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ABSTRACT: The effect of core—shell polymer-coated nanoparticles on block copolymer morphology is
investigated systematically by controlling particle positioning within a block copolymer template. Our
approach of varying the areal chain density (Z) of short thiol terminated polystyrene (PS-SH) brushes on the
particles where the molecular weight (M) of the PS ligands (2.5 kg/mol) is used to control the fraction of the
particles adsorbed to the interface of PS-6-P2VP diblock copolymer domains (M, = 196 kg/mol). The change
in = from 2.38 to 0.49 chains/nm? brings systematic control over the fraction of Au particles bound to the PS/
P2VP interface (f;), this fraction ranging from 0 to 95%. Particles with 2 of 2.38 chains/nm? (f; ~ 0) were
observed to localize within the PS domains and further produce a macroscopic particle aggregated phase
separate from the PS-/-P2VP mesophase. In contrast, decreasing the = of PS chains provides for strong
binding of Au nanoparticles to the PS/P2VP interfaces as a consequence of preferential wetting of one block
of the copolymer (P2VP) to the Au substrate. Interestingly, the addition of low volume fractions (¢p) of such
nanoparticle surfactants (2 < 1.1 chains/nm?) to lamellar diblock copolymers initially leads to a decrease in
lamellar thickness, a consequence of decreasing interfacial tension, up to a critical value of ¢p beyond which
the block copolymer adopts a bicontinuous morphology. The relationship between domain spacing and
morphology of block copolymer with the level of nanoparticle surfactants will be discussed based on a strong-
segregation model. In addition, the rational design of nanoparticle surfactants based on the nature and

density of the grafted chains will be described.

Introduction

Bicontinuous (or, more generally, cocontinuous) polymer
morphologies have a wide range of current and potential applica-
tions. Cross-linked interpenetrating networks, for example, are
well-known to have unique combinations of mechanical proper-
ties, such as simultaneously high modulus and toughness.'
As another example, when one phase of a bicontinuous composi-
tion is removed to create a porous structure, the remaining
continuous phase provides a rigid self-supporting scaffold that
can be used in separations, in catalysis, and as absorbent or
thermal management materials.® >

Surveying the field of phase-separated copolymers, one of the
most rapidly growing areas for bicontinuous polymer structures,
involves thin films rather than bulk materials. An example is bulk
heterojunction organic photovoltaic films where interpenetrating
electron transporting and hole transporting conjugated polymer
phases can bring a significant increase in the interfacial area which
allows for efficient exciton dissociation and leads to improved solar
cell efficiencies.® Bicontinuous alloys with one of the polymer
components a s-conjugated polymer can also be useful as con-
ductive coatings for EM shielding or for corrosion resistance. In
the context of thicker films, bicontinuous ion transporting mem-
branes are of interest in fuel cells and battery applications.

While bicontinuous polymer structures are highly desirable,
robust strategies for creating thermally stable bicontinuous
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morphologies are rather limited.’'* Upon melt mixing or casting
from a common solvent, most binary polymer blends are thermo-
dynamically immiscible and undergo macrophase separation.
The morphology that is obtained is usually monocontinuous
(e.g., drops of phase A in a matrix of B) and depends very much
on the thermal or solvent processing conditions to which the
blend is subjected. Furthermore, unfortunately such a procedure
does not lend itself to subsequent polymer melt processing, since
the bicontinuous morphology will be lost upon remelting and
melt processing, e.g., by injection molding to achieve a prescribed
shape.

