and polymeric networks and
gels should demonstrate similar nonlinear behavior, because
molecular specificity of strands forming networks or gels enters
the problem through the shear modulus G and chain elongation
ratio β.

To illustrate universality in nonlinear network elasticity we
plotted reduced network shear modulus G(I1)/G as a function of
the parameter βI1/3 for the natural rubber, synthetic and biolog-
ical networks (Figure 4). We have also included data obtained
from computer simulations of the coarse-grained network model
with different values of the persistence length.Remarkably, all data
sets collapse into one universal line. (Note that for weakly cross-
linked networks to obtain the value of the deformation dependent
shear modulus we have subtracted entanglement contribution
from the network stress, σxx(λ) - σxx

e (λ) (see Appendix B).) The
natural rubber, neurofilament networks and networks modeled
in computer simulations can experience large deformations for
which the extension ratio λ could be much larger than unity.
These networks are made of strands with β ≈ ÆRin

2æ/Rmax
2 ,1

such that there are many Kuhn segments per network strand.
Note that for these networks the value of the network shear
modulus is on the order of kBT per network strand, G(3) � G ≈
kBTF/Ns. The data sets for these systems occupy the region on
the plot corresponding to the intervalG(I1)/Ge 10 (see Table 1).
The data sets covering the interval G(I1)/G g 10 correspond
to biological networks made of rigid strands (filaments) (see
Table 1). For such networks, the strands between cross-links are
almost fully stretched ÆRin

2æ≈ Rmax
2 (β≈ 1). The simulation data

cover almost the entire interval of the strain-dependent shear
modulus and support this observation.

It is important to point out that the deviation from the universal
behavior takes placewhen the shortest strands of the network begin
to support majority of the stress. Our simulations show that at
such high deformations the bonds belonging to these strands begin
to deform. This changes the nature of the network elasticity from

Table 1. Network Parameters: ShearModulusG, Chain Elongation Ratio β andRatio of the ShearModulus Due to EntanglementsGe to the Shear
Modulus G, Ge/G

experiments

system G β Ge/G

1 neurofilaments4 1.9283 Pa 0.1182 --
2 collagen4 0.0039 Pa 0.9873 --
3 vimentin4 0.0582 Pa 0.8988 --
4 fibrin (steady state)4 0.1275 Pa 0.9246 --
5 fibrin (oscillatory)4 0.5982 Pa 0.8619 --
6 actin4 0.0319 Pa 0.9852 --
7 natural rubber1 0.198 MPa 0.0294 1.25
8 natural rubber20 0.294 MPa 0.0477 --
9 natural rubber2 0.356 MPa 0.0438 1.06
10 PPG BisAcAc-EA-HMDI-EA network3 0.1084 MPa 0.4056 --
11 PPG BisAcAc-NPGDA network3 0.0399 MPa 0.042 0.71
12 SBR2 0.187 MPa 0.0255 2.41

Simulations

system G � 103[kBT/σ
3] β Ge/G

13 K = 2, Ns = 17.88 ( 7.4, uniaxial deformation 7.40 0.198 --
14 K = 5, Ns = 18.03 ( 6.7, uniaxial deformation 4.73 0.45 --
15 K = 10, Ns = 17.90 ( 6.7, uniaxial deformation 3.04 0.633 --
16 K = 10, Ns = 17.90 ( 6.7, shear deformation 3.04 0.654 --
17 K = 20, Ns = 17.98 ( 6.7, uniaxial deformation 2.27 0.752 --
18 K = 20, Ns = 17.98 ( 6.7, shear deformation 2.27 0.742 --
19 K = 30, Ns = 17.83 ( 6.6, uniaxial deformation 2.15 0.791 --
20 K = 40, Ns = 17.99 ( 6.7, uniaxial deformation 1.30 0.806 --
21 K = 40, Ns = 17.99 ( 6.7, shear deformation 1.30 0.808 --

Figure 3. Dependence of the true stress σxx on the deformation ratio
λ for uniaxially deformed networks. Numbers correspond to the networks
described in Table 1.
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entropic to enthalpic. Single chain stretching experiments show
that a crossover to the bond stretching regime occurs when the
pulling forces exceed 40-100 pN.13,14 This onset of the local forces
acting on the network strands should be considered as a crossover
between the entropic and enthalpic origin of the network elasti-
city. Note that in the case of biological networks the crossover from
entropic to enthalpic regimes in network elasticity could occur due
to overstretching of the protein cross-links connecting network
filaments.22

The uniqueness of our model of the nonlinear network elasticity
is that it relates molecular parameters of the network strands with
network nonlinear mechanical response. This is vital for under-
standing mechanical properties of rubber-like materials,1 muscles,
biological tissues,4,23,24 cells,25,26 and blood clots.27 Furthermore,
understanding the mechanism of the nonlinear elasticity of net-
work and gels opens possibility for design of new materials with
programmed nonlinear elastic properties. This can have a sig-
nificant impact on development of synthetic substitutes for biolog-
ical tissues such as skin, arterial walls, andmuscles whose functions
require nonlinear elastic response in a particular range of external
loads.

To the end we want to comment on the crossover to the non-
linear freely jointed chain deformation regime and range of
applicability of our eqs 1-3. For flexible chains this crossover
occurs when external forces acting on the polymer chains are on
the order of 20-300 pN. In this interval of forces the chain’s end-
to-end distance is about 70-90% of its fully extended length,
R/Rmax ≈ 0.7-0.9. Taking this into account we can estimate a
value of the network elongation ratio from the following relation-
ship, βλ2/3 ≈ (R/Rmax)

2 ≈ 0.5-0.8. Thus, for natural rubber
samples used in the Treloar’s experiments1 the network extension
ratio at the crossover to the nonlinear freely jointed chain deforma-
tion regime is on the order of λ≈ 7-9. These values are close to the
largest network deformations studied by Treloar.1 The majority
of the experimental data on deformation of the polymeric net-
works have covered the range of the network extension ratios,
λ < 6.1 For such network deformations the deformation depen-
dent network shear modulus can be approximated by the eqs 3a
and 3b. Note that one can derive a more general expression for

the network deformation by starting from expression for the
chain deformation which includes the crossover to the nonlinear
freely jointed chain deformation regime (see ref 18). We will
consider this approach in our future publications.
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Appendix A

Here we use our result for the nonlinear force-deformation
relation19 between applied force f and the average distance between
chain ends ÆRæ along the direction of the applied force for a worm-
like chain with the number of bonds N

f

kBT
� ÆRæ

ÆR0
2æ
þ 2

ÆR0
2æ

ÆRæ
ð1- ÆRæ2=Rmax

2Þ2 ðA.1Þ

where Rmax = bN is a length of the fully extended chain with
bond length b, ÆR0

2æ ≈ 2lpRmax is the mean-square average end-
to-end distance of an ideal chain with the persistence length equal
to lp.We assume that the chain’s end-to-end distanceR is equal to
its average value ÆRæ and neglect effect of fluctuations. Note that
this approximation improves with increasing the chain deforma-
tion when the chain’s end-to-end distance becomes on the order
of its average value, R ≈ ÆRæ, and the ratio of fluctuations of a
chain’s end-to-end distance δR to its average value is smaller than
unity, δR/ÆRæ , 1. In the case of small chain deformations, R ≈
ÆR0

2æ1/2 andR/Rmax,1, the fluctuationsδR can beon the order of
ÆR0

2æ1/2. In this chain deformation regime, our approximation of
the eq A.1 results in an expression for the chain deformation
similar to the one obtained from the Flory-like chain’s elastic free
energy.5 The dependence of the chain’s free energy on the chain
end-to-end distance R can be obtained by using the principle of
virtual work by considering eq A.1 as an equation describing
force-deformation relationship of the nonlinear spring with the
spring length R. The chain’s free energy is calculated as a work
done by stretching a chain (nonlinear spring) by a constant force
f pointing along the end-to-end vector RB by a distance dRB

dF ¼ ð fB 3 dRBÞ � f ðRÞ dR ðA.2Þ
Performing integration over R one obtains

FðRÞ
kBT

� R2

2ÆR0
2æ
þ Rmax

2lpð1-R2=Rmax
2Þ ðA.3Þ

Note that in the limit of the small chain deformations,R/Rmax, 1,
eq A.3 reproduces the elastic free energy of an ideal chain.5 Thus,
our expression for the chain’s free energy eq A.3 can be con-
sidered as a generalization of the Flory-like elastic free energy5 of
an ideal chain to the case of large chain deformations.

We will assume that a network is isotropic and cross-links
connecting polymeric strands have in average Ns bonds each.
In the framework of the affine network model1,5 each strand
deforms affinely (Rs

x = λxRin
x , Rs

y = λyRin
y , Rs

z = λyRin
z ) and the

free energy of a network is equal to the sumof contributions from
strands between cross-links.

FnetðfλigÞ

¼
X
s

FðRsÞ � GV
I1ðfλigÞ

6
þβ- 1 1-

βI1ðfλigÞ
3

� �- 1
 !

ðA.4Þ

whereV is the systemvolume, I1({λi})= λx
2þ λy

2þ λz
2 is the first

strain invariant of the deformation matrix, ÆRin
2æ is the mean-

square average end-to-end distance of a strand between cross-
links in the undeformed network, G ≈ kBTFÆRin

2æ/ÆR0
2æNs is

the shear modulus of the network with monomer density F.
β= ÆRin

2æ/Rmax
2 is the ratio of the mean-square average distance

Figure 4. Dependence of the reduced strain dependent shear modulus
G(I1)/G on the parameter βI1/3. Numbers correspond to networks
described in Table 1 and the solid line corresponds to eq 3.
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between cross-links in the undeformed network and the square
of the end-to-end distance of the fully extended strand. This
parameter determines how much the polymeric strands between
cross-links can be stretched. In deriving expression eq A.4 we
have assumed an affine deformation of the network such that
ÆRs

2æ = I1({λi})ÆRin
2æ/3 and used a preaveraging approximation

substituting Æ(1/[1- x2])æ by 1/(1- Æx2æ). Note that the accuracy
of the preaveraging approximation improves when the value
of the parameter x ≈ 1 and x , 1. In the case x ≈ 1, the
fluctuations δx around the average value are small, δx/Æxæ , 1,
such that Æx2æ ≈ Æxæ2 ≈ x2. In the opposite limit, when x, 1, we
can use the following approximation Æ1/(1 - x2)æ ≈ 1 þ Æx2æ ≈
1/(1- Æx2æ). EquationA.4 is themain result of the paper. It allows
us to describe elasticity of a network using two parameters: the
network shear modulus G and the chain elongation ratio β.

We apply this equation to describe nonlinear stress-strain
relation in a network undergoing uniaxial and shear deforma-
tions. For the uniaxial deformation at a constant volume, the
product of the deformation (elongation) ratios is a constant
λxλyλz = 1, such that the network extends in one direction while
contracts in two others (see Figure 2) resulting in λx = λ; λy =
λz=1/

√
λ.1,5 The true stress generated in the uniaxially deformed

network is equal to

σxxðλÞ ¼ λ

V

DFnetðλÞ
Dλ

¼ G

3
ðλ2 - λ- 1Þ 1þ 2 1-

βI1ðλÞ
3

� �- 2
 !

ðA.5Þ

where the first strain invariant for the uniaxially deformed net-
work is I1(λ) = (λ2þ2/λ). Note that for uniaxial network deforma-
tion the magnitude of the true stress is related to the engineering
stress as σxx

eng = σxx/λ.
1,5

For a shear the three principle extension ratios are λ1=λ; λ2=
1/λ; λ3 = 1. It is important to point out that the direction of the
principle axes of strain are not related to the direction of shear in
any simple way and dependent on the magnitude of the strain.
The shear strain γ is equal to γ=tan φ= λ- λ-1 1 (see Figure 2)
and the shear stress generated in the deformed network is equal to

σxyðγÞ ¼ 1

V

DFnetðγÞ
Dγ

¼ Gγ

3
1þ 2 1-

βI1ðγÞ
3

� �- 2
 !

ðA.6Þ

where the first strain invariant for the shear deformation is given
by I1(γ) = γ2 þ 3.

Appendix B

The analysis of experimental data presented in Figure B1
shows that we have to modify the expression for the network
free energy eq A.4 to include effect of entanglements in the range
of small deformation ratios λ < 2. To account for the entangle-
ments we added the Mooney-Rivlin term1

Fe � GeV

2
ðλ12λ22 þ λ1

2λ3
2 þ λ2

2λ3
2Þ ðB.1Þ

whereGe is the contribution to the network shearmodulus due to
entanglements. Note that theMooney-Rivlin term1 is one of the
possible forms of the correction term to account for the entangle-
ment contribution. The detailed discussion of this subject can be
found in refs 5 and 28 and is beyond the scope of this paper. Thus,
adding this term to the network free energy eqA.4wehave for the
uniaxial network deformation

FnetðλÞ � GV
I1ðλÞ
6

þ β- 1 1-
βI1ðλÞ

3

� �- 1
 !

þGeV

2
2λþ 1

λ2

� �
ðB.2Þ

The last expression can be considered as a generalization of the
Mooney-Rivlin expression for the network free energy as a
function of the first and second strain invariants. The experi-
mental data of the uniaxial network deformation are usually report
the value of the engineering stress. The engineering stress is defined
as a ratio of the elongation force applied to a sample and the
original cross section area of the sample. This leads to

σeng
xx ðλÞ ¼ σxxðλÞ

λ

¼ G

3
λ-

1

λ2

� �
1þ 3Ge

Gλ
þ 2 1-

β

3
λ2 þ 2

λ

� � !- 2
0
@

1
A ðB.3Þ

We used eq B.3 to fit experimental data for uniaxial network
deformation shown in Figure B1. As one can see, the agreement
between the experimental data and the expression for the engineer-
ing stress is a very good. To extract from the experimental data
contribution of the cross-links to the strain-dependent shear
modulus G(I1) presented in Figure 4 we have subtracted from
the total stress contribution from entanglements

GðI1Þ � σeng
xx ðI1Þ

ðλ- λ- 2Þ-
Ge

λ
ðB.4Þ

Appendix C

We have performed molecular dynamics simulations21 of
deformation of networks of semiflexible chains.Chains forming a
network were modeled by bead-spring chains consisting of
monomers with diameter σ. The connectivity of beads in polymer
chains and the cross-link bonds were maintained by the finite
extension nonlinear elastic (FENE) potential29

UFENEðrÞ ¼ - 0:5ksRm
2 ln 1-

r2

Rm
2

 !
ðC.1Þ

where ks is the spring constant set to ks = 500kBT/σ
2, the

maximum bond length is Rm = 1.5σ, kB is the Boltzmann
constant and T is the absolute temperature. (The large value of
the spring constants was selected to minimize the effect of the

Figure B1. Dependence of the engineering stress σxx
eng on deformation

ratio λ for polymeric networks. Numbers correspond to the networks
described in Table 1, and the lines are the best fit to eq B.3.
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bond stretching at large network deformations). The repulsive
part of the bond potential was modeled by the shifted Lennard-
Jones potential with the values of the Lennard-Jones interaction
parameter εLJ = 1.5kBT. The chain bending rigidity was intro-
duced into the model through a bending potential controlling the
mutual orientations between two neighboring along the poly-
mer backbone unit bond vectors nB and nBiþ1

Ubend
i, iþ 1 ¼ kBTKð1- ðnBi 3 nBiþ 1ÞÞ ðC.2Þ

In our simulations the value of the bending constantKwas equal
to 2, 5, 10, 20, 30, and 40. For this chainmodel a chain persistence
length lp is related to the chain’s bending constant as lp = b(1 þ
coth(K)-K-1)/2(1- coth(K)þK-1),whereb= 0.8375( 0.010σ
is the bond length. (The system parameters are listed in Table C1).
We did not have any additional interactions between monomers.
This was done tomaintain isotropic structure of the network and
to avoid a nematic ordering of semiflexible chains.

Simulations were carried out in a constant number of particles,
and temperature ensemble. The constant temperature was main-
tained by coupling the system to a Langevin thermostat imple-
mented in LAMMPS.29 In this case, the equation of motion of ith

bead is

m
dvBiðtÞ

dt
¼ FBiðtÞ- ξvBiðtÞþFB

R

i ðtÞ ðC.3Þ

where vBi (t) is the ith bead velocity, and FBi (t) is the net
deterministic force acting on ith bead with mass m. FBi

R (t) is
the stochastic force with zero average value ÆFBi

R (t)æ = 0 and
δ-functional correlations ÆFBi

R (t)FBi
R (t0)æ = 6ξkBTδ(t - t0). The

friction coefficient ξ was set to ξ = m/τLJ, where τLJ is the
standard LJ-time

τLJ ¼ σ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
m=εLJ

p
The velocity-Verlet algorithm with a time step Δt = 0.005τLJ
was used for integration of the equations of motion (eq C.3). All
simulations were performed using LAMMPS.29

The networks were prepared by starting with simulations of
the 3-D periodic solutions of 96 chains with the degree of
polymerizations N = 200 at polymer concentration c = 0.5σ-3.
(The initial simulation box size in all simulations was L0 =
33.74σ). The systems were equilibrated for 107 integration steps.
The second step involved cross-linking of polymer solutions.
During this procedure neighboring monomers were randomly
cross-linked by FENE bonds if they fall within 1.5σ cutoff
distance from each other. One cross-link bond was allowed per
monomer, thus creating a randomly cross-linked network. To
minimize the polydispersity of the strands between cross-links we
set theminimumnumberofbondsbetween cross-links tobeNs=9.
For all networks the cross-linking densitywas equal to 0.0125σ-3.
After completion of the cross-linking process we have eliminated
the bending potential between adjacent to the cross-link chain’s
bonds. Networks were relaxed by performing NVT molecular
dynamics simulation runs lasting 107 integration steps. This
was followed by a production run lasted 107 integration steps.
During this simulation run we have obtained value of the
parameter β by averaging Rs

2/(Nsb)
2 for each network strand

between cross-links.
In order to obtain stress-strain relation for networks of semi-

flexible chains we have performed sets of simulations of uniaxial
network deformations.30 The networks were deformed by chang-
ing the initial box sizeL0 along x direction to λL0 and toL0/

√
λ in

the y and z directions. Under such deformation the system
volume remained the same. This deformation was achieved by
a series of small affine deformations

fxi, yi, zig f fΔλxi, yi=
ffiffiffiffiffiffi
Δλ

p
, zi=

ffiffiffiffiffiffi
Δλ

p
g

until the desired strain was obtained. The molecular dynamics
simulation proceeded during the constant-volume deformation
process such that the network was allowed to adjust its conforma-
tions for 107 integration steps. The final 5� 106 integration stepswe
used for the data averaging. The stress σxx in the direction of the
strain was evaluated from the simulations through the pressure
tensor Pij as follows

σxx ¼ 3

2
Pxx -

1

2

X
i

Pii ðC.4Þ

Figure 3 presents our simulation results for uniaxial network
deformation.

In addition to uniaxial network deformation we have also
performed simulations of networks undergoing shear deforma-
tion. The stress-strain curves for this type of the network
deformation are shown in Figure C1. The lines correspond to the
best fits to the following equation

σxyðγÞ ¼ Gγ

3
1þ 2 1-

β

3
ðγ2 þ 3Þ

� �- 2
 !

ðC.5Þ

Note that we only fitted the values of the chain size ratio β while
the values of the shear modulusGwere set to the values obtained
from fitting data sets of corresponding uniaxially deformed
networks.

We can use computer simulation results to test a scaling
dependence of the network shear modulus on the system param-
eters (see Appendix A).

G � kBTr
ÆRin

2æ
ÆR0

2æNs

� kBTrβ
b

bK
ðC.6Þ

In simplifying the last equation we take into account that ÆRin
2æ≈

βRmax
2 ≈ βb2Ns

2, and ÆR0
2æ ≈ bkRmax, where bK is the Kuhn

length, bK=2lp. It follows from eq C.6 that the reduced network
shear modulusG/(kBTFβ) is proportional to the ratio of the bond
length to the Kuhn length, b/bK. Before proceeding further we
have to point out that not all network strands support stress.1,5

The dangling ends, connected to the network by only one end,
should be excluded. The effect of the dangling ends is particularly
important for networks prepared by cross-linking short polymer

Figure C1. Dependence of the shear stress σxy on shear strain γ.
Numbers correspond to networks described in Table 1.
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chains. In our simulations we have prepared networks by cross-
linking chains with the number of monomers N = 200. After
cross-linking each chain has in averageN/Ns network strands and
twoof those strands are dangling ends. Thus, the actualmonomer
density of the network strands that support stress is equal to

~r � Ns
r
N

N

Ns
- 2

� �
� r 1-

2Ns

N

� �
ðC.7Þ

The effect of the dangling ends diminishes with decreasing the
ratio Ns/N.