Nanoparticles as well as colloidal particles can act like surfac-
tant molecules 4particularly if adsorbed to an immiscible fluid—
fluid interface.'* Such “particle surfactants” can be active or pas-
sive in conferring special properties to the composition and have
been demonstrated to help create emulsions by decreasing
the interfacial tension and stablhzmg the liquid film between
droplets, thus preventmg coalescence.'*~'® Simulations'”'® and
experiments'®~>> have shown that nanoparticle surfactants can
stabilize bicontinuous emulsions of small molecule liquids as well
as bicontinuous morphologies in blends of A and B homopoly-
mers. These studies assume such emulsions to be metastable, with
an initial bicontinuous microstructure resulting from spinodal
decomposition of the liquid or polymer mixture being arrested by
the “jamming” of nanoparticles strongly adsorbed to the liquid/
liquid or polymer/polymer interfaces.

Precise positioning of particles at the interface between
two different polymers is required to achieve surfactant-like
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properties, and a recent strategy for controlling the location of
nanoparticles in a block copolymer or polymer blend involves
tuning the surface properties of nanoparticles by end-attaching
ligands such as organic small molecules,”* *® homopoly-
mers, 3% a mixture of homopolymers,* random copoly-
mers,”® and diblock copolymers®” to the nanoparticle surface.
Once particles are “neutral” and the interfacial tension between
two different domains of diblock copolymers or the separate
phases of homopolymer blends is sufficiently large, particles will
segregate to the interface between two phases.* *! In our recent
experiments we observed that the formation of a diblock copo-
lymer bicontinuous morphology can be induced using a two-
component system consisting of a symmetric poly(styrene-b-2-
vinylpyridine) diblock copolymer (PS-b-P2VP) and nanoparticle
surfactants.*> The bicontinuous morphology can be produced
over a wide range of particle volume fractions. Furthermore, the
uniform bicontinuous structure with characteristic dimensions
well below 100 nm is ideal for many thin film applications.

In the initial experiments, Au nanoparticles covered with a
single low areal chain density = of low molecular weight poly-
styrene thiol (PS-SH) ligands were used as the nanoparticle
surfactant. In this paper, the effect of changing the areal chain
density Z of the PS-SH ligands on the morphology of symmetric
PS-b-P2VP block copolymers is investigated systematically. Since
P2VP segments are preferentially attracted to the bare gold
nanoparticle surface over PS segments, changing = of the PS-
SH ligands on the Au nanoparticles can produce various frac-
tions (f;) of particles segregated to the PS/P2VP interface (i.e., f; ~
0 for the case where all particles are dispersed near the center
of the PS domains and f; ~ 1 for the case where all particles
are localized at the interfaces). By varying X, a range of inter-
mediate f; values can be accessed such that some of the particles
are dispersed near the center of the PS domains while others are
located at the interface. As will be described below, we believe
that this dispersion in particle location is a consequence of a
Poisson distribution of the number of brush chains among
particles.* A phase diagram representing the morphology of
PS-b-P2VP block copolymers (M, ~ 196 kg/mol) containing
PS-coated Au nanoparticles as a function of the particle volume
fraction (¢p) and Z has been established. In addition, the
segregation of nanoparticle surfactants to the block copolymer
interface leads to a decrease in interfacial tension between the two
blocks of block copolymer and thus causes a decrease in the
domain spacing. We show that the measured domain spacing is a
unique function of the volume fraction of particles segregated
to the interface. The domain spacing and the threshold for the
transition of morphology from lamellar to bicontinuous mor-
phology are further compared to the predictions of a strong-
segregation theory.

Experimental Section

Synthesis of Thiol-Terminated PS (PS-SH) and Random
Copolymers of Styrene and 2-Vinylpyridine (PS-r-P2VP-SH).
A symmetric poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) di-
block copolymer with total molecular weight M, ~ 196 kg/mol
and a polydispersity (PDI) of 1.11 (Polymer Source, Inc.) was
used as the block copolymer template in which to investigate
systematically the position of gold nanoparticles. To incorpo-
rate gold nanoparticles into PS-H-P2VP block copolymer tem-
plate, the particles were stabilized by thiol-terminated PS (PS-
SH). PS-SH was synthesized by living anionic polymerization as
described elsewhere.?*2® The molecular masses M, of the thiol
terminated PS polymers (PS-SH) were determined to be 2.5 kg/
mol with PDI of 1.1, measured by size exclusion chromatogra-
phy (SEC) calibrated by PS standards. Thiol-terminated ran-
dom copolymers of styrene and 2-vinylpyridine (PS-r-P2VP-
SH) were synthesized by reversible addition—fragmentation
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Table 1. Characterization of Gold Nanoparticle Coated by PS Chains
(M, =2.5 kg/mol) Synthesized with Various Initial Mole Ratio of
PS Chains to (PS Chains + Gold Atoms) (fps)

particle core  particle diameter areal chain density

list diameter (nm)® (core + shell) (nm) = (chains/nm?)
Au-PS 2.38 2.5+0.8 7.3 2.38
Au-PS 1.46 24+0.7 6.2 1.46
Au-PS 1.06 2.2+0.7 5.3 1.06
Au-PS 0.97 2.6+0.6 5.7 0.97
Au-PS 0.92 2.8+0.8 6.0 0.92
Au-PS 0.73 3.0+0.7 5.8 0.73
Au-PS 0.49 3.0+0.7 5.2 0.49
Au-PS-r-P2VP’ 3.0+0.7 8.1 1.61

“Obtained from image analysis based on TEM images for at least 300
particles. * PS-r-P2VP-SH (M,, =3.5 kg/mol).

transfer (RAFT) procedures using a dithioester RAFT agent
and AIBN at 70 °C.*** The polymer end group was converted
to a thiol group by reaction with hexylamine. The conversion
during the RAFT polymerization was kept to 12% in order to
prevent composition drift caused by the difference in the re-
activity ratio of the styrene and 2-VP monomers. The M, and
PDI of PS-r-P2VP were 3.5 kg/mol and 1.1, respectively, with a
mole fraction of styrene in the PS-r-P2VP measured to be 0.5 by
"H NMR.

Synthesis of PS-Coated Au Nanoparticles (Au-PS). The synth-
esis of PS-coated Au nanoparticles was accomplished using a
two-phase method™® consisting of toluene and water by varying
the initial mole feed ratio of PS ligands to (Au atoms + PS
ligands) (fps) from 1/3 (=0.33) to 1/33 (=0.03). The polymer-
coated gold particles were separated from unattached PS-thiol
by precipitation using a mixture of ethanol and toluene, con-
centrating the particles by centrifugation followed by membrane
filtration (MWCO 30000 Da, Millipore, Inc.) using dimethyl-
formamide, dioxane, and methanol to remove ungrafted ligands
as well as any residual reducing agent. The characteristics
of these polymer-coated gold nanoparticles are summarized
in Table 1. The gold core diameter distribution obtained as
a histogram from TEM image analysis was used to calculate
the average surface area per gold nanoparticle. Weight fractions
of gold and polymer ligands were measured by thermal gravi-
metric analysis (TGA). These numbers were confirmed by
elemental analysis. The weight fractions of the polymer chains
were converted into volume fractions using the density of the
polymer (~1.05 g/cm?) and the density of gold (~19.3 g/em®).
The number of polymer ligands per gold particle for various
core—shell type particles, divided by the average surface
area of the gold particle, gives the mean areal chain density
(2) of polymer ligands on the particle surface. For convenience
the following labeling is used: PS-Au 2.38, PS-Au 1.46,
PS-Au 1.06, PS-Au 0.97, PS-Au 0.92, PS-Au 0.73, and PS-Au
0.49 denote PS-coated Au nanoparticles with X = 2.38, 1.46,
1.06, 0.97, 0.92, 0.73, and 0.49 chains/nmz, respectively.
The synthesis of PS-r-P2VP-SH-coated Au nanoparticles was
performed using a one-phase method in THF as described
elsewhere.*®