In Figure C2, we plot the reduced network shear modulus
G/(kBTβ~F) as a function of b/bK. Our simulations show that the
network shear modulus decreases with increasing the chain
rigidity or chain Kuhn length, G/(kBTβ~F) � b/bK . In addition
to simulation data, we have also added to this plot data points
corresponding to natural rubber. For these data, we used for the
bond length b = 0.484 nm (this value corresponds to the total
length of all four bonds of the monomeric unit of the 1,4-poly-
isoprene along the chain axis in the ground state), for the Kuhn
length bK = 0.82 nm,5 and for the density of the natural rubber
0.93 g/cm3. For these networks we did not correct for the effect of
the dangling ends, F = ~F. The simulation data are in a good
agreement with experimental results for natural rubber.
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Table C1. System Parameters

lp [σ] K [kBT] Ns βsim βfit-U (βfit-S)

1.391 2 17.88( 7.4 0.177( 0.130 0.198
3.771 5 18.03( 6.7 0.368( 0.181 0.450
7.956 10 17.90( 6.7 0.545( 0.175 0.633 (0.654)
16.331 20 17.98( 6.7 0.681( 0.150 0.752 (0.742)
24.706 30 17.83( 6.6 0.735( 0.141 0.791
33.081 40 17.99( 6.7 0.761( 0.144 0.806 (0.808)

Figure C2. Dependence of the reduced shear modulus on the ratio of
the bond length b to the Kuhn length bK. Numbers correspond to
networks described in Table 1.
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ABSTRACT: We develop a detailed molecular theory that describes the response of weak polyelectrolyte
gels to changes in both the pH and salt concentration, c, of the solution. This approach includes specificmolecular
details and conformational degrees of freedom of the polymeric gel, acid-base equilibrium, and solution entropy
as well as electrostatic, van der Waals, and excluded-volume interactions. Here, we study polyacid gels in good
solvent. The physical properties of the gel are found to depend on the coupling between charge regulation and the
molecular interactions. In particular, the gel’s degree of dissociation is not only determined by the bath pH and
ionic strength but alsoby the polymer’s ability in regulating charge tomodify the local environment and in swelling
or shrinking that depends on the externally controlled variables. The gel pH can be several units smaller than the
bath pH depending on the salt ion concentration. The gel pH does not respond linearly to changes in neither bath
pH nor c, and its behavior results from the complex interplay between the conformational degrees of freedom and
all of the interactions mentioned above. The gel system swells if pH > pKa and collapses if pH < pKa. The
continuous transitionbetween collapsedand swollen regimesoccurs in averynarrow rangeof bathpHaroundpKa

whosewidth depends on the salt concentration. In this intermediate region the volume fraction of the polyacid can
be controlled by both c and pH.

1. Introduction

Charged gels undergo large volume changes induced by
external stimuli that include changes of temperature and/or osmot-
ic pressure variations1-3 and electric field.4 Because of their large
deformations and fast responses to external stimuli, hydrogels of
charged chains have generated great interest for potential applica-
tions such as microactuators,5 muscle-like actuators,6-8 and filtra-
tion/separation9 and microfluidic10 devices. Moreover, it has been
argued that hydrogels have structures and properties that resemble
biological tissues11,12 and biological networks.13,14 Indeed, nu-
cleoids of bacteria such as E. coli15 andmitotic chromosomes have
been described to show many of the physical16 and mechanical17

properties of hydrogels: these biological networks undergo large
salt-inducedvolume changes.18 In addition,mammalian cytoplasm
responds to extracellular pH resembling the physical behavior of
hydrogels, having the ability to absorb large quantities ofwater and
modify its volume manyfold.19

There are two types of polyelectrolytes: strong and weak
polyelectrolytes. The acid (basic) groups of strong polyelectro-
lytes are deprotonated (protonated) in the typical range of pH
values. Therefore, they have charge densities that are nearly
insensitive to pH changes; their volume and thermodynamics
are controlled by the salt concentration and the valency of the salt
in a rather universal way.20-23 This group includes nucleic acids
and polystyrenesulfonate. In the presence of gelling molecules,
such as proteins capable of hydrogen bonding to their backbone,
they can also form gels.24-27 The physical properties of strong
polyelectrolyte gels, including swelling, have been previously
analyzed mainly using linear-response theory.28-30 In addition,
simulations have been used to analyze gels of charged chains in

different solvent conditions31,32 that includes the case of multi-
valent ions presence.33

On the other hand, the state of charge of polyacids or polybases
depends more strongly on the acid-base equilibrium. These poly-
mers are often referred to as weak polyelectrolytes. In weak poly-
electrolyte chains, not only the salt concentration but also the pH
controls the effective charge of the chains,34 i.e., the fraction of
chain monomers whose acid (basic) groups are dissociated or
degree of dissociation, fd. Salt-free solutions of weak polyelec-
trolytes35 and grafted layers of polyacids36-38 have been theoreti-
cally studied before. In many applications, gels of weak polyelec-
trolyte chains are preferred. These gels are ubiquotous in nature
and can be formed, for example, using triblock copolymers with
associating end groups.1 If the chain ends undergo thermorevers-
ible reactions with the ends of other chains, charged gels that are
highly regular are formed.39 In this work, we analyze permanently
cross-linked chains that form regular gels as a function of their
degree of ionization; we assume the backbone is in good-solvent
conditions.

There are various competing physicochemical interactions that
determine the size of weak polyelectrolyte gels. The acid-base
equilibrium must be established inside the gel under the con-
straint of fixed chemical potential of the protons givenby the bath
solution in contact with the gel. Charge dissociation is favored by
an entropy increase in production of charged groups. However,
the charge present on the chain backbone swells the gel and
consequently decreases the entropy of the chains.Moreover, ions
are required to cancel the charge of the chains, which generate a
strong penalty to charge dissociation. These competitions deter-
mine the charge and size of the swollen gel: charge dissociation of
the chains favors homogeneous mixing of hydrated counterions
and of swollen charged chains. The macroscopic shrinking of the
gel occurs when the charge of the chains is screened by salt and/or

*To whom correspondence should be addressed. E-mail: m-olvera@
northwestern.edu (M.O.d.l.C.); igal@northwestern.edu (I.S.).
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pH changes, such that the degree of dissociation is negligible. In
present paper, we develop a theory to determine how the
equilibrium conformation of weak polyelectrolyte hydrogels
changes in response to external stimuli. The contributions to
the free energy of the acid-base equilibrium, the solution mixing
entropy, the steric repulsions, the van der Waals attractions, and
the conformational degrees of freedom of the gel molecule are all
explicitly included. In addition, starting from the electrostatic
energy, we derive a generalized nonlinear Poisson-Boltzmann
equation whose solution provides the electrostatic potential. In
this theoretical approach, the thermodynamic equilibrium is
determined by the coupling between all of these contributions.
We ask the question of how the thermodynamic equilibrium of
the hydrogel changes as a consequence of externally fixing the pH
and ionic salt concentration of the outer bath solution in
equilibrium with the gel.

This work is organized as follows: In section 2, the general
molecular-level theory is introduced, while the molecular model
used to evaluate the approach is presented in section 3. Then, in
section 4, the behavior of the polyacid gel, whose total number of
cross-links is independent of its density, in good solvent is
described using results obtained with our general theoretical
method. Finally, concluding remarks and directions for future
work are presented in the last section.

2. Theoretical Approach

Consider a weak polyelectrolyte gel (G) with nG monomer
units in a solution containing water (w), protons (Hþ), hydroxyl
ions (OH-), and completely dissociated salt, resulting in the
presence of anions (-) and cations (þ). Eachmonomer has one
acid group that can be either protonated (AH) or deproton-
ated (A-). Namely, we are considering a polyacid such as
poly(acrylic acid). This system is in equilibrium with a homog-
eneous solution that provides a bath for all of the free species
whose chemical potentials are determined by the bath pH and
salt concentration, c. Our approach to this problem consists of
defining a detailed molecular-level theory,37,38 which is de-
scribed in the following.

First, we write the free energy of the system, which explicitly
includes the conformational entropy of the flexible gel molecule,
themixing entropy of the different free species in the solution, the
repulsive excluded volume interactions as well as the attractive
van der Waals interactions, the chemical equilibrium resulting
from the acid-base reaction, and the electrostatic interactions
due to both charged free species and dissociated acid groups in
the gel monomers. This free energy is expressed as a functional of
the probability of the different molecular conformations of the
gel, the local density distribution of the mobile species in the
solution, the gel degree of dissociation, and the electrostatic field.
Then, this free energy is optimized with respect to those functions
subject to two constraints: the incompressibility constraint,which
accounts for the intermolecular repulsions, and the global elec-
troneutrality constraint, which requires the total charge of the
system be zero. Finally, any thermodynamic quantity of interest
can be computed after all these functions are determined by
taking the proper derivative of the minimized thermodynamic
potential.

In this framework, the total Helmholtz free energy of the
system can be expressed as

F ¼ -TSconf -TSmix þUvdw þFchm þUelec ð1Þ
whereT is the temperature and Sconf, Smix,Uvdw, Fchm, andUelec

denote the configurational entropy of the gel, mixing entropy
of the free species, van der Waals interaction energy, chemical
free energy associated with the acid-base equilibrium, and

electrostatic interaction energy arising from charged species, re-
spectively. The conformational entropy of the gel is given by

-
Sconf

kB
¼
X
R

PðRÞ lnðPðRÞÞ

where P(R) is the probability of finding the gel in conformation R.
A conformation denotes a given spatial distribution of all the
monomers of the gel.

The mixing (translational) entropy of the free species within
the hydrogel is

-
Smix

kB
¼
X
γ

Z
d3rrγðrÞ½lnðrγðrÞvwÞ- 1�

ðγ ¼ w, þ , - , Hþ,OH- Þ
where vw is the volume of a solvent molecule and Fw(r), Fþ(r),
F-(r), FHþ(r), and FOH-(r) are the local number density of the
different mobile species in the solution.

The total van der Waals attractive energy between gel mono-
mers can be written as

βUvdw ¼
X
R

PðRÞβUvdwðRÞ ¼ 1

2

X
R

PðRÞ
X
i, j

βummðrRij Þ

where β = 1/kBT and umm(rij
R) is the pairwise attractive interac-

tion between monomers i and j: in configuration R, these two
monomers are a distance rij

R apart, andUvdw(R) = 1/2
P

i,jumm(rij
R)

is the total van der Waals energy of the gel in that conformation.
Note that this expression considers the exact van der Walls
attractive energy of the gel.

On the other hand, the repulsive interactions are separated into
intramolecular and intermolecular. The intramolecular repulsions
are exactly taken into account through the gel conformations
which are self-avoiding while the intermolecular ones are included
in an approximate fashion through the use of local packing
(incompressibility) constraints.

The free energy term describing the chemical reactions takes
into account the acid-base equilibrium (AH h A- þ Hþ) as
follows:

βFchm ¼
Z

d3r
ÆφGðrÞæ
vG

fdðrÞðln fdðrÞþ βμ0A- Þ

þ
Z

d3r
ÆφGðrÞæ
vG

ð1- fdðrÞÞ½lnð1- fdðrÞÞþ βμ0AH�

þ
Z

d3rðrOH- ðrÞβμ0OH- þ rHþðrÞβμ0HþÞ

where φG(R,r) is the local volume fraction of gel in conformationR
at r, and ÆφG(r)æ=

P
RP(R)φG(R,r). The quantity Æ æ represents the

ensemble averageover the set of configurations {R}.Thevolumeof
a gel segment is vG, and ÆφG(r)æ/vG is the average local polymer
number density. The quantity fd(r) is the local degree of dissocia-
tion, which gives the fraction of monomers that are charged in the
element of volume between r and r þ dr. The quantities μA-

0 and
μAH
0 are the standard chemical potentials of charged and un-

charged monomers, respectively. In addition, μHþ
0 and μOH-

0 are
respectively the standard chemical potentials of protons and
hydroxyl ions which are needed since we explicitly consider the
self-ionization of water (H2O h OH- þ Hþ).

The electrostatic energy term in eq 1 is given by

βUelec ¼
Z

d3r ÆrqðrÞæβΨðrÞ- 1

2
βεðrÞðrΨðrÞÞ2

� �
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whereΨ(r) is the electrostatic potential, ε(r) denotes the dielectric
permittivity of the medium at r, and ÆFq(r)æ is the ensemble
average total charge at r which is given by

ÆrqðrÞæ ¼ fdðrÞÆφGðrÞæ
vG

qG þ
X
γ

rγðrÞqγ

ðγ ¼ þ , - , Hþ,OH- Þ
The quantity qG in the total charge density represents the electric
charge of the deprotonated gel monomer, while qþ, q-, qHþ,
and qOH- denote the electric charge of the various charged free
species.

To the above total free energy of the gel system,wenow impose
two physical constraints: the incompressibility constraint that
accounts for the intermolecular repulsions (excluded volume) in
the system. Namely, at each position r the total volume must be
completely filled by some of the molecular species, i.e.

1 ¼ ÆφGðrÞæþ
X
γ

rγðrÞvγ ðγ ¼ w, þ , - , Hþ,OH- Þ ð2Þ

where vþ, v-, vHþ, and vOH- are the volume of the corresponding
molecules. In addition, we require the system to be globally
electroneutral, i.e. Z

d3r ÆrqðrÞæ ¼ 0 ð3Þ

In total, the unknowns in eq 1 consist of the probability density
function,P(R), the free species local densities, Fγ(r) (γ=w,-,þ,
Hþ, OH-), the local degree of dissociation, fd(r), and the
electrostatic potential, Ψ(r). To obtain these quantities, a func-
tional minimization of the free energy with respect to each of
these variables is performed, subject to the two aforementioned
constraints. Once these functions are obtained, any thermody-
namic quantity can be derived in a straightforward manner.

The explicit function to minimize is

βF ¼
X
R

PðRÞ½lnðPðRÞÞþ βUvdwðRÞ�

þ
X

γ¼w, þ , - ,Hþ,OH-

Z
d3rrγðrÞ½lnðrγðrÞvwÞ- 1�

þ
Z

d3r
ÆφGðrÞæ
vG

fdðrÞðln fdðrÞþ βμ0A- Þ

þ
Z

d3r
ÆφGðrÞæ
vG

ð1- fdðrÞÞ½lnð1- fdðrÞÞþ βμ0AH�

þ
Z

d3rðrOH- ðrÞβμ0OH- þ rHþðrÞβμ0HþÞ

þ
Z

d3r ÆrqðrÞæβΨðrÞ- 1

2
βεðrÞðrΨðrÞÞ2

� �
ð4Þ

Minimization subject to the constraints leads to

rwðrÞ ¼ 1

vw
expð- βπðrÞvwÞ

rγðrÞ ¼ rγ
hm

ðvwrwhmÞvγ=vw
expð- βπðrÞvγ - βΨðrÞqγÞ

ðγ ¼ Hþ;OH- ; þ ; - Þ ð5Þ
for the mobile species where π(r) are the local Lagrange multi-
pliers conjugated with the packing constraint, eq 2, at each point
in space. Fγhm (γ=w,þ,-, Hþ, OH-) is the density of free species

γ in the homogeneous bath solution. These quantities are input
constants that depend only on bath pHand c and appear since we
require the free species to have a constant chemical potential
which must be that of the bath solution. Moreover, the prob-
ability of a gel conformation R is given by

PðRÞ ¼ 1

Q
expð- βUvdwðRÞ

-
Z

d3rφGðr,RÞβπðrÞÞ exp -
Z

d3r
φGðr,RÞ

vG
ðβΨðrÞqG þ ln fdðrÞÞ

� �

ð6Þ
where the factorQ imposes

P
RP(R) = 1. The functional form of

the probability density function shows the very strong coupling
expected between the physical interactions in the system, the gel
conformation, and the local degree of dissociation. The manifes-
tation of this coupling will be discussed in the next section
together with the presentation of the results. The local degree
of dissociation, fd(r), that minimizes the free energy functional,
after algebraic manipulation, is given by

fdðrÞ
1- fdðrÞ ¼ K0

a

vwrhmHþ
ðvwrhmw ÞvHþ =vw expð- βΨðrÞqGÞ ð7Þ

where Ka
0 is the dimensionless standard equilibrium constant,

which is proportional to the standard equilibrium constant of the
acid-base reaction, Ka, expressed in molar units, and defined by

Ka ¼ ½A- �½Hþ�
½AH� ð8Þ

The standard chemical potentials of the protons and the hydroxyl
ions can be expressed in terms of the densities of the free species in
the homogeneous bath (see section A of the Appendix), and the
standard chemical potential of the ionized acid groups is obtained
using Ka

0 = exp(βμAH
0 - βμHþ

0 - βμA-
0).

Furthermore, the variation of the free energy with respect to
the electrostatic potential results in the Poisson equation:

εr2ΨðrÞ ¼ - ÆrqðrÞæ ð9Þ
where it is clear the strong coupling that exists between the
electrostatic potential and all the other degrees of freedom and
the chemical equilibrium through the average of the local charge
density.

The unknowns left afterminimization of the free energy are the
Lagrange multipliers, π(r), and the electrostatic potential, Ψ(r),
which are obtained by solving, at each position, the packing
constraint, eq 2, and the Poisson equation, eq 9, respectively. The
pH and salt concentration are input variables of the molecular
theory and determine bath densities of the free species.Moreover,
a molecular model of the polyelectrolyte gel must be defined to
obtain the set of gel conformations needed to calculate results
using this theory. We introduce the molecular model used in this
work in the next section. Further details on the molecular theory
of the polyelectrolyte gel are presented in section A of the
Appendix.

3. Molecular Model

As an initial approach to the problem, a simple model of
polyelectrolyte (PE) gelmolecule is considered (see Figure 1). The
gel is modeled as monodisperse chains connected at nodal
monomers. Each chain has 25 segments excluding the nodes. In
the calculations, a cubic box of volume V is considered, and
periodic boundary conditions are imposed. There are 64 nodes in
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the calculation box, each connected to six chains. Thus, the total
number of monomers in the box is n = 64 þ 64 � 6/2 � 25 =
4864.Allmonomers, including the nodes, are set to have the same
volume, vG. As such, the global gel volume fraction is given by
φG = (1/V)

R
d3rÆφG(r)æ = n(vG/V). Different box sizes with box

length between 9.84 and 25.87 nm (φG between 0.334 and 0.0184)
were considered. The system size is chosen as large as possible to
reduce box size effects but still allow the computation of our
results. For each volume fraction, a large set (∼104) conforma-
tions are generated using molecular dynamics simulations whose
technical details are presented in section C of the Appendix.

The PE gel is taken under good solvent conditions, which is
modeled by selecting umm � 0. The monomer segment length is
taken as lG = 0.5 nm, its volume vG = (π/6)lG

3 = 0.0655 nm3,
and its charge either zero or qG = -e, with e being the absolute
value of the electron charge. The acid-base equilibrium constant
is taken pKa = 5.

The water dissociation equilibrium constant is pKw=14. The
aqueous medium is assumed to have a homogeneous dielectric
constant, ε(r) � εwε0, with εw = 80 and ε0 denoting the vacuum
permittivity.

The monovalent salt is taken as sodium chloride, which is
assumed to be completely dissociated in solution. Salt ions are
described by vþ = v- = 0.0335 nm3 and qþ =-q- = e. For the
rest of the mobile species in the solution, the values used are vHþ =
vOH- = vw = 0.03 nm3 and qHþ = -qOH- = e.

4. Results

Consider the acid-base reaction, described by eq 8, taking
place in a bulk system, where all of the reacting species aremobile
in the solution. Under the assumption of ideal solution, the
degree of dissociation, which is the fraction of unprotonated acid
groups, is given by

fbulk ¼ ½A- �
½AH� þ ½A- � ¼

1

1þ ½Hþ�
Ka

ð10Þ

where [Hþ] is the bulk concentration of protons. Then, given the
pKa of the acid, fbulk depends only on the pH of the solution.

In the gel, the acid groups are part of the interconnected
polyelectrolyte chains, which imposes a constraint that modifies
the equilibrium conditions as compared to the bulk reaction. fbulk
is, however, often used to estimate the gel degree of dissociation.
We shall show that this is a poor approximation and that the gel
degree of dissociation can deviate substantially from fbulk, and it
does so in a nontrivial way.

Following eq 7, the local degree of dissociation, fd(r), can be
expressed as

fdðrÞ ¼ 1

1þ ½Hþ�
Ka

C1 expðβΨðrÞqGÞ
ð11Þ

where C1 is a constant close to unity, whose dependence on the
salt concentration of the solution is very weak. The quantity [Hþ]
is the concentration of protons in the bath solution. Comparison
between eqs 11 and 10 seems to suggest that the only difference
between the bulk and the local gel expression is given by the local
electrostatic potential. However, one should recall that the
electrostatic potential is the result of the interplay between the
packing of the different species, gel-chain statistics, distribution
of free species, and chemical equilibrium, which is clear by look-
ing at the Poisson equation (eq 9) where this coupling enters
through the total charge density. Therefore, as we will show, the
acid-base equilibrium behaves in a nontrivial way as compared
to the bulk solution. Furthermore, the local dissociation is only
defined in the regions of space where there is polymer, something
that cannot be deduced from eq 11. To quantify the comparison
between the dissociation in the bulk and within the gel, we define
the gel degree of dissociation, fd, as the spatial average of the local
degree of dissociation weighted by the polymer volume fraction,
i.e., fd = (

R
d3rfd(r)ÆφG(r)æ)/(

R
d3rÆφG(r)æ).

Figure 2 compares the dependence on bath pH of the gel and
bulk degrees of dissociation. In the presence of salt ions, it ismore
natural to consider the bulk degree of dissociation as a function of
pHþ log c due to the Donnan effect.40 This is, simply, a transla-
tion by log c along the abscissa of the fbulk(pH) curve given by
eq 10. When pH is increased, the gel degree of dissociation varies
with a slope that changesmore smoothly as compared to the bulk
situation. The bulk system goes from uncharged to completely
dissociated in a narrow range of pH values. The PE gel responds
less abruptly to changes in bath pH, and there is a wider range of
pHvalues forwhich the protonated andunprotonatedmonomers
are mixed. The more broad transition between charged and un-
charged segements can be explained by noticing that in the gel the
chemical equilibrium between protonated and unprotonated
species does not only depend on the local concentration of both
species but also on the local electrostatic potential, which in turn
results from the solution of a Poisson equation in which all of the
interactions in the system are coupled. The gel degree of charge
results from the complex balance between electrostatic interac-
tions, chemical equilibrium osmotic pressure, counterion release,
and the conformational degrees of freedom of the gel. We will

Figure 2. Our results (open red circles) are compared to the bulk degree
of dissociation, fbulk, including the correction for Donnan effect (black
curve). The relative difference between the curves, (fd - fbulk)/fd, is
shown in the inset as a function of pH.

Figure 1. Molecular model of the polyelectrolyte gel at two different
volume fractions, φG = 0.095 (left) and φG = 0.013 (right). Nodes are
represented by larger spheres, andone chain is shown in a different color
(for illustration purposes only).
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show how this interplay works by describing a variety of condi-
tions below.

Deviations of the gel degree of dissociation from the bulk are
large inmost of the pH range studied. The difference between the
bulk and gel degrees of dissociation relative to the gel value, (fd-
fbulk)/fd, is shown in the inset of Figure 2. Note that using fbulk as
an approximation to fd leads to an understimation of the gel
charge of as much as 90% at low pH and close 30% near pH =
pKa= 5. For larger pH values, the gel degree of ionization can be
overestimated by as much as 20% using such an approximation,
which is only justified at very large pH. In absolute terms, the
difference between bulk and gel degrees of dissociation (|fd -
fbulk|) can be as much as 0.1 at low pH or 0.15 at high pH, in the
case shown in Figure 2. We conclude that the gel degree of
ionization cannot be approximated by using the bulk value
because such huge deviations of fd from fbulk can have important
physical consequences. For example, we will show later that the
difference between the degree of ionization in the collapsed and
swollen regimes of the gel is less than that observed between our
results and the bulk curve.

The dependence of fd on pH for different volume fractions and
different salt conditions is shown in Figure 3. The results are
presented for fixed values of the volume fraction of the gel, φG=
(1/V)

R
d3rÆφ(r)æ. Compressing the gel (by increasing φG) results in

a much less charged system at fixed pH, except in the regions
where the system is either uncharged orminimally charged (fd≈ 0,
pH, pKa) and in the region where the gel is fully charged (fd≈ 1,
large pH). This is expected since, for intermediate values of pH,
compressing the gel implies higher electrostatic repulsions be-
tween the monomers, and the system responds by decreasing the
number of charged monomers in order to mitigate the increasing
repulsions. Namely, the system sacrifices chemical free energy in
order to relax some of the electrostatic repulsions and gain in
counterion realease at the same time. The effect of salt concen-
tration can be also interpreted in terms of the balance between
electrostatic repulsions and chemical free energy. Increasing the
salt concentration at fixed pH and φG results in a larger screening
of the repulsions between monomers, and therefore the hydrogel
increases its degree of dissociation. However, a description of the
gel behavior based only on the electrostatic interaction is too
simplistic and may lead to wrong conclusions: the degree of
dissociation as a function of pH, c, and φG is the result of the
coupling between the acid-base equilibrium, the gel conforma-
tional degrees of freedom, mobile species entropy, and excluded
volume as well as electrostatic interactions.

Let us now define pKapp as the pH at which the degree of
dissociation is one-half, i.e., fd(pH=pKapp) =

1/2. This quantity
is experimentally known as the apparent pKa. The dependence of
pKapp on salt concentration and polymer volume fraction is
displayed in Figure 4. The apparent pKa increases monotonically
with increasing gel volume fraction or decreasing salt concentra-
tion. This quantity can be thought as an intrinsic property of the

PE gel that measures when (in terms of varying pH) the gel
becomes charged: if pH>pKapp, most of the acid groups in the
gel will be deprotonated (charged). In the case of the bulk
reaction of the isolated acid group, pKapp = pKa. The lower
the salt concentration, the largest the minimum pH needed to
charge the system. In fact, for the lowest salt concentration shown
in the figure the gel is uncharged in almost all the range of pH
values studied. Namely, all this can be interpreted as a local Le
Chatellier principle, where the equilibrium is shifted as a response
to changes in the environment. The interesting and important
finding is that in gels this is a local effect since the gel is locally
inhomogeneous. For more compressed systems (φG > 0.15, for
example) the different c curves are roughly parallel, and the
difference in pKapp can bemainly attributed to salt concentration
differences. In the limit of infinite dilution, φ G f 0, and high c,
pKapp seems to converge to pKa as expected. Note, however, that
as the salt concentration decreases, the variation from pKapp to
pKa, at very low gel volume fractions, has a very steep gradient.

The hydrogels we consider are in equilibriumwith a bath solution
whosepHand care thevariables controlled experimentally; i.e., their
bath values determine the constant chemical potential of charged
mobile species in the gel. In other words, the chemical potentials of
the charged free species are identical in the gel and the bath solution.
The concentration of protons in the gel is found to be different from
that of the bath solution. To quantify the difference between the
proton concentration in the bath solution and inside the gel, we
define the gel pH as pH = 1/V

R
d3r pH(r), where the local gel pH

is pH(r) =-log([Hþ] (r)) =-log(FHþ/(r)NA) with NA denoting
Avogadro’s number, and show in Figure 5 how this quantity varies
as a function of the bath pH. The two different panels in the figure
illustrate the dependence of pH on both volume fraction and salt
concentration. The dashed line represents the case in which the pH
inside the gel and that of the bath are identical.

Figure 3. Degree of dissociation, fd, as a function of pH. Left: different volume fraction curves are shown. Right: fd vs pH at various salt
concentrations.

Figure 4. Apparent pKa, pKapp, vs gel volume fraction at different salt
concentration conditions. The apparent pKa is defined by the equation
fd(pH = pKapp) =

1/2.
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For very low pH, the concentration of protons is roughly the
same in the bath solution as in the gel, but there is a particular pH
value at which pH(pH) starts to deviate from the bath value
(pH(pH) = pH). This value depends strongly on the salt
concentration and more weakly on the gel’s volume fraction. In
most of the range pHvalues, pH is lower than the bath pH, which
means that the concentration of protons is higher in the hydrogel
than in the bath. Moreover, depending on the ionic strength of
the solution, the proton concentration can be several orders of
magnitude larger in the gel. There is a contribution to this
phenomenon resulting from the Donnan potential, established
because the deprotonated monomers cannot cross to the bath
solution. However, this contribution alone is not enough to
describe the behavior of the system; otherwise, different c curves
should be parallel, and there should be no dependence on φG; see
also Figure 2 which demostrates that the Donnan potential is not
enough to even quantitatively explain the predictions of the
molecular theory. The gel pH is the consequence of the complex
balance between acid-base equilibrium, the gel molecular orga-
nization, and the resulting electrostatic interactions. These con-
tributions are coupled in our approach, resulting in the observed
nonlinear behavior of the PEgelwhichmeans that the responseof
the system to external stimuli cannot be analyzed in terms of just
one of such contributions, except in very limiting cases. The
reason for the pH inside the gel to be higher than in the bath
solution under all conditions can be explained on the basis of a
local Le Chatellier principle or more formally due to the proton
activity. Namely, inside the gel there is always a tendency to have
a larger proton concentration in order to shift the chemical
equilibrium toward the protonated (uncharged) state. This is
due to the increased chemical potential that arises from the
electrostatic interactions. To decrease the chemical potentials,
the gel becomes uncharged. This effect is stronger when the ionic
strength is lower and the gel volume fraction increases, since both
effects increase the strength of the electrostatic repulsions. There-
fore, we see the tendencies shown in Figure 5 where the chemical
equilibrium strongly couples to the steric and electrostatic inter-
actions by reducing the gel’s pH.

In all the preceding discussion, we have assumed that the
volume fraction of polyelectrolyte gel was an externally controlled
variable. Let us now consider the case inwhich the polyacid gel can
find its optimal volume fraction once the external variables, pH
and c, have been set. Figure 6 shows the free energy as a function of
polymer volume fraction at different bath solution pH values.
Three different regimes are observedhere: if pH<pKa=5, the gel
shrinks to a highly dense state. The optimal volume fraction φ0,
such that (∂( βF/V(φG))/∂φG)φ0 = 0, is actually larger than the
volume fractions considered in this study. However, even though
the exact value is not obtained, it is clear by looking at the trend of
the free energy that φ0 corresponds to a highly collapsed hydrogel
(φ0 very large). On the other side, if pH>pKa, the optimal volume
fraction corresponds to a swollen state (φ0 ∼ 0). Interestingly, if
pH ∼ pKa, the free energy displays a minimum that does not
correspond to either a collapsed or a swollen state of the gel. It is
alsoworth noticing that varying the pHby a small amount leads to
big changes in the optimal volume fraction.

Figure 7 shows the free energy of the gel as a function of the
volume fraction in the three distinctive regimes. In this case, we
try to analyze the role of salt concentration in determining the gel
equilibrium conformation in the different regimes. In the col-
lapsed regime (pH < pKa), the free energy as a function of the
volume fraction is almost independent of c. The electrostatic
interactions do not play a significant role since effectively the gel
is uncharged, and the system finds equilibrium by optimizing the
packing of the gel segments. On the contrary, the free energy
depends strongly on the salt concentration for the swollen state
(pH > pKa) because in this case the degree of dissociation is
significantly higher than in the collapsed regime. Near the
optimal volume fraction, however, all curves seem to converge
since it is expected that all of them have a very small φ0. As such,
the differences between the optimal volume fraction at different c
will be even smaller. Here, the deprotonated (charged) PE gel
minimizes the free energy by expanding and thereby reducing
electrostatic repulsions. Thus, changing the salt concentration
cannot cause further structural changes in the already swollen gel,
and this explains the system behavior near the optimal volume

Figure 5. Gel pH, pH, vs the pH of the bath solution.

Figure 6. Free energy density vs gel volume fraction for different values of pH.Left: all pH range is represented.Right: a close-up of the cases pH∼ pKa=5.
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fraction. In the intermediate cases (right panel, pH ∼ pKa), both
the free energy and the exact location of the minima depend on
the concentration of salt ions and higher ionic salt concentrations
shift the minimum to higher volume fractions: as the screening
increases, the polymers are more charged and thus the volume
fraction of the equilibrium state is larger. Namely, the degree of
gel swelling is the optimal interplay between the dual action of
adding salt to the system, which decreases the range of the
interactions and at the same time increases the electric charge
of the gel. This interplay is ubiquitous in the charge regulation of
confined weak polyelectrolytes; similar behavior is found, for
example, in grafted layers of polyacids.36,38

The left panel of Figure 8 shows the dependence of the optimal
volume fraction on pH at different c conditions. The φ0(pH) curves
are very steep and go from high (collapsed) to low (swollen) values
of φ0 within a very narrow range of pH. The transition from one
regime to the other, however, seems to be continuous. Decreasing c
leads to a more sudden transition with respect to the pH. In transi-
tioning from the collapsed to the swollen regime, the gel increases its
charge. At low salt concentrations, increasing the degree of disso-
ciation will lead to a sharp swelling due to the large Debye length,
and thereforeone expects this transition fromuncharged to charged
states to be sharp. Higher concentrations of salt allow the hydrogel
more flexibility in terms of modifying the local environment via
charge regulationwith less degree of swelling. At lower salt concen-
trations, on the other hand, the increase inmonomer ionization has
tobeaccompaniedbyahigherdegreeof swelling.This behavior can
also be observed by looking at the degree of dissociation for the
unconstrained gel, which is displayed in the right panel of Figure 8.
The gel is always uncharged for low salt concentrations, while for
high ionic concentrations, the system transitions from a poorly
charged state (at low φ0) to a highly charged state at (high φ0) in the
intermediate range of pH. Note that in the collapsed regime a
poorly charged gel is always the case independently of the salt
concentration. In contrast, the gel in the swollen regime can have
different degrees of charge depending on c, though ahighly charged

PE gel is expected, if the pH is high enough (see for example
Figure 3). These effects are also a manifestation of the dual role of
the solution ionic strength to screen the electrostatic interactions
while increasing the charge on the polymers.

5. Concluding Remarks

In this work, we describe a theory designed to analyze the res-
ponse of weak polyelectrolyte gels to changes in pH and salt con-
centration.This theoretical approach incorporates specificmolecular
details pertaining to the gel molecule, including its conformational
degrees of freedom, coupled to the acid-base equilibrium, as well
as to the underlying electrostatic, attractive van der Waals, and
repulsive excluded-volume interactions and solution entropy. Speci-
fically, we have applied the theoretical approach developed here to
study a polyacid gel under good solvent conditions.

The hydrogel’s local degree of charge is a function of the
externally imposed pH and of the local electrostatic potential. This
electrostatic potential results froma generalized Poisson equation in
which the contributions from the various interactions described in
the previous paragraph are coupled with the acid-base chemical
equilibrium. As a result, the average degree of dissociation differs
from the bulk value which is normally considered for these systems.
Depending on the ionic strength of the solution, these differences in
polymer charge can be higher than those observed between swollen
and collapsed regimes. Therefore,we conclude that the commonuse
of the bulk formula to estimate the gel degree of dissociation is
incorrect, and the interplay between acid-base equilibrium and
local interactions needs to be appropriately treated.

The polyacid gel can regulate charge and modify its local
environment. We found that the pHwithin the gel’s surrounding
can drop significantly when compared to that of the bath
solution. This nonlinear dependence of the gel pH with respect
to the bath medium’s pH has an enormous importance in, for
example, the design of hydrogel applications such as pH-controlled
drug delivery systems.41,42

Figure 7. Dependence of the free energy density, F(φG)/V, on the ionic strength of the solution for the collapsed (left upper panel), swollen (left lower
panel), and intermediate (right panel) gel volume fraction regimes.

Figure 8. Left: the optimal gel volume fraction, φ0 as a function of pH. The free energy density at the optimal gel volume fraction is shown in the inset.
Right: the degree of dissociation at the optimal gel volume fraction. In both panels different salt conditions are included.
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In a good solvent, the weak PE gel responds to external
changes of pH in a dramatic way. If pH is near pKa, the volume
faction of gel can be controlled, depending on the exact value of
pH and on the ionic strength of the solution. However, slightly
increasing the pH rapidly leads to a swollen state, while a small
reduction of pH results in a collapsed gel. Therefore, fluctuations
in bath pH could potentially lead to large fluctuations in the gel
volume fraction. The collapsed state corresponds always to a
poorly charged system, where excluded-volume interactions are
dominant. In the swollen state, on the other hand, electrostatic
forces are dominant, and therefore the degree of charge depends
more critically on the salt concentration. These interactions,
however, are coupled in our approach and their net contribution
to determining the gel’s thermodynamic equilibrium cannot be
clearly separated. The transition between those two regimes is
continuous and drastic, occurring within a very narrow range of
pH whose width depends upon the bath salt concentration.

The presence of salt ions in the system has two opposing roles.
On the one hand, increasing salt concentration decreases the range
and strength of the electrostatic interactions.On theother hand, an
increase in salt concentration results in a more charged system
which augments the importance of the electrostatic interactions in
determining the behavior of the system, particularly its swelling.
This couplingbetween charge regulation, electrostatic interactions,
and gel swelling shows the importance of optimizing all the degrees
of freedom together within a single theoretical framework, and it
explains why considering the charge state of weak polyelectrolytes
to be homogeneous and given by the bath value provides with the
incorrect qualitative behavior.

The theoretical approach presented here can be applied using
any molecular model of the weak polyelectrolyte gel. As our initial
approach to the problem, we have chosen a relatively simple and
regularmodel inwhich the connectivity of allmonomer nodes is the
same and in which all the chains are monodisperse. However, the
degree of cross-linking and the molecular weight of gel chains
modify the quantitative swelling behavior in response to external
stimuli.43 Therefore, this molecularmodel will need to be refined in
future applications of such molecular theory. In addition, further
research using this approach should include the study of weak PE
gels under bad solvent conditions, which requires a non-negligible
definition of monomer-monomer van der Waals attractive inter-
actions as opposed to the case studied here.

In poor solvent conditions charged gels undergo large volume
changes induced by external changes.2 These changes have been
associated with the formation of nanophase or microphase
segregation transitions.44 Polyelectrolyte gels with attractive
interactions, such as those induced by hydrophobic backbones,
can form locally segregated patterns in aqueous solutions14 that
consist of regionswhere the gel is locally collapsed, interdispersed
in regions where the gel is expanded. In the case of gels with acid
groups and poor solvent backbones, one expects self-regulated
local composition, charge, and pH heterogeneities, which can be
controlled by temperature, ionic concentrations, pH values, and
electric fields as it has been found to be the case in grafted
hydrophobic weak polyelectrolyte layers.38
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Appendix

A. Molecular Theory. In this work, the theoretical ap-
proach developed previously in refs 37 and 38 is now
extended to investigate the behavior of a weak PE gel under
different pH and salt concentration conditions. The previous
studies described extensively the application of the theory in
examining weak polyacid-grafted layers. In this section, we

only describe the most important aspects of the theoretical
framework as well as introduce the necessary modifications.

The hydrogel system is in equilibrium with a homogeneous
solution that provides a bath for all of the mobile species. In
this context, homogeneity means that the densities of the
different species in this bath solution are independent of
position. Namely, in this region of the solution, the quantity
Fγ(r) � Fγhm (γ = w, þ, -, Hþ, OH-) is a constant that
depends only on pH and c.