Preparation of PS-5-P2VP/Polymer-Coated Au Nanoparticle
Composites. To prepare the nanocomposite films, a 1—2 wt %
block copolymer solution in dichloromethane, which is a neutral
solvent for the PS and P2VP blocks,*° was mixed with PS-coated
gold nanoparticles to produce various particle volume fractions
ranging from 0.01 to 0.53 in the final block copolymer/nano-
particle film. A particle/block copolymer composite was pre-
pared by solvent-casting a mixture of PS-Au nanoparticles and
PS-5-P2VP block copolymer in dichloromethane onto an epoxy
substrate and then annealing under a saturated solvent atmo-
sphere at 25 °C for at least a day. All solvent in the sample was
allowed to evaporate very slowly during over an additional day.
Samples were subsequently dried in the air overnight and further
under vacuum for 4 h to make sure that no solvent was left in the
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sample. As a result, a 10—20 gm thick film of nanoparticle/block
copolymer composite was produced.

Characterization. The diameter and the location of the PS-
coated gold particles (PS-Au) in the PS-5-P2VP matrix were
determined by transmission electron microscopy (TEM) using a
FEI Tecnai G2 microscope operated at 200 kV. PS-Au nano-
particles were dissolved at a very low concentration in dichlor-
omethane or THF. A 20—30 nm thick carbon film-coated TEM
grid was dipped into the solution for a second, dried in the air,
and then examined by TEM. Samples of gold nanoparticle—
block copolymer composites were prepared for cross-sectional
TEM by microtoming epoxy-supported films into 25—40 nm
thick slices that were then stained by exposing them to iodine
vapor for a short time to visualize the particles at the PS/P2VP
interface clearly while maintaining contrast between PS and
P2VP domains. While the TEM micrographs provide direct
evidence of particle location as a function of the areal chain
density, errors in the particle distribution within a polymer
block domain may be caused by tilt of the lamellar interfaces
relative to the TEM beam direction, so that the interfaces appear
broader and the domains narrow in the projected image. Care
was taken to reduce such errors, both by carefully tilting the
sample so as to minimize the interface width and by analyzing a
large number of particles (at least 500 particles) collected from
different samples at each given areal chain density.

Results

Polystyrene-coated gold nanoparticles of approximately the
same core diameter were synthesized with the areal chain density
>of PS-SH hgands on the nanoparticles ranglng from 2.38 t0 0.49
chams/nm (Table 1). The decrease in X has the effect of
increasing the attractive interaction between the bare Au surface
not shielded by the PS-SH ligands and the P2VP block of the
diblock copolymer. The nanoparticle Au core diameter as well as
an estimate of the overall diameter of the PS-coated nanoparticles
including the shell thickness of PS is shown as a function of X in
Figure 1. The average particle core (Au) diameter for each
synthesis was determined from TEM images by analyzing at least
300 particles using standard image analysis software (Image Pro).
As X decreases from 1.46 to 0.49 chains/nm?, the particle core
diameter increases slightly from 2.4 to 3.0 nm. However, the
overall particle (core + shell) diameter remains constant at about
5.7 nm due to the smaller number of PS chains on the nanopar-
ticles with smaller =s and larger core diameters. Theory®* and
simulation®***” as well as experiments™* suggest that particle
diameter is one of most important factors influencing particle
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Figure 1. Diameter of Au particle core as well as that of the (core +
shell) These particles were coated w1th various areal chain densities (Z)
ranging from 0.49 to 1.46 chains/nm? of PS-SH chains (M, = 2.5 kg/
mol). As X is decreased, the particle core diameter is increased slightly
due to the lower density of PS chains on the nanoparticle. However, the
overall particle (core + shell) diameter is nearly constantat 5.7 + 0.5 nm.
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positioning in a block copolymer matrix since the adsorption
energy of particles to the interface between block copolymer
domains is proportional to the square of the block copolymer
interfacial area occupied by the cross section of nanoparticle.” In
addition, the diameter should also influence particle positioning
by imposing an entropic penalty on the copolymer chains that
cannot penetrate far into the particle. Therefore, keeping the
mean diameter of the particles roughly constant is a prerequisite
to allow one to investigate systematically the effect of polymer
ligand areal density, its effect on the segregation of the particles to
the interface, and the effect of this segregation on the block
copolymer morphology.