The thermodynamic equilibrium is, therefore, given by the
Lagrange transform of the free energy that is a function of the
chemical potentials for the mobile species, which consist of the
water molecules, the protons, the hydroxyl ions, and the salt
anions and cations. The existence of two constraints reduces the
total number of independent thermodynamic variables by
two.37 Thus, we can introduce exchange chemical in such a
way that those of water, protons, and hydroxyl ions do not
represent relevant thermodynamic variables. Then, the semi-
grand canonical potential, W = F - μþNþ - μ-N-, with μþ
and μ- being the exchange chemical potentials conjugated to
the number of salt cations (Nþ) and anions (N-), respectively, is
indeed the thermodynamic potential whoseminimumyields the
equilibrium state. In our formalism,W is expressed as

W ¼ F -μþ

Z
d3rrþ ðrÞ-μ-

Z
d3rr- ðrÞ

Furthermore, the solution to our problem must satisfy both
incompressibility andelectroneutrality constraints (eqs 2and3).
To impose each of these constraints, the Lagrange multipliers
π(r) and λ need to be introduced, respectively. In its complete
form, the functional that we need to extremize becomes

Φ ¼ βW þ
Z

d3rβπðrÞ½ÆφGðrÞæþ
X
γ

rγðrÞvγ - 1�

þ λ

Z
d3rÆrqðrÞæ

Minimization ofΦ yields the following results for the densities
of the free species:

rwðrÞ ¼ 1

vw
expð-βπðrÞvwÞ

rγðrÞ ¼ rhmγ
ðvwrhmw Þvγ=vw

expð-βπðrÞvγ - βΨðrÞqγÞ

ðγ ¼ Hþ,OH- , þ , - Þ
Moreover, assuming that thedialectic constant of themedium is
homogeneous (ε(r) � ε), the probability density function of gel
conformations is given by

PðRÞ ¼ 1

Q
expð-βUvdwðRÞ

-
Z

d3rφGðr,RÞβπðrÞÞ exp -
Z

d3r
φGðr,RÞ

vG
ðβΨðrÞqG

�

þ ln fdðrÞÞ
�

where the factor Q ensures the satisfaction of
P

RP(R) = 1.
For the local degree of dissociation, we obtain

fdðrÞ
1- fdðrÞ ¼ K0

a

vwrhmHþ
ðvwrhmw ÞvHþ =vw expð-βΨðrÞqGÞ

where Ka
0 is the dimensionless thermodynamic equilibrium

constant for the acid-base reaction, related to the standard
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chemical potentials of the protons, the unprotonated and
protonated species via Ka

0 = exp (βμAH
0 - βμHþ

0 - βμA-
0).

Note that the more commonly mentioned experimental
equilibrium constant Ka, given in molar units, is defined by

Ka ¼ ½A- �½Hþ�
½AH�

so that Ka and Ka
0 are proportional. The standard chemical

potentials of the protons and the hydroxyl ions are respec-
tively given by

expð-βμ0γÞ ¼ vwrhmγ
ðvwrhmw Þvγ=vw

ðγ ¼ Hþ,OH- Þ

while the chemical potential of the salt ions are expressed as

expðβμγÞ ¼ vwrhmγ

ðvwrhmw Þvγ=vw
ðγ ¼ þ , - Þ

In addition, the variation of Φ with respect to the electro-
static potential readily yields the Poisson equation

εr2ΨðrÞ ¼ - ÆrqðrÞæ
Because we are modeling a volumetric hydrogel, periodic
boundary conditions are imposed to the electrostatic poten-
tial; this periodicity of Ψ(r) guarantees electroneutrality.

At this point, the free energy have been expressed in terms
of the position-dependent osmotic pressure, π(r), the elec-
trostatic potential,Ψ(r), the densities of the different mobile
species in the bath homogeneous solution, Fγhm (γ = w, Hþ,
OH-, þ, -) as well as inputs provided by the molecular
model that include the polymer pKa (pKa=-logKa), the gel
volume fraction distribution, φG(r,R), etc. Once the indepen-
dent variables of a calculation, pH, c, andφGare set, all of the
homogeneous bath densities Fwhm, FHþ

hm, FOH-
hm, Fþhm, and

F-hm can be obtained via imposing the incompressibility and
electroneutrality constraints in the bath solution. Another
relationship to be used at this point is the self-ionization of
water described by KW = [OH-][Hþ] � exp(-βμOH-

0 -
βμOHþ

0). Lastly, the quantities π(r) andΨ(r) are determined
by substituting the expressions for the local densities of free
species and ensemble average local gel volume fraction into
the incompressibility constraint (eq 2) and the Poisson
equation (eq 9). The solution can then be obtained numeri-
cally (see section A.1 of the Appendix).

Finally, it is important to mention that the theory requires
the input of the complete set of gel conformations for each
volume fraction. The free energy term,-kB

P
RP(R) ln P(R),

represents the exact conformational entropy of the gel if
all possiblemolecular configurations are included in the sum.
It is, however, only possible to include a finite number of
conformations in practice. To calculate the conformational
entropy, we define -kB

P
RP(R) ln P(R) = -kB

P
~RP(~R) ln

P(~R) þ ΔRF, where {~R} is a finite set of conformations,
large enough to describe the gel’s conformational degree of
freedom properly, and ΔRF is the correction needed as a
result of this truncation of the gel’s conformational space. It
is important to mention that the main contribution to the
conformational entropy comes from the term -kB

P
~RP(~R)

ln P(~R) and not from the correction (see Figure 11 in
Appendix B). The gel conformations included in {~R} are
generated using molecular dynamics simulations as de-
scribed in section 3 and Appendix C. At fixed volume
fraction,ΔRF represents only an additive constant to the free
energy in which case it can be ignored. However, this

correction needs to be considered when comparing thermo-
dynamic states having different volume fractions because
of the different dimensions of the conformational space.
In section B of the Appendix, we derive an exact expres-
sion for ΔRF and then use an approximation to estimate its
value.

A.1. Numerical Solution.To obtain results from themicro-
scopic-level theory that incorporates molecular details as
presented here, we must numerically solve the nonlinear
integro-differential equations described in the previous sec-
tion. To this end, the volume of the system is discretized in
cubic cells of length δ=0.5 nm. The number of equations to
be solved after discretization ranges from 2 � 104 for the
largest gel volume fraction to 2.5 � 105 for the smallest gel
volume fraction, with each equation containing roughly 104

terms (the number of gel conformations included). Note that
because the volume fraction is inversely proportional to the
system volume (the total number of gel segments is contant),
the number of equations increases with decreasing gel vo-
lume fraction. These equations are solved using Jacobian-
free Newton method. Figure 9, for example, shows the free
energy as a function of the pH of the bath solution, at
different gel volume fractions and salt conditions. Each point
in these curves represent a single calculation.

B. Free Energy Correction.For each volume fraction, the
complete set of gel conformations should be included
when calculating the free energy of the system using the
approach presented in this work. Unfortunately, this is
impossible from a practical standpoint, and we conse-
quently include a large but finite set of gel conformations
that is adequate enough to describe the behavior of the
system.

At fixed volume fraction, if the set of configurations
included is large enough, this truncation of the conforma-
tional space results merely in a translation of the free energy,
which is of no importance. The problem arises, however,
from comparing calculations at different volume fractions,
since the relative dimension of the conformational space
contributes to the entropy difference between the states
under consideration.

In this section, we estimate the corrections to the system
entropy thatmust be included due to the truncation of the gel
conformational space.

B.1. Conformational Entropy of a Finite Set.Let {R} be the
complete set of gel configurations. The conformational
entropy is given by

S ¼
X

R∈ fRg
PðRÞ lnðPðRÞÞ

Suppose that {R} contains many configurations that are
equivalent (in a sense that will be clear later). Let now {R0}
be the minimal (degenerate) set of independent configura-
tions. A conformation R0 in {R0} is an arbitrary choice within
the many configurations Rk in {R}, for k = 1, ..., n(R0) that
satisfies P(R0) = P(Rk). The quantity n(R0) is the degeneracy
of R

0
, and the system entropy can then be written as

S ¼
X

R0 ∈ fR0g
nðR0ÞPðR0Þ lnðPðR0ÞÞ

In general, the average value of a quantity O is defined as

ÆOæR ¼
X
R

PðRÞOðRÞ ¼
X
R0

nðR0ÞPðR0ÞOðR0Þ



156 Macromolecules, Vol. 44, No. 1, 2011 Longo et al.

with
P

RP(R) =
P

R0n(R0)P(R0) = 1. Now, we generate a set
of configurations {~R} that is a subset of {R}. The subset {~R} is
such that the ensemble average value of a quantityO over the
subset, ÆOæ~R, is equal to that over the complete set, i.e., ÆOæ~R =P

~R∈{~R}R(~R)O(~R) =
P

RP(R)O(R) = ÆOæR. Here, the quantity
R(~R) is the probability of a configuration ~R.

Configurations in {~R} are randomly generated from {R}.
Therefore, the probability of generating a configuration R0 of
{R0} within the subset {~R} is (n(R0))/(Ω), whereΩ=dim{R} is
the total number of configurations in {R}. If the Ω~ configura-
tions are generated in {~R}, the degeneracy of a configuration
R0 is given by Ω~ [n(R0)/Ω], where Ω~ is large enough so that
ÆOæR = ÆOæ~R. Therefore, we must have the following relation

ÆOæ~R ¼
X
~R

Rð~RÞOð~RÞ ¼
X
R0

~Ω
nðR0Þ
Ω

OðR0ÞRðR0Þ

However, since by definition

ÆOæ~R ¼ ÆOæR0 ¼
X
R0

PðR0ÞnðR0ÞOðR0Þ

which implies that we must have the following relation:

RðR0Þ
~Ω

Ω
¼ PðR0Þ

Substituting this last expression into S, we then obtain the
following:

S ¼ P
R
PðRÞ lnðPðRÞÞ ¼ P

R0
PðR0ÞnðR0Þ lnðPðR0ÞÞ

¼
X
R0

nðR0ÞPðR0Þ ln RðR0Þ
~Ω

Ω

 !

¼
X
R0

nðR0ÞPðR0Þ lnðRðR0ÞÞ þ
X
R0

nðR0ÞPðR0Þ ln
~Ω

Ω

 !

¼ ÆlnðRÞæR þ ln
~Ω

Ω

 !X
R0

nðR0ÞPðR0Þ ¼ ÆlnðRÞæR þ ln
~Ω

Ω

 !

Since Æln(R)æR = Æln(R)æ~R =
P

~RR(~R) ln(R(~R)), the conforma-
tional entropy can be now expressed in terms of {~R} in the
following form:

S ¼
X
~R

Rð~RÞ lnðRð~RÞÞþ ln
~Ω

Ω

 !
ð12Þ

B.2. Volume-Fraction Dependence of the Correction. From
eq 12, we see that the correction to the entropy at constant

volume (fraction) is given by

ΔRS ¼ ln
ΩðφGÞ
ΩtðφGÞ
� �

where Ω(φG) is the number of gel configurations included
[Ω(φG)=dim {R(φG)}] andΩt(φG) denotes the total number
of configurations [Ωt(φG) = dim{R(φG)} þ dim{R(φG)}c].

Consider a reference state φG
0 . At volume fraction φG, the

free energy needs to be corrected by a factor of

ΔRFðφGÞ ¼ ln
ΩðφGÞ
ΩtðφGÞ
� �

- ln
Ωðφ0

GÞ
Ωtðφ0

GÞ

 !

¼ ln
ΩðφGÞ
Ωðφ0

GÞ
Ωtðφ0

GÞ
ΩtðφGÞ

 !

Note that up to this point, we have not made any approx-
imation, and the previous expression is general. In our
calculations, we include the same number of gel configura-
tions for all volume fractions, which means that Ω(φG)/
Ω(φG

0 ) = 1 and that

ΔRFðφGÞ ¼ ln
Ωtðφ0

GÞ
ΩtðφGÞ

 !
ð13Þ

B.3. Estimation of the Correction. Let us first assume that
the chains connecting the nodes are independent. Then, it
follows that

ΩtðφGÞ ¼ Ω1ðφGÞnchains

where Ω1(φG) denotes the number of configurations of
a chain in the gel and nchains represents the total number
of chains.

Figure 9. Free energy density β(F/V) vs pH for different volume fractions, φG, and salt concentrations, c.

Figure 10. End-to-end distance distribution for different gel volume
fractions.
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If the chain is free and not connected to the network, we
must have

Ω1, freeðφGÞ � Ω1, free ¼
Z

ω1, freeðRÞ d3R

where ω1,free(R) is the number of configurations of the free
chain with end-to-end distance between R and R þ dR.

In the gel, however, end-to-end distances are constrained
by the network:

Ω1ðφGÞ ¼
Z

ω1, freeðRÞPnodeðR,φGÞ d3R

where Pnode(R,φG) denotes the probability that the nodes
connecting the chain are separated by a distanceR given that
the volume fraction of the gel is φG. Let us now define the
quantityP1,free(R)= (ω1,free(R))/Ω1,free, which represents the
probability that the free chain has end-to-end distanceR.We
thus have

Ω1ðφGÞ ¼ Ω1, free

Z
P1, freeðRÞPnodeðR,φGÞ d3R

and

ΩtðφGÞ ¼ ðΩ1, free

Z
P1, freeðRÞPnodeðR,φGÞ d3RÞnchains

Using eq 13, the correction to the free energy is therefore
given by

ΔRFðφGÞ ¼ nchains ln

R
P1, freeðRÞPnodeðR,φ0

GÞ d3RR
P1, freeðRÞPnodeðR,φGÞ d3R

 !

ð14Þ

Figure 10 shows the end-to-end distance probability dis-
tribution, Pee(R), for the different gel volume fractions
(Pnode(R,φG)) and for the free chain (P1,free(R)). In the case
of the gel, the distributions correspond to the set of con-
formations used in this work and averaged over the different
chains. The quantityR is the distance between twonodes that
are connected by a chain. The free-chain distribution is
obtained by performing a MD simulation under the same
conditions as described for each volume fraction of gel (see
section C). Each chain includes two additional segments
representing the nodes, which allows for the proper compar-
ison with gel chains. In both cases, once a large number of
configurations have been generated, the criterion to stop

further generation of gel configurations hinges on the con-
dition that adding more conformations would not modify
the quantity Pee(R) any further.

Finally, Figure 11 shows the magnitude of the free
energy correction as a function of the gel volume fraction.
Note that only changes in ΔRF are important, since the
free energy itself can be defined with respect to an arbi-
trary constant. The right panel also shows that the main
contribution to configurational entropy comes from the
Gibbs entropy, -kB

P
~RP(~R) ln (P(~R)), over the truncated

set of gel configurations, {~R}, generated as described in
section 3.

C. Molecular Dynamics. The specification of conforma-
tions of the gel molecule, which is needed for the evaluation
of our theory, is obtained by molecular dynamics simula-
tions usingGROMACS3.3.2.45,46 For each volume fraction,
the system is equilibrated for 500 ps, and then the simulation
is continued for another 10 ns. During the production time,
one configuration is recorded during every 1 ps, which results
in a total of 104 configurations.

The force field used in the MD simulations has been
described previously.47 Allmonomers interact via a repulsive
(shifted) Lennard-Jones potential of the following form:

ULJðrijÞ ¼
4ε

σ

rij

 !12

-
σ

rij

 !6

þ 1

4

2
4

3
5 if rije21=6σ

0 if rij > 21=6σ

8>>><
>>>:

where rij is the distance between monomers i and j. Neigh-
boring monomers along the chain interact additionally via a
FENE potential:

UFENEðrijÞ ¼ -
kR0

2

2
ln 1-

rij

R0

� �2
" #

if rijeR0

¥ if rij > R0

8>><
>>:

Here we set σ = 1 and ε = 1, since all energetic and spatial
dimensions can be rescaled later by the values assigned to
these parameters.We setR0=1.5σ and k=30(ε/σ2) in order
to avoid any bond crossing.47 The distance between bonded
monomers was found to be larger than 0.87σ for all simula-
tions across different volume-fraction values. As such, we set
this value as the segment length lG.
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ABSTRACT: Amphiphilic diblock copolymers, poly(ethylene glycol)-block-poly(acrylate), bearing truxillic
acid derivatives at the junction point between the two blocks are described. The truxillic acid junction can be
selectively cut by UV light, leading to a disassembly of the nano-objects made by self-assembly of the
amphiphilic copolymers in water.

Introduction

Amphiphilic block copolymers have the ability to self-assem-
ble in water to form various nano- or microsized objects,1 which
have potential applications in many domains such as drug
delivery,2 biotechnology,3 catalysis,4 and materials chemistry.5

Recently, polymer micelles and vesicles prepared from amphi-
philic block copolymers have received increasing interest because
several of their morphological parameters can bemodified by the
action of external stimuli,6 either chemical stimuli (pH change,7

redox reaction,8 hydrolysis,9 enzymatic reaction10) or physical
stimuli (thermal,11 magnetic,12 electrical,13 mechanical (i.e.,
ultrasound sonication),14 or photochemical15). In particular,
stimuli-triggered disassembly could be used to promote reactions
locally, such as controlling chemical reactions in microfluidics16

or in drug delivery.17

Light, as a remote stimulus, is an attractive nano-object
disassembling driving force, which has been intensively investi-
gated for two obvious advantages: (1) light can be accurately
targeted and highly selective; (2) in contrast to chemical stimuli,
no acids, bases, or other reagents have to be brought into the
system from outside, which in many cases could be technically
challenging.

Light-responsive polymer micelles/vesicles can be divided into
two main categories, depending on the kind of transformation
brought by the photochemical event: (1) The reversible structural
changes of the chromophores exposed to light modify the
hydrophilic-hydrophobic balances and therefore transform the
nanostructures of micelles/vesicles. Typical photochemically in-
duced transition examples use as chromophores azobenzenes
(trans-to-cis isomerization, change of dipole moment, size, and
shape),18 spyrobenzopyran (formation of zwitterionic species),19

triphenylmethane leucohydroxide (generation of charges),20 and
cinnamoyl (photodimerization).21 (2) The chromophores actu-
ally behave as photolabile covalent junctions between the poly-
mer main body and the sacrificial parts. In this case, the

photoirradiation-induced chemical reaction is an irreversible,
permanent photocleavage process. For this approach, basically
there are two general strategies. One strategy is using the mono-
mer units as the sacrificial parts. For example, o-nitrobenzyl
acrylates were polymerized to formhydrophobic polymer blocks,
which could be photocleaved to become hydrophilic poly(acrylic
acid).22 Another one is to use polymer blocks as the sacrificial
parts. The latter is very promising and more efficient potentially,
since only one chromophore linker is required, which will need
less light power consumption to be cleaved. Up to now, there are
only a few examples of such photolabile block copolymers in the
literature, based on o-nitrobenzyl,23 2-nitrophenylalanine,24 and
anthracene25 photosensitive derivatives (Scheme 1). Herein, we
present novel photolabile diblock copolymers bearing R-truxillic
acid derivatives as photocleavable junctions (Scheme 2B).

Our design was inspired by a well-studied photochemical
system: the cinnamic acid-truxillic acid reversible photochemical
[2þ 2] cycloaddition reaction (Scheme2A).26Cinnamic acid forms,
under illumination with ultraviolet light source with wavelengths
above 260 nm, a dimer, truxillic acid,27 which is stable at elevated
temperature and under a wide range of wavelengths of UV light.
The cyclobutane ring of truxillic acid is however photolabile under
deep-UV light, below 260 nm, giving back the original cinnamic
acid. This [2þ 2] photodimerization of the cinnamic acid is in fact
very similar to the [4 þ 4] photodimerization of the anthracene
developed by Goldbach et al.25

Our strategy, starting from R-truxillic acid, was to first
synthesize an ATRP (atom transfer radical polymerization)28

macroinitiator by functionalizing an R-truxillic acid-ATRP
small molecule initiator with the hydrophilic poly(ethylene
glycol) block via ester or amid bonds, and then to prepare the
hydrophobic block via ATRP reaction, to create novel photo-
labile diblock copolymers (Scheme 3).

Experimental Section

Materials and Instrumentation. MeO-PEG2000-OH was pur-
chased from Aldrich Inc. MeO-PEG2000-NH2 was purchased
from Polysciences Inc. The catalyst CuIBr (98%, Aldrich) was
purified as described previously.29 Monomer n-butyl acrylate

*Corresponding authors: Tel 86 25 52090619, Fax 86 25 52090616,
e-mail pkuyh9@gmail.com (H.Y.); Tel 33 1 56246762, Fax 33 1
40510636, e-mail patrick.keller@curie.fr (P.K.).
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(n-BA) andcyclohexyl acrylate (99%,Aldrich)were filtered through
a short column of neutral Al2O3 before use. Dichloromethane, 1,
4-dioxane, andN,N0,N0,N0 0,N0 0-pentamethyldiethylenetriaminewere

distilled from CaH2 under argon. THF was distilled from sodium
benzophenone ketyl under argon. Other chemical reagents were
used without further purification. All nonaqueous reactions were

Scheme 1. Representative Photocleavable Covalent Junctions of Reported Diblock Copolymers23-25

Scheme 2. Principle and Design of Applying r-Truxillic Acid Derivatives as Photocleavable Junctions

Scheme 3. Synthesis of Diblock Copolymersa

aReagents and conditions: (i) NEt3, DCM; (ii) UV, solid state; (iii) 1: (COCl)2, DCM; 2: NEt3, 5, DCM; (iv) 1: (COCl)2, DCM; 2: NEt3, PEG-XH,
DCM; (v) CuBr, PMDETA, 1,4-dioxane, 70 �C.
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conducted in oven-dried glassware under a dry argon atmosphere.
All flash chromatography was performed using a Macherey-Nagel
MNKieselgel 60 (0.063-1.2 mm).

All 1HNMRspectrawereobtainedusingaBrukerHW300MHz
spectrometer and recorded in CDCl3 (internal reference 7.26 ppm).
Themolecularweights and themolecularweight distributions of all
the polymers were measured by size exclusion chromatography
(SEC) using two Waters Styragel HR 5E columns, a Waters
4110 differential refractometer (λ = 930 nm), and a Waters 486
UV detector, in line with a Wyatt miniDAWN light scattering
instrument (Ar laser, λ= 690 nm). THF was used as the eluent at
1 mL/min.

The morphological analysis of self-assembled aggregates was
performedby transmission electronmicroscopy (TEM) on samples
stained by uranyl acetate or by cryogenic transmission electron
microscopy (cryo-TEM) on samples fast frozen in liquid ethane.
TEM images were recorded using a Philips CM120 electron
microscope equipped with a Gatan SSC 1K_1K CCD camera,
and the cryo-TEM images were recorded using a Philips CM
120kVLab6. Imageacquisitionand imageanalysiswereperformed
at the PICT IBISA Imaging Facility.

A UV lamp (180 mW cm-2, λ = 365 nm; ELC-4001light
curing unit; Electro-Lite Corp.) and a low-pressure mercury
vapor pencil-style lamp (3.5 mW cm-2, λ= 253.7 nm; inert gas
double bore lamp, Jelight Corp.) were used to irradiate the
samples to perform the photochemical reactions respectively at
different wavelengths. A quartz cell (3.0 cm high, 1.0 cm wide,
and 0.1 cm thick) was used to contain sample solutions for
irradiation experiments at 254 nm wavelength.

Synthesis of Intermediates 2, 5, and 6 and Macroinitiator 7.
The detailed experimental procedures and 1H NMR spectra of
compounds 2, 5, 6, and 7 are listed in the Supporting Information.
Typical procedure toprepare themacroinitiators7: Oxalyl chloride
(760 μL, 8.71 mmol) was added into a solution of compound 6
(450mg, 0.87mmol) in 20mLof dry THF.One drop ofDMFwas
added into this reactionmixture, whichwas then allowed to stir for
1hat roomtemperature.The reactionmixturewas concentratedby
rotary evaporation first and then submitted to a high-vacuum oil
pump to completely remove the volatiles. The residue was redis-
solved in 10 mL of dry CHCl3. Triethylamine (73 μL, 0.52 mmol),
DMAP (11mg, 0.09mmol), andMeO-PEG2000-OH (830mg, 0.42
mmol)wereadded into this resulting solution.The reactionmixture
was allowed to stir for 48 h at 60 �C and then poured into a
saturated ammonium chloride solution. The resulting solutionwas
extracted byCH2Cl2 (100mL, twice). The combined organic layers
were washed byH2O (40mL, twice), sodium bicarbonate aqueous
solution (40 mL, twice), brine (40 mL, once), dried over sodium
sulfate, and then concentrated by rotary evaporation to a 2 mL
solution, which was precipitated from 100 mL of diethyl ether
to give the desired compound, MeO-PEG2000-O-macroinitiator
(810 mg), as a white solid.

Based on 1H NMR spectra, MeO-PEG2000-O-macroinitiator
contained some unreacted PEG2000-OH while PEG2000-NH-
macroinitiator had no PEG2000-NH2 left over.

Synthesis of PEO-b-PBA/PCHACopolymers. Typical proce-
dure: MeO-PEG2000-macroinitiator (100 mg, 0.04 mmol), CuBr
(11.5 mg, 0.08 mmol), n-butyl acrylate (220 mg, 1.72 mmol), 1,
4-dioxane (0.35 mL), and PMDETA (16.7 μL, 0.08 mmol) were
added into a Schlenk-type flask. The flask was degassed and
exchanged with argon via three freeze-thaw cycles and then
sealed in a pressure tube which was heated at 70 �C for 18 h. The
reaction mixture was diluted with THF and passed through a
short basic aluminum oxide column to remove Cu salts. The
resulting solution was concentrated by rotary evaporation and a
high-vacuum oil pump to remove all the solvent and the
unreacted n-butyl acrylate, finally providing the corresponding
polymer as colorless oil (215 mg).

For MeO-PEG2000-O-macroinitiator, in order to remove
unreacted PEG-OH, the copolymerwas further dialyzed against
THF-H2O (1:3 volume ratios) solution to remove MeO-
PEG2000-OH, using a Spectra/Por regenerated cellulose mem-
brane with amolar mass cutoff of 3500Da, and then lyophilized
to give a pure compound. Alternatively, the crude copolymer
could also be purified by silica column chromatography (eluting
solvents: CH2Cl2/MeOH, 95/5). However, the trace acids pre-
sent in regular silica gel decomposed the copolymer into two
homopolymers by cutting off the linker. For MeO-PEG2000-
NH-macroinitiator, the above dialysis-lyophilization step was
unnecessary.

Self-Assembly of the Amphiphilic Block Copolymers inWater.
The block copolymers were first dissolved in 1,4-dioxane or
THF at a concentration of 1.0 mg/mL. Deionized water was
then added very slowly (5 μL portions) into 1.0 mL of the
copolymer solution with gentle shaking. After each addition of
water droplet, the solution was left to equilibrate for 5 min. The
cycles of water addition and equilibration were stopped after a
total amount of 1.5 mL of water has been added. The turbid
solution was then dialyzed against deionized water (water

Figure 1. (A) 1H NMR spectra of PEG-O-macroinitiator. (B) 1H NMR spectra of PEG-NH-macroinitiator.

Table 1. Characterization of Amphiphilic Diblock Copolymers

entry copolymersa Mn
b (g/mol) Mw

b (g/mol) Mw/Mn Rc

1 PEG45-
Ob-PBA28 5130 5900 1.15 33/67

2 PEG45-
Ob-PBA63 6050 6660 1.10 19/81

3 PEG45-
Ob-PCHA192 11670 13890 1.19 6/94

4 PEG45-
Nb-PBA108 11400 13680 1.20 12/88

5 PEG45-
Nb-PBA135 13890 15720 1.13 10/90

6 PEG45-
Nb-PCHA48 7160 8680 1.21 20/80

7 PEG45-
Nb-PCHA36 5550 6240 1.13 25/75

aDP (degree of polymerization) of acrylates was determined by 1H
NMR. bMolecular weight measurements were analyzed by SEC based
on calibration using polystyrene standards. c R represents the ratio of
hydrophilic block weight/hydrophobic block weight.
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changed every 6 h) for 3 days to remove all the organic solvents,
using a Spectra/Por regenerated cellulose membrane with a
molar mass cutoff of 3500 Da.

Results and Discussion

Synthesis and Characterization of Amphiphilic Block
Copolymers. The amphiphilic diblock copolymers synthesis
protocol is shown in Scheme 3. Recrystallized trans-cin-
namic acid 1 was irradiated in solid state in open air with a
UV lamp (180mWcm-2, λ=365nm;ELC-4001 light curing
unit; Electro-Lite Corp.) for 24 h. The corresponding dimer,
R-truxillic acid (2), was first monofunctionalized with

(4-hydroxybutyl)-2-bromo-2-methylpropanoate (5), which
was prepared by a simple esterification reaction between 1,
4-butanediol (3) and 2-bromo-2-methylpropionyl bromide (4)
and then reacted with monomethoxypoly(ethylene glycol),
PEG-OH, or PEG-NH2 to provide the macroinitiators 7. The
macroinitiators were then used in the atom-transfer radical
polymerization (ATRP) of different acrylate monomers to give
the desired amphiphilic diblock copolymers 8.

In the above synthetic protocol (Scheme 3), steps i and iii
generated difunctional byproducts in addition to the desired
monofunctional compounds, which could be easily sepa-
rated by flash column chromatography since they were all
small molecules. However, the synthesis and purification of
macroinitiator 7 in step iv was very tedious but was also the
key step in the whole work. Our first try was to use the
standard DCC/DMAP coupling reaction30 to form an ester
bond linking PEG-OH and compound 6, which resulted in a
very low yield. Then, we used oxalyl chloride to activate the
carbonyl acid group to form a carbonyl chloride, which was
reacted with PEG-OH or PEG-NH2 (0.5 mol equiv of
compound 6). Despite several optimization tests, PEG-O-
macroinitiator still had some unreacted PEG-OH inside
(Figure 1A; for detailed integration values, see the Support-
ing Information), which could not be purified in this step.
PEG-NH2, as a much stronger nucleophile, provided pure
PEG-NH-macroinitiator (Figure 1B). Fortunately, the con-
taminated PEG-OH could be removed in the final stage
through a simple dialysis-lyophilization process.

Sevendifferent amphiphilic diblock copolymerswere synthe-
sized and characterized (Table 1). The hydrophilic block was
always monomethoxylpoly(ethylene glycol) (PEG45-OH or
PEG45-NH2, MW 2000, DP 45); the hydrophobic block was
either poly(butyl acrylate) or poly(cyclohexyl acrylate). The
degrees of polymerization of the poly(acrylate) blocks
were determined by 1H NMR using the integration value of
the methylene protons (-O-CH2CH2-O-) of PEG as the

Figure 2. (A) Deep-UV illumination of R-truxillic acid dimethyl ester.
(B) 1H NMR spectra of R-truxillic acid dimethyl ester: (a) without
illumination, (b) 1 h illumination, (c) 2 h illumination, (d) 4 h illumination.

Figure 3. 1HNMR spectra of PEG45-
Nb-PBA135 before illumination (A) and after 8 h illumination (B). 1H NMR spectra of PEG45-

Ob-PBA28 before
illumination (C) and after 8 h illumination (D).
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reference (see the Supporting Information). Herein, -Ob- repre-
sents an ester bond linker between PEG and truxillic acid,
while -Nb- represents an amide bond linker between PEG and
truxillic acid.

Model Molecule Illumination Test. Before studying the
photocleavage of amphiphilic diblock copolymers, a simple
model molecule illumination test was performed on a small
molecule, R-truxillic acid dimethyl ester, which is supposed
to be capable of being photocleaved into two cinnamic acid
methyl ester molecules. Assuming the cyclobutane ring of
R-truxillic acid dimethyl ester might have two random cutoff
directions, we should recover both trans-cinnamic acid
methyl ester and cis-cinnamic acid methyl ester (Figure 2A).

The initial concentration of R-truxillic acid dimethyl ester
was 5.0 mg/mL in THF. According to Spectral Database for
Organic Compounds SDBS,31 δ 3.81, 6.45, and 7.69 belong
to trans-cinnamic acid methyl ester, while δ 3.71, 5.96, and
6.97 belong to cis-cinnamic acid methyl ester. After 1, 2, and
4 h of irradiation (3.5 mW cm-2, λ=253.7 nm; inert gas
double bore lamp, Jelight Corp.), based on the 1H NMR
integration value ratio of three methyl protons (R-truxillic
acid dimethyl ester at δ 3.30, trans-cinnamic acid methyl
ester at δ 3.81, cis-cinnamic acid methyl ester at δ 3.71), we
could calculate the molar ratios of the three compounds
(Figure 2B and Supporting Information). Interestingly, the
molar ratio of cis-cinnamic acid methyl ester and trans-
cinnamic acid methyl ester remains constant at 1.3 during
the whole illumination.

Photoirradiation of Diblock Copolymers. We applied proton
NMR and size exclusion chromatography (SEC) techniques to
study the photocleavage of four amphiphilic diblock copoly-
mers: PEG45-

Ob-PBA28 (poly(ethylene glycol)-block-poly(butyl
acrylate)), PEG45-

Nb-PCHA48 (poly(ethylene glycol)-block-
poly(cyclohexyl acrylate)), PEG45-

Nb-PBA135, and PEG45-
Nb-PBA108. The initial concentrations of these amphiphilic
diblock copolymers were all of 5.0 mg/mL in THF. Since our
available mercury lamp had a very low power intensity of
3.5 mW cm-2, we have had to illuminate our copolymer
solutions for several hours.

At first, a series of PEG45-
Nb-PBA135 sampleswere irradiated

for 6, 8, 12, and 16 h.We expected to observe the olefin protons
of cinnamic group appearing at δ 7-6 on 1H NMR spectra.
However, as shown in Figure 3A,B, neither olefin protons nor
even the aromatic protons were visualized. Then, we realized
that our mercury lamp would generate ozone which could
destroy all the olefins and even aromatic rings. Meanwhile,
since the initial concentrations of PEG45-

Nb-PBA135 was only
5.0 mg/mL, a relatively long hydrophobic block (135 BA units)
in the copolymer made the concentration of the R-truxillic acid
linker much lower, which was more susceptible to the trace

amount of ozone generated in THF solvent. Thus, a shorter
copolymer, PEG45-

Ob-PBA28 dissolved in degassed THF was
illuminated for 8 h in inert gas environment. As shown in
Figure 3D, olefin protons around δ 6.5 on 1H NMR spectra
were clearly visualized, peaks that were absent from the original
before-illumination sample (Figure 3C).

The photocleavage was also confirmed by SEC. As shown
in Figure 4A, when PEG45-

Ob-PBA28 was illuminated for
8 h, it showed a new peak appearing close to the peak of pure
PEG45-OH. A further cleavage-by-irradiation overtime ex-
periment was performed on PEG45-

Nb-PBA108 (Figure 4B).
With increasing times of irradiation, the original peak
intensity decreased while the new peak close to the peak of
pure PEG45-NH2 increased. Finally, 24 h illumination seemed
to completely break all the cyclobutane ring junctions.

Figure 4. (A) SEC chromatograms of PEG45-
Ob-PBA28 with increasing UV exposure times. (B) SEC chromatograms of PEG45-

Nb-PBA108 with
increasing UV exposure times.

Figure 5. TEM images of block copolymer self-assemblies. In the 1,4-
dioxane-H2O system: PEG45-

Nb-PCHA48 (A) andPEG45-
Nb-PCHA36

(E). In the THF-H2O system: PEG45-
Nb-PCHA48 (B) and PEG45-

Nb-PCHA36 (F). (C) and (D) show cryo-TEM images of PEG45-
Nb-PCHA48 block copolymer self-assemblies in the 1,4-dioxane-H2O
system. Scale bar = 100 nm for all the figures.
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Photoirradiation of Self-Assembled Nano-objects. Our ul-
timate goal was to observe a UV-light-induced disassembly
of the nano-objectsmade by self-assembly of the amphiphilic
block copolymers in water. The ideal scenario was to have an
original self-assembled vesicle broken after photoirradia-
tion. In order to get vesicles, we chose to use a much stiffer
PCHA (poly(cyclohexyl acrylate)) hydrophobic block in-
stead of PBA (poly(butyl acrylate)) since the cyclohexyl ring
system is much more rigid which would help build the
hydrophobic shells of vesicles.

On the basis of our previous experiences,32 when the hydro-
philic block/hydrophobic block weight ratio, R, is between
20/80 and 40/60, the block copolymer has better chance to
form vesicles in aqueous solution. Thus, PEG45-

Nb-PCHA48

(R=20/80) and PEG45-
Nb-PCHA36 (R=25/75) were chosen

for the self-assembly experiments in aqueous solution at a low
concentration of 1 mg/mL in deionized water with the aid of 1,
4-dioxane or THF as cosolvent. The morphologies of all the
observed nano-objects are shown in Figure 5.

Analysis by TEM with negative staining revealed that
PEG45-

Nb-PCHA48 formed a mixture of spherical micelles
and spherical vesicles in the 1,4-dioxane-H2O system
(Figure 5A). Cryo-TEM showed vesicles as being the
minority nano-objects (Figure 5C) while micelles were un-
fortunately themajority ones (Figure 5D). In the THF-H2O
system, PEG45-

Nb-PCHA48 self-assembled into irregular
micelles (Figure 5B). Another copolymer, PEG45-

Nb-
PCHA36, appeared as giving almost pure micelles in 1,4-
dioxane-H2O and THF-H2O systems (Figure 5E,F).

Although we did not find monodisperse vesicle morphology
in these photolabile amphiphilic block copolymer systems,
disassembly of micelles under photoirradiation should still be
attractive. When the irregular micelles of PEG45-

Nb-PCHA48

sample self-assembled in THF-H2O (Figure 6A) was illumi-
nated by a deep UV source, the nano-objects were transformed
into much smaller polydisperse condensed nanospheres
(Figure 6B) after 6 h exposure and became micrometer-sized
precipitates (Figure 6C,D) after 24 h exposure. Dynamic light
scattering (DLS) and SEC experiments (Figure 6E,F) con-
firmed these observations. As shown in Figure 6F, 6 h of
irradiation did not break all the block copolymers but changed
thehydrophilic-hydrophobicbalanceof thewhole system, thus
changing themorphology of the nano-objects.1 However, when
all the copolymers were photocleaved after 24 h of irradiation,
the pure hydrophobic polymer chains were not stable in aqu-
eous solution, resulting in their precipitation as solid.

Conclusion

In conclusion, we developed and studied novel photolabile
diblock copolymers bearing R-truxillic acid derivative junctions.
Although the photocleavage of these copolymers requires a
strong UV source (λ< 260 nm) and long irradiation time which
is harmful to cells and tissues, these “proof-of-idea” block
copolymers could still be attractive candidates for applications
in nanoreactors and templates for micro- or nanostructured
materials. Furthermore, since R-truxillic acid derivatives can
survive UV irradiation of λ> 260 nm, wavelengths that are
not supported by o-nitrobenzyl groups, multiblock copolymers
bearing these two photolabile junctions could be selectively cut
off in specific blocks using different wavelengths of light. This will
be the subject of a future publication.
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ABSTRACT: We report the photoinduced conjugation of polymers synthesized via reversible addition-
fragmentation chain transfer (RAFT) polymerization with a number of low molecular weight (functional)
olefins. Upon irradiation of a solution of an aliphatic alkene and the benzyl dithioacetic acid ester (CPDA) or
dodecyl trithiocarbonate (DoPAT) functional poly(alkyl acrylate) at the absorption wavelength of the
thiocarbonyl group (315 nm), incorporation of the alkene at the polymer chain-end occurred. The most
efficient systems identifiedwith regard to the rate of reaction and yieldwere poly(butyl acrylate)/CPDA/ethyl
vinyl ether (78%monoinsertion product after 1 h) and poly(butyl acrylate)/CPDA/1-pentene (73% insertion
product after 7 h) at ambient temperature. An in-depth analysis of the reaction mechanism by 1H NMR
and online size-exclusion chromatography-electrospray ionization tandem mass spectrometry (SEC/
ESI-MSn) revealed that a possible [2 þ 2] photoaddition mechanism of conjugation does not take place.
Instead, fast β-cleavage of the photoexcited RAFT-end group with subsequent radical addition of an alkene
was observed for all employed systems. The presented reaction thus provides ameans of spatial and temporal
control for the conjugation of alkenes to thiocarbonyl thio-capped macromolecules via the use of UV
radiation.

Introduction

Chemistries which enable the efficient and mild conjugation
of two or more polymer building blocks have greatly enhanced
the toolbox which macromolecular chemists can draw from
to generate diverse polymeric architectures. The incorporation
of functional groups within the polymer backbone or chain-end,
which exhibit orthogonal reactivity to the polymerization chem-
istries employed, allows conjugation of macromolecular build-
ing blocks synthesized by a number of otherwise incompatible
living/controlled radical and nonradical polymerization proto-
cols. The numerous applications of orthogonal conjugation
chemistries in polymer and materials science have been reviewed
byHawker and co-workers,1,2 Sumerlin and Vogt,3 Schubert and
co-workers,4 and by our group.5,6 Examples include the copper-
catalyzed azide-alkyne cycloaddition,7 thiol-ene8 and thiol-
yne chemistries,9 oxime formation,10 and Diels-Alder.11 The
rising interest and developments in ultrarapid and biocompatible
conjugation approaches, including copper-free azide-alkyne
cycloadditions,12 and inverse electron demand Diels-Alder,13

have recently been documented.6

The dithioester, trithiocarbonate and xanthate functional
group created at the polymer chain end during reversible addi-
tion-fragmentation chain transfer (RAFT) polymerization may
act as an excellent precursor in macromolecular conjugations.
Two approaches have been developed. First, after aminolysis of
the RAFT-end group, the produced thiol functionality is able
to undergo a number of reactions including thiol-ene, thiol-
isocyanate, and thiol-bromide, of which many adhere to the
“click” chemistry concept. These approaches have been used
multifold, e.g., for efficient endgroupattachment,14 the generation

of hyperbranched polymers15 and three-arm star polymers.16

Another powerful concept pioneered within our group uses the
ability of the RAFT end group to act as a highly reactive
dienophile in hetero Diels-Alder reactions (RAFT-HDA).
By means of this approach, star-block copolymers have ben
constructed17 and surface modification of microspheres has been
performed in a highly atom-economical manner.18,19 Recently,
we have shown that the introduction of the extremely reactive
cyclopentadiene end group enabled quantitative block copoly-
mer formation within a few minutes reaction time.20,21

The conjugation approaches so far described are highly
efficient and their ongoing evolution with regard to the rate of
reaction, orthogonality and compatibility is astounding. How-
ever, as these reactions are thermally induced they lack means
of efficiently controlling the spatial resolution of the conjugation
reaction. Surface modification reactions with polymer brushes
are of great importance in controlling the surface wettability
characteristics, chemical reactivity and the adhesion of biomole-
cules and cells in applications such as lab-on-a-chip and cell
cultures.22 Locally constrained modification with functional
polymer brushes today is often achieved by UV-induced radical
and nonradical grafting-from approaches with masked irra-
diation.23 As is the case in solution, the use of efficient conjuga-
tion reactions in a grafting-onto approach can significantly
enhance the diversity of polymerization protocols applicable to
achieve optimal surface characteristics, while UV-induction of
the grafting-onto approach allows spatial and temporal control.
From the available “click”-concepts thiol-ene and thiol-yne
using radical photoinitiators are the only systems that can be
regarded as photocontrolled.

Analogous to theRAFT-HDAapproach, a coupling reaction
that utilizes the remaining thiocarbonyl-thio end group that is
present after polymerization would be favorable. The ability to

*Corresponding author. E-mail: christopher.barner-kowollik@kit.
edu. Fax: (þ49) 721 608 5740.
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performphotoinduced reactions on such a systemwill provide the
synthetic chemistwith ameansof photoconjugation that does not
require any prior end-group modification steps, thereby signifi-
cantly increasing the net reaction efficiency. Upon investigation
of the current literature, photoinduced [2 þ 2] cycloadditions
employing the dithioate functional group appear as potential
candidates to achieve this task.

The current contribution details the results of a systematic
study of the dithioester and trithiocarbonate groups fromRAFT
polymerization as potential precursors for these photoinduced
conjugations.Anumber of electronically diverse, smallmolecular
weight olefins as well as different RAFT-functional groups were
investigated in their ability to undergo such reactions. As it
became clear in these studies that the targeted cycloaddition
reaction did not take place, an alternative mechanism was
identified that operated under the employed conditions. While
this reaction clearly does not adhere to the principles defining
“click”-reactions,24 it has the potential to serve as a useful means
of controlled end group functionalization. An account is given
of the possible photochemical pathways of this interesting
photoinduced conjugation reaction (Scheme 1) based on SEC/
ESI-MSnmeasurements of the formed reaction products and on
low molecular weight model studies.

Experimental Part

Materials. Isobornyl acrylate (iBoAc, technical grade, Alfa-
Aesar) and butyl acrylate (BA, 99þ%, Acros) were passed
through a column of basic alumina (VWR) to remove inhibitor
and stored at-19 �C. 2,20-Azobis(2-methylpropionitrile) (AIBN,
Sigma-Aldrich) was recrystallized twice from methanol (VWR)
and stored at -19 �C. 2-Phenylpropan-2-yl 2-phenylethane-
dithioate (CPDA) was synthesized according to the literature.25

2-([(Dodecylsulfanyl)carbonothioyl]sulfanyl) propanoic acid
(DoPAT, Orica), 1-pentene (Fluka), benzene ( puriss., Sigma-
Aldrich), ethyl vinyl ether (EVE,Fluka),maleic anhydride (MAn,
Acros), and 1-dodecene (Acros), 1,4-dioxene (TCI Europe) were
used as received.

Synthesis of Poly(isobornyl acrylate). A mixture of isobornyl
acrylate, AIBN and RAFT agent was deoxygenated by purging
with nitrogen for 30min. After this time the flask was sealed and
heated to 60 �C. At a predetermined time, t, the reaction was
stopped by cooling in an ice bath and the reaction mixture was
exposed to oxygen. The polymerswere isolated by 3-fold precipita-
tion in cold methanol. Conditions of DoPAT-mediated polymer-
ization: [M]0/[DoPAT]0/[AIBN]0 = 92:1:0.06, t= 20 min,Mn =
3750 g 3mol-1, PDI= 1.11, conversion= 4%. Conditions of
CPDA-mediated polymerization: [M]0/[CPDA]0/[AIBN]0=
92:1:0.06, t=120min,Mn=2850 g 3mol-1, PDI=1.20, convn=5%.

Synthesis of Poly(butyl acrylate). A solution of AIBN and
RAFT agent in butyl acrylate was deoxygenated by purging
with nitrogen for 30min. After this time the flask was sealed and
heated to 60 �C. At a predetermined time, t, the reaction was
stopped by cooling in liquid nitrogen and the reaction mixture

was exposed to oxygen. Residue monomer was removed in
vacuo. Conditions of DoPAT-mediated polymerization: [M]0/
[DoPAT]0/[AIBN]0=110:1:0.06, t=30min,Mn=3250 g 3mol-1,
PDI=1.11, conversion=23%. Conditions of CPDA-mediated
polymerization: [M]0/[CPDA]0/[AIBN]0 = 205:1:0.20, t =
70 min,Mn=3000 g 3mol-1, PDI = 1.14, convn=13%.

Photoreactions. For Single Reactions.A40mg sample of the
polymer was dissolved in 1 mL of the olefin or, in the case of
solid olefins, 1 mL of benzene and transferred to a Schlenk flask
(Pyrex, diameter 15-20 mm). The solution was deoxygenated
by three consecutive freeze-pump-thaw cycles. The flaskswere
backfilled with an inert atmosphere and irradiated by rotating
around a compact low-pressure fluorescent lamp (Philips, Med-
ical Therapy UV-BNarrow Band/01, 36W) emitting at 315 nm
((10 nm) at a distance of 40-50 mm in a custom built photo
reactor (see Supporting Information for details). After the
reaction, the solvent and remaining alkene were evaporated
in vacuo and the isolated product was redissolved in THF and
analyzed via SEC/ESI-MSn.

For Time Series Reactions. A 160 mg sample of polymer was
dissolved in 12-14 mL of an olefin solution in benzene (refer
to Table 1 for molar equivalents). In case of maleic anhydride,
30 mL of benzene were used. The solution was deoxygenated
by three consecutive freeze-pump-thaw cycles. In an argon
glovebox, equal volumes of the solution were aliquoted into
headspace vials (Pyrex, diameter 20 mm) which were crimped
airtight with styrene/butadiene rubber seals. The vials were
subsequently irradiated under the conditions described above.
The irradiated solutions were analyzed with no prior purifica-
tion via SEC/ESI-MSn.

SmallMoleculeModelReaction.DoPAT(1016mg,2.85mmol,
1 equiv) and 1-pentene (2mL, 9.14mmol, 3.2 equiv) were dissolved
in 20 mL of benzene. The solution was deoxygenated by three
consecutive freeze-pump-thaw cycles. The mixture was irra-
diated through a quartz filter with an 8 W TLC-lamp (CAMAC)
at 366 nm at the least possible distance for 23 h. After the reaction
solvents were evaporated in vacuo. The product was isolated via
column chromatography using a gradient of solvents from ethyl-
acetate/hexane 1:2 to pure ethyl acetate. The single insertion
product 4-(dodecylthiocarbonothioylthio)-2-methylhexanoic acid
was afforded as a yellowishwax (330mg, 28%, 1HNMR(CDCl3),
250 MHz, δ (ppm): 0.81 (t, -S-CH2-CH2-C9H18-CH3, 3H,
J=7.0Hz), 0.85 (t,-S-CH-(R)-(CH2)2CH3, 3H, 3J=7.2Hz),
1.19 (sbr, -S-CH2-CH2-C9H18-CH3, -S-CH-(R)-(CH2)2-
CH3, S-CH-(R)-CH2-CH-(CH3)-COOH, 26H), 1.62 (m,
-S-CH2-CH2-C9H18-CH3, S-CH-(R)-CH2-CH-(CH3)-
COOH, 5H), 2.69 (m, S-CH-(R)-CH2-CH-(CH3)-COOH,
1H), 3.27 (dt, -S-CH2-CH2-C9H18-CH3, 2H, 3J = 7.5 Hz,
3J= 8.2 Hz), 4.25 (m,-S-CH-(R)-(CH2)2CH3, 1H)).

SEC/ESI-MSn. Spectra were recorded on an LXQ mass
spectrometer (ThermoFisher Scientific, San Jose, CA) equipped
with an atmospheric pressure ionization source operating in the
nebulizer assisted electrospray mode. The instrument was cali-
brated in the m/z range 195-1822 using a standard containing
caffeine, Met-Arg-Phe-Ala acetate (MRFA) and a mixture of

Scheme 1. Possible Reaction Pathways of Photo-Excited Dithioester- and Trithiocarbonate-Functional Compounds Leading
to an Effective Conjugation of the Polymer with Alkenes



168 Macromolecules, Vol. 44, No. 1, 2011 Gruendling et al.

fluorinated phosphazenes (Ultramark 1621) (all from Aldrich).
A constant spray voltage of 4.5 kV was used and nitrogen at
a dimensionless sweep gas flow-rate of 2 (approximately
3 L 3min-1) and a dimensionless sheath gas flow-rate of 12
(approximately 1 L 3min-1) were applied. The capillary voltage,
the tube lens offset voltage and the capillary temperature were
set to 60V, 110V and 275 �C respectively. TheLXQwas coupled
to a Series 1200HPLC-system (Agilent, Santa Clara, CA, USA)
consisting of a solvent degasser (G1322A), a binary pump
(G1312A), a high-performance autosampler (G1367B), fol-
lowed by a thermostated column compartment (G1316A). Sep-
aration was performed on two mixed bed size exclusion chro-
matography columns (Polymer Laboratories, Mesopore 250 �
4.6 mm, particle diameter 3 μm) with precolumn (Mesopore
50� 4.6mm) operating at 30 �C. THF at a flow rate of 0.30mL 3
min-1 was used as eluent. Themass spectrometer was coupled to
the column in parallel to an RI-detector (G1362A with SS420x
A/D) in a setup described earlier.26 0.27 mL 3min-1 of the eluent
were directed through theRI-detector and 30μL 3min-1 infused into
the electrospray source after postcolumn addition of a 100 μM
solution of sodium iodide in methanol at 20 μL 3min-1 by a micro-
flow HPLC syringe pump (Teledyne ISCO,Model 100DM). Flow-
rates, instrument settings and salt concentrations were optimized to
yield maximum ionization efficiency while keeping salt cluster for-
mation toaminimum.27A20μLaliquotofapolymer solutionwitha
concentration of 3 mg mL-1 was injected onto the HPLC
system. Data treatment was performed, using the procedure
outlined in a recent publication.28

Molecular Weight Analysis by SEC. For the determination of
molecular weight distributions (MWD), a SEC system (Polymer
Laboratories PL-GPC 50 Plus), comprising an auto injector,
a guard column (PLgelMixedC, 50� 7.5mm) followed by three
linear columns (PLgel Mixed C, 300 � 7.5 mm, 5 μm bead-size)
and a differential refractive index detector was employed. THF
was used as the eluent at 40 �C, with a flow rate of 1 mL 3min-1.
The SEC system was calibrated using narrow poly(methyl
methacrylate) standards ranging from 600 to 5105 g 3mol-1

and polystyrene standards (Polymer Standards Service, Mainz,
Germany) ranging from 200 to 6106 g 3mol-1. The resulting
molecular weight distributions were determined by universal cali-
bration using Mark-Houwink parameters for PiBoAc (K=5.00�
10-5 dL g-1, R=0.745),29 pBA (K=12.2 � 10-5 dL g-1, R =
0.70),30 and forpolystyrene (K=14.0� 10-5dLg-1 andR=0.70).31

Results and Discussion

As a member of the class of thiocarbonyls, RAFT-functional
polymers show a weak absorption band (400-600 nm) for the

dipole forbidden n f π* (S0 f S1) transition.32-34 Another
strong absorption band is observed at 240-320 nm, which is
attributed to the π f π* (S0 f S2) transition. Experimentally
determined extinction coefficients of the RAFT agents employed
in the current studywere 15 800 L 3mol-1 (λmax=309 nm) for the
trithiocarbonate DoPAT and 11400 L 3mol-1 (λmax = 311 nm)
for the dithioester CPDA. Electronically excited thiocarbonyls
are able to undergo a number of reactions fromboth the S2 aswell
as the lower T1 excited states, as S1 f T1 intersystem crossing
occurs rapidly, at least for the larger aromatic thioketones.35 The
photochemistry of thiocarbonyls, which is somewhat distinct
from their carbonyl analogues, includes pathways toward cy-
cloaddition, cleavage, dimerization, reduction, and oxidation of
which the first two are of interest with regards to conjugation
reactions. The reader is advised of several exhaustive reviews on
the topic.36-38 Cycloaddition toward electron-rich as well as
electron deficient double bonds is observed upon S1 (nπ*) or S2
(ππ*) band irradiation of aliphatic thioketones. Aromatic thio-
ketones show cycloaddition preferably with electron rich alkyl
and alkoxy substituted olefins with formation of dithianes and
thietanes.Quenching studies aswell as the lackof stereoselectivity
in these reactions suggest that the reactive species is the T1 triplet
and that diradical intermediates are involved in the reaction
pathway. A wavelength dependency of the reactivity has been
observed for both aliphatic39 and aromatic thioketones.40,41

Relatively little interest has been paid to the photochemistry
of thioesters and trithiocarbonates. Thiolactones,42,43 dithio-
lactones,43 O-alkyl thiobenzoates,41,44,45 thiocarbonates46 and
1,3-thiazole-5-thione47 have been found to undergo intra- and
intermolecular photocycloadditions to olefins upon irradiation.
It was argued that effective reaction occurs from the nπ* excited
state for thioesters.45 An investigation of the current literature
examples reveals, however, an important prerequisite for [2þ 2]-
photocycloadditions of these compounds to occur: The β-sub-
stituents should be tethered intramolecularly and/or they should
exhibit poor radical leaving-group character. Irradiation of an
O-alkyl thiobenzoate leads to the formation of an S-alkyl thio-
benzoate via 1,3-shift by a formal β-cleavage process.36 Norrish
type II photoelimination is observed if a hydrogen is available in
γ-position.48,49 The stabilizing nature of the phenyl group and
the resonance stabilization of the formed thiocarboxyl radical
by the oxygen/sulfur lone pair seem to dramatically enhance
the ability of thiocarboxylates to undergo β-cleavage reactions
over cycloaddition.37 β-cleavage has also been observed for
the structurally similar phenacyl sulphides.49 In the context of

Table 1. Comparison of the Influence of the RAFT Agent, Monomer, and Olefin Chemical Composition on the Relative Abundances of the Main
Product Species and Side Products Observed in the Electrospray Ionization Mass Spectruma

RAFT agent/
monomer olefin tr /h eqene

R
PRZþ
En/%

R
PRZ/%

R
PRZþ

2En/%

R
SRþEn þR
VRþEn/%

R
VRþR
SR/%

R
PRZþ

3En/%

R
PRZ-
CS/%

R
PRZ-
CS2/%

R
unknowne/

%

DoPAT/BA 1-pentene 22 1000 61.7 11.6 6.7 5.0d 3.2 5.0c c d 7.0
47 100 33.2 32.6 4.8 9.4d 9.1 3.1c c d 7.8

MAnh 47 1000 f 36.7 31.8 4.8 2.2 2.2 1.4 1.4 c 19.3c

EVEh 2.5 1000 62.8 6.7 11.0 2.1d 1.4 5.6c c d 10.3
1,4-dioxene 4 200 46.8c 30.4d 4.5 2.9 10.8 d c 4.5

DoPAT/iBoAc 1-penteneb 16.5 2100 49.0 15.8d 9.1 c 7.5 c 4.5 5.4 8.8
MAnh 47 1000 f 23.1 59.9 3.1 2.2 2.5c 0.9 4.2 c 14.3
1-dodecene 4 320 20.3 52.3 4.5 2.5 9.7c 0.2 1.6 c 9.9
EVEh 5 1000 53.5 18.4c 4.1 c 1.2d 1.2 3.3 d 18.6g

CPDA/BA 1-pentene 7 1000 73.0 7.7 6.3 3.8 6.9c c c 2.1
MAnh 47 1000 f 61.1c 12.1 14.0 2.9 4.0c 4.7 d 1.2 c
EVEh 1 1000 78.1 5.0 9.8 1.6 4.2c c c 1.3

aThe last column lists species of significant mass spectral abundance yet unknown identity. The relative ratios in the table are based on a rationing of
all peaks with a significant intensity above 1% of the main signal. bWith CAMAC 8W TLC-lamp at 366 nm. cSpecies pair with mass spectral overlap,
minor species was not included in the integration. d Species pair with mass spectral overlap, minor species was not included in the integration. eThis
species exhibits different m/z for different system (DoPAT/BA/MA, 1774.2 Th; DoPAT/BA/EVE, 1685.6 Th; DoPAt/iBoAc, 1774.2 Th; CPDA/BA,
1692.2 Th). fSaturated maleic anhydride solution. g Includes two peaks that may be assigned to PRZþEnþO and PRZþ2EnþO from oxidation of the
RAFT-end group. hEVE: Ethyl vinyl ether, MAn: Maleic anhydride.
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living/controlled radical polymerization this behavior is alsowell-
known for the group of dithiocarbamate photoiniferters.50-53

Upon irradiation these compounds undergo reversible β-cleavage
at the carbon sulfur bond and thus yield some control over the
radical polymerization process.54 Some studies have focused on
UV-induced RAFT-polymerization and the effect of UV-vis
radiation on the living/controlled nature of the polymerization
process.55-59

Both reaction pathwaysmay potentially be operating concom-
itantly during the current photochemical coupling reaction of
dithioester and trithiocarbonate RAFT-agents with alkenes as is
shown in Scheme 1. The photoexcited RAFT-end group may
either react by the [2þ 2] Paterno-B€uchi analogous mechanism,
or it may undergo radical β-cleavage and insertion of the alkene
molecule. In addition, other reaction pathways, such as Norrish
type II cleavage, CS- and CS2-extrusion, radical propagation,
and bimolecular termination may also be operating in the
investigated system. These will be discussed in the following
section.

Electrospray ionization mass spectrometry (ESI-MS) as a
sensitive and gentlemass spectrometric techniquehas successfully
been employed to elucidate the mechanism of controlled/living
and conventional free radical polymerization as well as polymer
end group transformations.28,60,61 Because of the softness of the
ionization process, the method allows access to a greater number
of possibly labile product species than, for example, matrix-
assisted laser desorption/ionization (MALDI).62 ESI-MS was
therefore employed to monitor the progress of the coupling
reaction and for a structural analysis of the formed reaction
products. Figure 1, 4, and 5 show the results of the mass
spectrometric analysis of the reaction of poly(butyl acrylate)
carrying CPDA or DoPAT end groups with an excess of
1-pentene or ethyl vinyl ether. In the top inset of each figure, a
cut-out of the ESI mass spectrum is given, corresponding to one
repeat unit of the polymer. The progress of the reaction can be
monitored;assuming negligible influence of end groups on the
ionization efficiency;by following the development of the main
mass spectral components at different reaction times. The reac-
tion of poly(butyl acrylate) carrying the DoPAT end group with
1-pentene is shown in Figure 1. At t = 0 h, only the DoPAT-
functional polymer,PRZ (see Scheme 2 for structural formulas) is

observed in the spectrum. Conjugation with the olefin proceeds
smoothly toward a species corresponding in mass to the desired
conjugation product, PRZþEn. The SEC-traces recorded of the
reactant polymer and after 47 h of reaction are given in the lower
right inset of Figure 1. A precise overlap of the reactant and
product elution curves indicates that neither chain-propaga-
tion nor bimolecular combination have taken place during the
reaction.

An integration of the mass spectral abundances is possible and
it allows the derivation of quantitative data on the concentrations
and concentration ratios of species formed during the end group
conversion.28,63 This procedure was also employed in the current
study to graphically follow the relative abundance of the product
peak (PRZþEn) to the reactant peak (PRZ) (lower left inset in
Figure 1). As can be seen, apparent conversion only taking into
account the relative ratio of reactant and product peak reaches
90% after about 25 h for this system. With increasing reaction
time someminor additional species are identified in the spectrum,
which correspond inmass to saturated polymer, carrying only the
leavingRgroup (SR) andpossibly some vinyl terminated polymer
(VR), shifted by -2 Th relative to SR. These species may have
been formed by Norrish type II fragmentation or alternatively
may be the result of radical termination by disproportiona-
tion. Other minor products are those corresponding to an
addition of two (PRZþ2En) or three 1-pentene units (PRZþ3En)
respectively. Formation of these species would only be expected
in case of a radical reaction pathway, initiated by radical
β-cleavage, as the thietane ring formed by a putative [2 þ 2] is
expected to be inert against any further photoinduced cleavage or
alkene insertion.

In a subsequent in-depth quantitative analysis of the mass
spectrum, the relative abundances of all peaks with a peak area
of more than 1% of the total mass spectral integral was
determined.28,63 The results are collated in Table 1. For the
system BA/DoPAT/1-pentene, the table reveals that under opti-
mum reaction conditions and at 88.4% conversion (11.6%PRZ),
61.7% of the mass spectral area correspond to the desired
conjugation product (PRZþEn), whereas double and triple
insertion products amount to 6.7% and 5.0% respectively. Ter-
mination products of the polymer radical formed by β-cleavage
(VR and SR) amount to 3.2% and peaks indicative of insertion of

Figure 1. SEC/ESI-MS investigation of the species formed during the conjugation reaction between 1-pentene and poly(butyl acrylate) carrying a
trithiocarbonate end group fromDoPAT-mediated polymerization at 315 nm. The development of the relative abundances of the major components
during the reaction and the SEC traces before and after the conjugation are shown in the lower left and lower right graphs of each inset, respectively.
Please refer to Scheme 2 for structural formulas corresponding to the shorthand assignments in the spectra.
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olefin followed by radical termination (VRþEn and SRþEn)
make up 5.0% of the spectral area. Minor peaks are possibly
present in the spectrum, which can be assigned to photoinduced
expulsion of CS (PRZ-CS) or CS2 (PRZ-CS2). Because of
spectral peak overlap with other more abundant species, an
integration of these peaks is not possible. The abundance of the
peaks that have not been integrated due to spectral overlap never
exceed that of the more abundant species. Additional unassigned
species of significant abundance (“unknown” in Table 1) are
present in the spectrum, which together amount to 7.0% of the
total spectral area. It is likely that the true abundances of
the formed products may vary slightly, as the impact of noise
on themass spectral area is difficult to account for since itmay be
affected by background suppression effects and adduct peaks of
solvents and salt molecules. Because of a low quantum yield of
the radical dissociation step and possible slow addition of the
formed poly(butyl acryloyl) radical to the alkene double bond,
about 1000 eq of alkene were needed to enable reaction within
a reasonable time frame. When reducing the excess of olefin to
100 eq, the reaction proceeded significantly slower. After 47 h
of irradiation, and 67.4% conversion (32.6% PRZ), only 33.2%
of the mass spectral species corresponded to the desired inser-
tion product PRZþEn. The amount of termination products
SR/VR and SRþEn/VRþEn increased to 9.1% and 9.4% respec-
tively, which is explained;in accordancewith a presumed radical
addition mechanism;by a reduced rate of addition over bi-
molecular termination, due to the decreased olefin concentration.
Interestingly, a comparison of the mass spectral abundances
recorded for the different olefins reveals that species devoid of
RAFT-functionality (SR/VR and SRþEn/VRþEn) seem to be
enhanced in cases where alkenes with abstractable hydrogen
atoms in R-position relative to the double bond are employed.
Such an observation can be explained by a hydrogen-abstraction
mechanismof the polymer radical to the olefin, which operates as
a competitive pathway.

From the fact that double and triple insertion play aminor part
in the photoreaction in the aforementioned system, the radical

mechanism depicted in Scheme 1 is certainly to be preferred over
the [2þ 2] Paterno-B€uchi-analogous insertion mechanism. How-
ever, it is important to note that the species PRZþEn resulting
from either reaction pathway are isomers of each other. As such,
their structures cannot possibly be distinguished by mass mea-
surement alone. Further structural proof was therefore required
to finally exclude the [2 þ 2] pathway as a competitive side
reaction. Collision induced dissociation (CID) ESI-MS/MSwas
performed of the species corresponding in mass-to-charge ratio
(m/z) to the alkene adduct of the RAFT-functional polymer
PRZþEn (Figure 2). As can be taken from the figure, collisional
excitation of the molecule withm/z=1595.9 Th leads to the loss
of a neutral molecule with m/z=278.0 Th and formation of
polymer corresponding to VRþEn. The fragment is proposed to
be trithiocarbonic acid dodecyl ester (278.1 Da). The loss of the
trithiocarbonic acid ester is also the dominant fragmentation
pathway of the intact DoPAT-capped poly(alkyl acrylate). For
PRZþEn the expulsion of this moiety would not be expected if a
thietane-ring had been formed by a [2 þ 2] process. After
formation of a thietane ring, it is expected that bond breakage
still occurs at the relatively weak C-S σ-bonds. If this took place
at the polymer side of the thietane-ring, formation of a thiol-
terminated (PRZþSH) or vinyl functional polymer (VR) would
have been expected. Retro-[2 þ 2] would lead to expulsion
of thioformaldehyde (PRZþEn-CH2S) or butanethial (PRZþ
En-C4H8S), depending on the regioisomers formed during
the cycloaddition reaction. The fact that neither species is
observed, even at high collision energies (where the parent ion
fully fragments) supports the assumption that no thietane is
present. Scission of the (CS)-S bondwas observed (PRþEnþSH),
yielding a species which is another indicator of the radical
insertion mechanism. Analogous fragmentation was observed
in the case of conjugation of CPDA-functional poly(butyl acrylate)
with pentene (see Supporting Information for a spectrum).
As further proof of the radical insertion mechanism, photoreac-
tions were carried out on a small molecule trithiocarbonate
so that NMR could be utilized for structural elucidation. In this

Scheme 2. Structural Formulas of Major Species Observed during the Conjugation of Dithioester- and Trithiocarbonate-Functional
Poly(alkyl acrylates) with Low Molecular Weight Olefinsa

aThe Z-groups of the employed RAFT-agents as well as the structures of the olefins are given in the lower part of the scheme.
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case DoPAT was irradiated in the presence of 1-pentene and
subsequently the major photoadduct separated from unreacted
starting materials via column chromatography. A 1H NMR
comparison between pure DoPAT and its photoadduct is shown
in Figure 3. Had a [2 þ 2] cycloaddition occurred, it would be
expected that the protons of the thietane ring were well resolved
and could be observed between 3 and 4 ppm. The other signals
were not expected to shift significantly. As is seen in the figure, no
new protons are observed in this area. The major differences in
the spectra is the shift of protons e and f, the appearance of a
second triplet at 0.85 ppmandof a multiplet at 4.5 ppm indicative
of the insertion reaction. The dormant RAFT-functional poly-
mermay also undergo chain transfer thus effectively leading to an
enhancement of the quantum yield of the current reaction,
since an initially formed polymeric radical may cause multiple
olefin insertion processes to occur after chain transfer. A similar
effect has been shown to be operative before by Chen et al.64

As the products arising from degenerative chain transfer cannot
be distinguished analytically, such a mechanism must also be
considered in the current case.

A more detailed analysis of the reaction products from
the model reaction, using, e.g., HPLC/MS seems an interesting
additional study. However, the gained data allow the conclusion
that the operating mechanism of conjugation is radical insertion
of the double bond.Asmentioned before, side products, resulting
from multiple insertion of alkene and the formation of saturated
and vinyl-terminated polymer also observed in the spectrum are
in good agreement with the radical mechanism. As a general rule
of thumb for an efficient radical photoconjugation, alkenes can
be employed that exhibit a high affinity for addition to the poly-
(butyl acryloyl) radical in copolymerization reactions (low r1) and
a low homopropagation rate (low kp and/or r2). This is the case
for 1-hexene (r1 =-0.13( 0.6, r2 =-0.67( 0.03 (95% CI) for
methyl acrylate65) and arguably for all other medium chain
aliphatic alkenes including the 1-pentene employed here. Photo-
reactions with alkenes such as vinyl acetate (r1 = 3.318, r2 =
0.018 for BA66) and styrene (r1 = 0.25, r2 = 0.79 for BA67)

exhibiting homopolymerization ability lead to chain-extension
of the RAFT-functional acrylates as witnessed by an SEC
analysis of the reaction products (see Supporting Information
for details).

As is shown in Figure 4, the insertion reaction with 1-pentene
is significantly accelerated when changing from the trithio-
carbonate (DoPAT) to a dithioester (CPDA) capped poly-
(butyl acrylate). Because of a possibly higher quantum yield
of the photoinduced radical β-cleavage reaction, conjuga-
tion proceeds within 7 h reaction time. The main product
of this reaction at 92.3% conversion (7.7% PRZ) is the
expected conjugation product PRZþEn (73.0%) with very
little multiple insertion product and few other side products.
The SEC traces before and after the conjugation reaction
agree well with each other, underpinning the notion that
coupling reactions of the transient radicals were minimal or
nonexistent.

The system can be even further optimized by using a more
electron-rich olefin (ethyl vinyl ether, EVE) which still shows
low tendency for homopropagation (r1 = 3.0, r2 = 0 for methyl
acrylate68). In Figure 5 the result of the mass spectrometric
analysis of the system BA/DoPAT/ethyl vinyl ether is given.
The rapid reaction proceeds to 95.0% conversion (5.0% PRZ)
after 1 h irradiation time where 78.1% of PRZþEn are formed.
Because of an apparently increased oligomerization ability of this
monomer, 9.8% double insertion product (PRZþ2En) are also
formed at this reaction time. As is observed in the figure, the
system can be described by a sequential A f B f C reaction
mechanism with a ratio of the apparent rate coefficients for the
first and second insertion k2/k1= 0.021 (fitted curves in Figure 5,
bottom left). Interestingly, some reaction product could already
be observed at the beginning of the reaction. This may be an
indication that the reaction also proceeds under visible light
irradiation, in this case by the ambient laboratory light during
preparation.

Other olefinswhich have been tested and forwhich the product
abundances are shown in Table 1 are 1,4-dioxene, which gives
generally a very good reaction rate, 1-dodecene and maleic
anhydride (r1=2.788 ( 0.051, r2=0.012 ( 0.013 (95% CI) for
methyl acrylate69). Although the transformation does proceed in
an excess of maleic anhydride, the reaction is rather sluggish. 47 h

Figure 2. Tandem electrospray ionization mass spectrometric analysis
of the main functional polymer species (PRZþEn, m/z = 1595.9 Th)
formed by the photoreaction between 1-pentene and poly(butyl ac-
rylate) carrying a trithiocarbonate end group from DoPAT-mediated
polymerization. Loss of a species with mass-to-charge ratio of 278.0 Th
indicates that the trithiocarbonic acid mono dodecyl ester is lost
during CID. Other species indicative of a [2þ 2] insertionmechanism
(PRZ, PRZþEn-C4H8S, PRZþEn-CH2S) cannot be identified in the
spectrum.

Figure 3. 1H NMR analysis of the pure DoPAT RAFT reagent
(bottom) and of the product formed by the model-photoreaction
between 1-pentene and the DoPAT RAFT-reagent together with the
most conclusive structural assignment (top).
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are needed to achieve 87.9% (12.1% PRZ) conversion, after
which time the insertion product is formed in 61.1% relative
abundance (see Supporting Information for mass spectra and
conversion vs time plots).

Conclusions

The photoinduced reaction of benzyl dithioacetate (CPDA)
and dodecyl trithiocarbonate (DoPAT) functional poly(alkyl
acrylates) with a number of electronically diverse low molecular
weight alkenes was studied. It was shown that irradiation at the
wavelength of the π f π* transition induced the insertion of a
single alkene at the polymer chain-end. An in-depth mechanistic
study of the reaction revealed that conjugation proceeded by

UV-induced radical β-cleavage of the dithioester/trithiocarbo-
nate-end group followed by an addition of the alkene and
subsequent recapping by the RAFT-end group. The most effi-
cient systems identified with regard to rate of reaction and yield
were poly(butyl acrylate)/CPDA/ethyl vinyl ether (1 h reaction
time at ambient temperature) and poly(butyl acrylate)/CPDA/1-
pentene (7 h reaction time at ambient temperature). Although
high equivalents of alkene are required, the resulting end group
modified polymer can be readily isolated by precipitation. In the
case of liquid olefins, the product polymer can simply be isolated
by vacuum drying and unreacted olefin can be recycled. The
presented photoinduced end group modification reactions may
thus provide a convenient means not only for thiocarbonylthio
capped polymermodification in solution, but open the possibility

Figure 4. SEC/ESI-MS investigation of the species formed during the conjugation reaction between 1-pentene and poly(butyl acrylate) carrying
a dithioester end group fromCPDA-mediated polymerization at 315 nm. The development of the relative abundances of themajor components during
the reaction and the SEC traces before and after the conjugation are shown in the lower left and lower right graphs of each inset, respectively.
Please refer to Scheme 2 for structural formulas corresponding to the shorthand assignments in the spectra.

Figure 5. SEC/ESI-MSinvestigationof the species formedduring the conjugation reactionbetween ethyl vinyl ether andpoly(butyl acrylate) carrying
a dithioester end group fromCPDA-mediated polymerization at 315 nm. The development of the relative abundances of themajor components during
the reaction and the SEC traces before and after the conjugation are shown in the lower left and lower right graphs of each inset, respectively.
Please refer to Scheme 2 for structural formulas corresponding to the shorthand assignments in the spectra.
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of the temporally and spatially resolved introduction of function-
ality to RAFT polymers anchored on variable solid substrates.
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ABSTRACT: A polymer triple-shape memory effect represents one of the most recent discoveries in the
rapidly expanding field of shape memory polymers. It refers to the capability of a polymer to memorize two
temporary shapes and subsequently recover them, all in one shape memory cycle. Although several examples
of triple-shape polymers had been reported in the literature, they were notably evaluated under very different
thermo-mechanical conditions. In this study, the effect of various thermo-mechanical conditions on the
polymer triple-shape properties was investigated using Nafion as a model material. The choice of the
programming and recovery heatingmethods in constructing triple-shape cycles was found to have a profound
impact on the triple-shape properties. As such, the results of this study provided useful reference for future
development of triple-shape polymers.

Introduction

A conventional shape memory polymer can fix one temporary
shape and recover to its permanent shape when exposed to an
appropriate external stimulus.1-10 With a total of two shapes
involved in each shape memory cycle, this effect can be called the
dual-shapememory effect. Such a concept of polymer dual-shape
memory effect has been known for at least half a century and is
the basis for most SMP applications known today.11-20 Within
the past decade or so, the field of shape memory polymers has
grown in an accelerated pace. Among the most recent and exciting
discoveries are the multishape memory effects, which refer to the
capability of a polymer to memorize multiple temporary shapes
and subsequently recover them, all in one shapememory cycle.21-29

At the molecular scale, the dual-shape memory effect requires
the combination of a reversible thermal transition and a mecha-
nism for setting the permanent shape. The former is referred to as
a shape memory transition and is commonly a melting or glass
transition, while the latter can be physical or chemical cross-
linking.1-10 As such, the expansion from dual- to triple-shape
memory effect follows the logic that an additional distinctive shape
memory transition allows a second temporary shape tobe fixed in
the shape memory cycle.22-29 For this type of triple-shape poly-
mers, the two temporary shapes are introduced and later recov-
ered above and in between the two shape memory transition
temperatures (Ttrans’s), respectively.

22-29 Accordingly, tuning the
triple-shape memory effect can be accomplished by changing the
Ttrans’s and/or the ratio between the two shapememory transition
phases.

Representing significant deviation from the above strategy is
our recent report of the tunable multishape memory effect.21 It
refers to the phenomenon that a polymer with a single yet
sufficiently broad thermo-mechanical transition can exhibit multi-
shape memory effects at arbitrarily chosen deformation and
recovery temperatures (within the broad transition).21 In other
words, the multishape memory effect can be tuned without chang-
ing the material composition, which is in sharp contrast to the
triple-shape polymers with two distinct thermal transitions.

Putting aside the tunability and different strategies to achieve
multishape memory effects, only triple- and quadruple-memory
effects have been experimentally demonstrated thus far, although
the potential beyond quadruple- is feasible.21 For simplification,
however,we hereby focus on the triple-shapememory effect, noting
in particular that the issues discussed hereafter are also applicable
to multishape memory effects beyond triple-.

In general, all shape memory effects can be quantitatively
evaluated in appropriate thermo-mechanical shape memory
cycles.1-10,21-26 For the dual-shape memory effect, this task is
relatively straightforward. It is usually sufficient to determine the
extent of shape fixing (shape fixity,Rf) and the degree of recovery
(shape recovery,Rr), both of which can be extracted conveniently
from a dual-shape memory cycle.1-10 In such a cycle, deforma-
tion (or programming) can be conducted by applying a constant
force (i.e., a stress controlledmode) or a target strain (i.e., a strain
controlled mode). The stress free shape recovery, on the other
hand, can be carried out by either continuously heating or holding
the polymer at a constant temperature above its shape memory
transition (i.e., isothermal) until the strain reaches an equilib-
rium value. Although the impact of various thermo-mechan-
ical conditions on dual-shape memory properties have been
investigated,30-34 the specific distinction between different defor-
mation and recovery modes is typically overlooked. Presumably,
this is due to the fact that these two factors are not expected to
noticeably impact the evaluation of Rf and Rr.

For triple-shape polymers, a careful examination of the litera-
ture reveals significant differences in thermo-mechanical conditions
underwhich triple-shapememory cycleswere constructed.21-29 The
most notable ones lie in the deformation modes (stress versus
strain controlled) and shape recovery conditions (continuous versus
staged heating). Since triple-shapememory cycles are intrinsically
more complicated than dual-shape memory cycles, it is not clear
how much these differences may impact the evaluation of the
polymer triple-shape memory effect. In this work, the triple-
shape memory effect of Nafion is investigated under carefully
designed experimental conditions.We show that, unlike the dual-
shape memory effect, the thermo-mechanical conditions greatly
impact the triple-shape effect. In the context of the broader*Corresponding author. E-mail: tao.xie@gm.com.
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literature on triple-shape polymers, we demonstrate that the
protocols employed to construct triple-shape cycles could even
challenge the very definition of triple-shape polymers. Although
onlya few triple-shapememorypolymer systemshavebeen reported
thus far, we fully anticipate thatmanymore will be developed in the
near future. This study thus provides valuable guidelines which will
benefit this emerging area of triple-shape polymers.

Experimental Section

Materials.Nafion (acid form, equivalent weight of 1000, and
thickness of 0.08mm) was obtained fromDuPont. It was annealed
at 140 �C for 25 min prior to investigation.

Shape Memory Characterization. All the thermo-mechanical
analysis (TMA) experiments were conducted in a tensile mode
using a DMA Q800 (TA Instruments).

Stress controlled deformation was performed by applying a
deformation force at a target deformation temperature (Td) and
the force was maintained constant during the subsequent cool-
ing stage. By contrast, strain controlled deformation was con-
ducted by ramping the strain atTd at 10%/min to a target strain,
which was maintained constant during subsequent cooling. All
strain recovery experiments were carried out under stress free
condition (note: a minimum static force of 0.001 N was used).
The strain recovery upon staged heating was conducted by
holding the polymer at the target temperatures (recovery tem-
peratures, Tr’s) equal to the corresponding deformation tem-
peratures (Td’s) for 25 min. For strain recovery under continuous
heating conditions, the experiments were performed by linearly
ramping the temperature to 140 �C. Unless otherwise noted, a
temperature ramping rate of 5 �C/min was used for both heating
and cooling in all experiments.

Results and Discussion

In our previous work, we demonstrated in a broad sense that
Nafion possesses tunable multishape memory and temperature
memory effects.21 Of relevance to the current study is that Nafion
shows the triple-shape memory effect at any two sufficiently
separated deformation temperatures (Td1 and Td2) across its
broad thermo-mechanical transition (from 55 to 130 �C).21 This
allows its triple-shape memory effect to be tuned based on the
selection of Td’s, instead of changing the material composition.
Since the focus of the current investigation is not on tunability of
the shape memory effect, we concentrate primarily on two defor-
mation temperatures (Td1=100 �C and Td2 = 60 �C) in this
investigation.

A triple-shape memory cycle constructed under strain con-
trolled programming and staged heating recovery conditions is
shown in Figure 1. In the first deformation (or programming)
step, the polymer is deformed at Td1 to a target strain (ε1,load) by
linear strain ramping. The strain is maintained constant during
subsequent cooling (i.e., a strain controlled mode). At this step,
stress relaxation is observed. Once the temperature reaches Td2

and is equilibrated, the stress is removed. The stress removal leads
to an instantaneous strain recovery (i.e., spring back). Isothermal
and stress free holding at Td2 leads to an equilibrium strain (ε1).
This completes the first programming step and ε1 is regarded as
the first fixed temporary shape. The second programming step
proceeds in a similar fashion except that the deformation tem-
perature is Td2 and the isothermal and stress free holding tem-
perature is 25 �C. ε2,load and ε2 are similarly obtained. The first
and second shape fixities (Rf1 and Rf2) are 63.8%, and 98.1%, as
calculated using

Rf 1 ¼ 100%�ðε1=ε1, loadÞ ð1Þ
and

Rf 2 ¼ 100%�ðε2 - ε1Þ=ðε2, load - ε1Þ ð2Þ

After programming, the polymer is heated under a stress free
condition to induce the strain recovery. In the first recovery step,
the temperature is ramped to Td2 and held constant until the
strain reaches an equilibrium value, which is taken as ε1,rec.
Further heating to Td1 followed by isothermal holding leads
to a second equilibrium strain of ε0,rec. The two shape recoveries
(Rr2 and Rr1) are 95.1%, and 106.0%, based on

Rr2 ¼ 100%�ðε2 - ε1, recÞ=ðε2 - ε1Þ ð3Þ
and

Rr1 ¼ 100%�ðε1, rec - ε0, recÞ=ðε1 - ε0Þ ð4Þ
Here, Rr1 above 100% is due to the incomplete recovery of the
previous recovery event (Rr2= 95.1%). The portion that was not
recovered in the first recovery event was recovered at the second
recovery event, thus leading to a Rr1 value above 100%.

Close examination of the strain evolution curve in Figure 1
revealed that, in the second strain ramping step from ε1 to ε2,load,
the slop of the strain curve undergoes a sudden change. This is
rather surprising as a single strain ramping rate was designated in
the corresponding TMA method. In addition, this change ap-
pears to occur when the strain reaches a value close to the previous
ε1,load. To investigate whether such a correlation is a coincident or
not, two experiments were conducted in which only the target
value of ε1,load was varied from 60% to 40% and 80%, respec-
tively. The results (shown in Figure 2a and 2b) confirm that,
regardless of the ε1,load, this abrupt slope change in the strain
curve always occurs at a strain in the vicinity of the corresponding
ε1,load. An experiment was further carried out under conditions
identical to Figure 1 except that Td1 was changed to 120 �C. The
strain evolution curve (Figure 2c) shows again the same slope
change at the ε1,load. The above results imply that the instanta-
neously recovered strain (or nonfixed strain, ε1,load - ε1), while
erased, shows a quantitative impact at a later stage.We refer to it
a strain historymemory effect. Such an effect is in sharp contrast
to the traditional understanding of shape memory polymers, for
which the recovered strain cannot be traced. Here, the entropy
corresponding to the strain (ε1,load- ε1) was lost instantaneously
upon load removal, but the contributing molecular segmental
movement remained at an “activated” state mechanically. Sur-
prisingly, this “activated” state appears to be thermally stable as
the observed phenomenon did not diminish even when the iso-
thermal holding time between ε1 to ε2,load was increased from
5 min (Figure 2a) to 1 h (Figure 2d). Together with the tunable
multishape memory and temperature memory effects recently
reported,21,35 this strain history memory effect suggests that that
a polymer memory effect can be more broadly understood as a

Figure 1. Triple-shape memory cycle obtained under strain controlled
programming and staged heating recovery conditions. Td1 = Tr2 =
100 �C, Td2 = Tr1 = 60 �C. Key: solid line, strain; dotted line, stress;
dashed line, temperature.
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thermo-mechanical memory effect rather than just strain
(or shape) memory. On a broader basis, the strain history effect
uncovered above implies that the thermo-mechanical history of a
polymer could have a hidden effect on its thermo-mechanical
properties.

Under various experimental conditions studied,Rr1 andRr2 for
Nafionwere generally close to 100%, but the difference between the
two Td’s (ΔTd) had a strong impact on Rf1.

21 Under the stress
controlled programming conditions previously used in our pre-
vious work,21 it was difficult to reach the same ε1,load for different
experiments, we thus did not attempt to quantify the impact of
ΔTd on Rf1 due to this uncertainty. The strain controlled
programming method currently employed allows quantification
of such an impact at the same ε1,load value. The results (Figure 3)
show that,whereasRf2 is independent ofΔTd andgenerally above
95%, Rf1 has a strong dependence on ΔTd. Specifically, Rf1 is
around 50% forΔTd of 30 �Cand increased gradually to 70% for
ΔTd of 60 �C (Figure 3). This trend can be explained by an
analogy we used to explain the tunable multishape memory effect.
On the basis of such an analogy, Nafion’s broad thermal transition
can be viewed as the collective contribution of an infinite number
of transitions, which can be further considered as individual
memory elements corresponding to infinitely sharp transition
temperatures continuously distributed across the broad transi-
tion. Using this analogy, if theΔTd is higher, a higher population
of memory elements is “frozen” upon cooling, yet the number of
“non-frozen” memory elements remains the same since Td2 is
identical. The frozen memory elements act against the nonfrozen
memory elements to fix the strain. Consequently, a higher ΔTd

leads to a higher Rf1 value. Here, we note that the dependence of
Rf1 onΔTd may also be attributed toTd1, the change of which led
to differentΔTd values in the series of the experiments summarized
in Figure 3.

For comparison purposes, two triple-shape memory cycles
were obtained under a stress controlled condition (Figure 4). Here,
Td1’s for Figures 4a and 4b are 100 and 140 �C, respectively,
whereasTd2’s are kept identical at 60 �C. In these stress controlled
experiments, the deformation stress was applied at the target
deformation temperature (Td1). While the stress was held con-
stant during cooling, strain continued to increase during cooling
(i.e., creep). In other words, the strain was actually introduced
across a temperature range instead of at a single temperature in a
strain controlled programming. The creep upon cooling led to
strain development at temperatures lower than the designatedTd,
which would be recovered at lower temperatures during the cor-
responding recovery step(s). Here, noticeable levels of creep are
observed in the first deformation steps in both Figures 4a and 4b,
but not in their second deformation steps. Relatively speaking,
the creep in Figure 4b is much more pronounced than Figure 4a.

Figure 2. Thermo-mechanical curves for strain controlled program-
ming (Td2=60 �C in all cases): (a)Td1=100 �C, ε1,load=40%, ε2,load=
85%; (b)Td1=100 �C, ε1,load=80%, ε2,load=100%; (c)Td1=120 �C,
ε1,load = 60%, ε2,load = 85%; (d) condition same as part a except the
isothermal holding time (1 h).

Figure 3. Effect of ΔTd on Rfs. In all cases, Td2 = 60 �C and ε1,
load=60%.
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The creep upon cooling leads to the much broader second shape
recovery event in Figure 4b, when compared to the first recovery
in the same figure or the second shape recovery in Figure 4a. The
extent of creep upon cooling was reduced to 34% of the total ε1,load
when a faster cooling rate of 10 �C/minwas employed (Figure 4c),
compared to 40% for a cooling rate of 5 �C/min (Figure 4b).

The above stress controlled programming was widely utilized
by different groups.21-25,29 For our own amorphous epoxy based
triple-shapememory systems reported earlier, however, the creep
upon cooling under the constant load is rather minimal, if any.23

This is due to the very tightly cross-linked nature of the epoxy
network that resists the creep. Consequently, the selection of the
programming method is unimportant for such a system. The
triple-shape systems by Lendlein et al are lightly cross-linked
networks comprisingof at least one crystallinephase.22,24,25Under a
constant stress, a crystalline phase is known to undergo rearran-
gement upon temperature changes, leading to significant strain

change. In fact, such is the basis for the two way shape memory
effect for semicrystalline polymers.26,36 As for the triple-shape
memory effect discussed here, significant strain changes upon
cooling were indeed observed in the semicrystalline based triple-
shape systems.22,25 Consequently, we anticipate that the choice of
the programming method would affect the recovery behavior for
such systems, although the exact impact has yet to be reported.
Nevertheless, the comparison betweenNafion andour previously
reported epoxy system is sufficient to conclude that the selection
of the programming method may significantly affect the multi-
recovery behavior, depending on the specific molecular structures.

Here, we should note that the isothermal and stress free
holding between the two programming steps (Figures 1 and 4) is
sometimes omitted in the literature. Regardless of the program-
ming methods, this step is necessary to determine ε1, which is a
critical parameter in the complete quantification of the triple-shape
performance (eqs 1-4).

In the context of different programmingmethods for the triple-
shape memory effect, the so-called one-step programming pro-
cess should also be mentioned. It refers specifically to the phenom-
enon that only one programming step is needed for a multishape
capable polymer to exhibit multiple shape recovery events upon
heating.21,24 Fundamentally, the multiple recovery events arise
from the fact that a single strain introduced at a high temperature
in a one-step programming process is in fact differentiated as
multiple strains occurring to differentmemory elements inNafion21

or two distinct phases in other polymers.24,25Notably, the examples
of one-step programming multishape effect were all realized
through stress control.21,24,25 Under such a programming condi-
tion, if creep occurs, the memory elements corresponding to
transition temperatures lower than the designated Td (or the
lower temperature phase) could sustain a larger share of the total
strain. This could favor more strain recovery at lower tempera-
tures, relative to a situation in which a strain controlled one-step
programming is used.

As for the shape recovery, Figures 1 and 4 were both obtained
by staged heating, which is a condition used for our triple-shape
epoxy polymers23 and the triple-shape poly(ester urethane) by
Pretsch.27 This staged heating method is analogous to the
isothermal recovery condition for dual-shape memory polymers
except that the two isothermal recovery events are needed for
triple-shapememory polymers. Other triple-shape systems reported
in the literature adopted a continuous heatingmethod to evaluate
triple-shape properties.21,25,28,29 Whereas the distinction between
the two heating methods for dual-shape memory polymers is
typically overlooked, the difference in the recovery heating
method for triple-shape polymers should be carefully considered.
Here, two critical questions arise: is it possible that a polymer
displays two separate recovery events under a staged heating
condition, but not under a continuous heating condition? If the
answer is yes, then the next questionwould be: could both heating
methods be accepted in qualifying a triple-shape polymer? The
answers to these questions may impact the very definition of a
triple-shape polymer.

We believe that both the staged heating and continuous
heating methods are valid methods for triple-shape evaluation.
In fact, even for triple-shape polymer systems quantitatively
evaluated under continuous heating recovery conditions, it
appears that the actual visual demonstration of the triple-shape
memory effect was carried out by “subsequent heating”.22,25

Presumably, this is due to the fact that, in a practical setting, it
is easier to achieve staged heating than finely controlled continuous
heating.

Fundamentally, however, the question on whether or not
Nafion can display multiple recovery events by continuous
heating remains interesting, given the fact that its triple-shape
behavior rely on one broad thermal transition rather than two

Figure 4. Triple-shape memory cycle obtained under stress controlled
programming and staged heating recovery conditions. (a) Td1= Tr2 =
100 �C,Td2=Tr1=60 �C; (b)Td1=Tr2=140 �C,Td2=Tr1=60 �C.
(c) Conditions similar to part b except that a faster cooling rate of
10 �C/minwas used in the first fixing step.Key: solid lines, strain; dotted
lines, stress; dashed lines, temperature.
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distinctive ones. A series of experiments were thus conducted in
which the two programming steps were identical to Figure 1, but
the subsequent recovery was performed by continuous heating at
different heating rates. The corresponding recovery curves are
shown in Figure 5a. At a heating rate of 5 �C/min, only vaguely
separated two recovery events can be identified. Such a separa-
tion becomesmuchmore evidentwhen the heating rate is reduced
to 1 �C/min. Further reduction of the heating rate to 0.5 �C/min
yields only slight difference. Unlike Figures 1 and 4, no strain
plateau is observed between the two recovery events in Figure 5a.
We note that this is an issue that is applicable to all other known
triple-shape memory polymer systems under continuous heating
conditions. The existence of two recovery events is more clearly
illustrated by plotting the strain derivatives (i.e., instantaneous
recovery rate) against the temperature (Figure 5b). Two maxima
are clearly visible regardless of the heating rate, although the
relative peak height and positions do vary.

Webelieve that this dependence between the recovery behavior
and the heating rate is linked to the recovery kinetics. At a high
heating rate, the first recovery event does not have sufficient time
to complete before the temperature raises high enough to trigger
the next recovery event (i.e., recovery overlap). The relative sep-
aration between the recovery events is dependent on the overlap,
which is reduced at a lower heating rate. Here, it is noteworthy
that a heating rate of 1 �C/min was used for the shape recovery in
the literature despite the fact that a faster temperature ramping
rate of 5 �C/min was employed in all other stages in the same
triple-shape cycles.22,24,25 This seems to indicate a similar need for
a low heating rate for those material systems.

Comparing the recovery curve inFigure 1 to those inFigure 5a, it
is also evident that it is easier to obtain the plateau strain values
using staged heating. This method is thus suitable for evaluating

the maximum recovery capability. Recovery by continuous
heating, on the other hand, is affected by both the maximum
recovery capability and the recovery kinetics, the latter of which
suggests heating rate dependence. In principle, the recovery
overlap under a continuous heating condition may be reduced if
the recovery events can be further distinguished. For a triple-shape
polymer enabled by two distinct thermal transitions, one approach
is to widen the difference between the two transition temperatures
through material compositional tuning. For Nafion, owing to its
tunable nature, this can be conveniently achieved by selecting two
T d’s that are further apart (i.e., a larger ΔTd). To verify this
hypothesis, two triple-shape cycles were constructed under iden-
tical thermo-mechanical conditions except the Td1. The corre-
sponding recovery behaviors (Figures 6a and 6b) clearly show
that the two recovery events obtained for the higher Td1 (thus
greater ΔTd) are indeed better separated.

As a separate but important note, we should point out that,
despite its versatile shapememoryproperties, a significant limitation
for Nafion lies in its poor processability. As a result, Nafion
typically exists in thin film form, which prohibits its use as a bulk
shape memory material. Nevertheless, the fact that Nafion’s
multishapememoryproperties arise froma single thermal transition
suggests an alternative platform on which future more processable
multishape memory polymers can be based.

Conclusion

We show in this study that the impact of various thermo-
mechanical conditions on the polymer triple-shapememory effect
ismuchmore complex than for themore conventional dual-shape

Figure 5. Strain recovery behavior under continuous heating conditions:
(a) strain evolution; (b) strain derivative curve. Figure 6. Comparisonof shape recovery curves under continuousheating

conditions for twodeformation temperaturesTd1’s (all the other themo-
mechanical conditions are identical to Figure 1). Key: (a) strain evolution;
(b) strain derivative curve.
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memory effect. While material chemistry (two distinct thermal
transitions versus a single broad transition) is critical, the thermo-
mechanical treatment is just as important in determining polymer
triple-shape functions. Here, the material chemistry provides the
basis, whereas significant variations in memory functions can be
expected by selecting the appropriate thermo-mechanical treat-
ment. In particular, the choices of the programming method
(stress versus strain controlled) and recovery heating method
(staged versus continuous heating) were found to greatly affect
the evaluation of triple-shape polymers. The results further support
that staged and continuous heating are both valid methods for
triple-shape evaluation. The staged heating method allows better
evaluation of the equilibrium recovery behavior. Recovery beha-
vior under a continuous heating conditionmay strongly depend on
the recovery kinetics and a low heating rate is thus preferred to
realize the multiple recovery events. Overall, this study suggests
that, relative to the conventional dual-shape memory properties,
greater care should be taken to achieve and/or evaluate triple-shape
performance.

Acknowledgment. The authors thank Prof. Patrick Mather
at Syracuse University for his comments on the relevance of the
different recovery heating methods for triple-shape polymers.

References and Notes

(1) Mather, P. T.; Luo, X.; Rousseau, I. A. Annu. Rev. Mater. Res.
2009, 39, 445.

(2) Lendlein, A.; Kelch, S. Angew. Chem., Int. Ed. 2002, 41, 2034.
(3) Liu, C.; Qin, H.; Mather, P. T. J. Mater. Chem. 2007, 17, 1543.
(4) Xie, T.; Rousseau, I. A. Polymer 2009, 50, 1852.
(5) Ratna, D.; Karger-Kocsis, J. J. Mater. Sci. 2008, 43, 254.
(6) Koerner, H.; Price, G.; Pearce, N.; Alexander, M.; Vaia, R. Nat.

Mater. 2004, 3, 115.
(7) Lendlein, A.; Jiang, H.; Junger, O.; Langer, R. Nature 2005, 434,

879.
(8) Rousseau, I. A. Polym. Eng. Sci. 2008, 48, 2075.

(9) Weiss, R.; Izzo, E.; Mandelbaum, S. Macromolecules 2008, 41,
2978.

(10) Li, J.; Viveros., J. A.; Wrue, M. H.; Anthamatten, M. Adv. Mater.
2007, 19, 2851.

(11) Lendlein, A.; Langer, R. Science 2002, 296, 1673.
(12) Xie, T.; Xiao, X. Chem. Mater. 2008, 20, 2866.
(13) Xiao, X.; Xie, T.; Cheng, Y. T. J. Mater. Chem. 2010, 20, 3508.
(14) Gall, K.; Kreiner, P.; Turner, D.; Hulse, M. J. MEMS. 2004, 13,

472.
(15) Wang, R.; Xie, T. Langmuir 2010, 26, 2999.
(16) Wang, R.; Xie, T. Chem. Commun. 2010, 46, 1341.
(17) Wang, R.; Xiao, X.; Xie, T. Macromol. Rapid Commun. 2010, 31,

295.
(18) Kunzelman, J.; Chung, T.; Mather, P. T.; Weder, C. J. Mater.

Chem. 2008, 18, 1082.
(19) Kim, S.; Sitti, M.; Xie, T.; Xiao, X. Soft Matter 2009, 5, 3689.
(20) Hu, J. Shape memory polymers and textiles; CRC Press, Woodhead

Publishing Limited: Boca Raton FL, Boston, MA, New York, and
Washington, DC, 2007.

(21) Xie, T. Nature 2010, 464, 267.
(22) Bellin, I.; Kelch, S.; Langer, R.; Lendlein, A. Proc. Natl. Acad. Sci.

U.S.A. 2006, 103, 18043.
(23) Xie, T.; Xiao, X.; Cheng, Y. T. Macromol. Rapid Commun. 2009,

30, 1823.
(24) Behl, M.; Bellin, I.; Kelch, S.; Wagermaier, W.; Lendlein, A. Adv.

Func. Mater. 2009, 19, 102.
(25) Behl, M.; Lendlein, A. J. Mater. Chem. 2010, 20, 3335.
(26) Zotzmann, J.; Behl, M.; Hofmann, D.; Lendlein, A. Adv. Mater.

2010, 22, 3424.
(27) Pretsch, T. Smart Mater. Struct. 2010, 19, 015006.
(28) Kolesov, I. S.;Radusch,H. J. eXPRESSPolymerLett. 2008, 2, 461.
(29) Luo, X.; Mather, P. T. Adv. Funct. Mater. 2010, 20, 2649.
(30) Rousseau, I. A.; Xie, T. J. Mater. Chem. 2010, 20, 3431.
(31) Yakacki, C. M.; Willis, S.; Luders, C.; Gall, K. Adv. Eng. Mater.

2008, 10, 112.
(32) Gall, K.; et al. J. Biomed. Mater. Res. A 2005, 73A, 339.
(33) Yakacki, C. M.; et al. Biomaterials 2007, 28, 2255.
(34) Wong, Y. S.; Venkatraman, S. S. Acta Mater. 2010, 58, 49.
(35) Miaudet, P.; et al. Science 2007, 318, 1294.
(36) Chung, T.; Rorno-Uribe, A.; Mather, P. T. Macromolecules 2008,

41, 184.


	1–11.pdf
	12–13.pdf
	14–16.pdf
	17–19.pdf
	20–28.pdf
	29–38.pdf
	39–45.pdf
	46–59.pdf
	60–67.pdf
	68–79.pdf
	80–86.pdf
	87–94.pdf
	95–103.pdf
	104–111.pdf
	112–121.pdf
	122–133.pdf
	134–139.pdf
	140–146.pdf
	147–158.pdf
	159–165.pdf
	166–174.pdf
	175–180.pdf