Figure 2 reveals the X effect of PS-SH chains on the surface
of various PS-Au particles on the morphology of symmetric
PS-b-P2VP block copolymers. Figures 2a,b show the cross-
sectional morphology of PS-b-P2VP block copolymers mixed
with gold particles having = of 2.38 chains/nm? (PS-Au 2.38). At
a relative low particle volume fraction (¢p = 0.09), the gold
particles are dispersed in the PS domain (lighter phase) of a

=

Figure 2. Cross-sectional TEM images showing the effect of PS-SH
areal chain density that controls the nanoparticle location on the
morphology of a symmetric PS-»-P2VP block copolymers (M, = 196
kg/mol). PS-b-P2VP morphology mixed with PS-Au 2.38 nanoparticles
(Z = 2.38 chains/nm?) having a volume fraction (¢p) of (a) 0.09 and (b)
0.25. PS-b- P2VP mixed with PS-Au 1.46 gold nanoparticles (£ = 1.46
chains/nm?) having ¢p of (c) 0.07 and (d) 0.23. PS-b- P2VP mixed with
PS-Au 1.06 gold nanoparticles (£ = 1.06 chains/nm?) having (¢) ¢p =
0.03 and (f) ¢p = 0.20. In (b), at ¢p = 0.25, lamellar domains with a low
volume fraction of gold nanoparticles are seen together with macrophase-
separated gold nanoparticle rich regions (very dark). In contrast, at a
similar ¢p = 0.20, (') shows the disrupted block copolymer domains with
the reduced domain size without any macrophase-separated gold nano-
particle-rich regions. Scale bar in each micrograph is 100 nm.
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well-aligned lamellar morphology as shown in Figure 2a. As the
¢pisincreased to 0.25, the TEM image shows that large regions of
aggregated nanoparticles are present at this nanoparticle loading,
indicating coexistence between a macrophase that is highly
enriched in nanoparticles and a lamellar mesophase with a much
lower nanoparticle concentration. In contrast, the TEM image of
the block copolymer morphology containing PS-Au 1.06 parti-
cles at a low nanoparticle loading (¢p ~ 0.03) (Figure 2e) shows
that most nanoparticles are segregated to the PS/P2VP interfaces
in the well-ordered lamellar morphology. Of particular interest is
that Figure 2f shows that the interfacially active nanoparticles
PS-Au 1.06 cause a dramatic change in the morphology of the
composite at a nanoparticle loading of ¢p ~ 0.20. There is no sign
of macrophase separation, and moreover, the nanoparticles have
caused a uniform disruption of the block copolymer lamellar
phase and have decreased its domain spacing /.

The morphology of the PS-5-P2VP block copolymer contain-
ing PS-Au 1.46 particles, thus an intermediate £ value between
those of the two particles discussed above, seems to experience
both transitions caused by PS-Au 2.38 and PS-Au 1.06 nano-
particles. A lamellar mesophase of PS-h-P2VP containing gold
particles located at both PS/P2VP interfaces and in the PS
domain is observed at relative low ¢p ~ 0.07 as shown in
Figure 2c. At a larger ¢p of 0.23, the aggregation of gold particles
between lamellar sheets is observed in Figure 2d. At the same
time, however, the lamellar order of the PS-b-P2VP phase is
disturbed due to the particles localized at the PS/P2VP interface,
and therefore, the morphology shown in Figure 2d includes some
of the characteristics of both Figures 2b,f. However the regions of
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macrophase-separated particle-rich phase in the PS-H-P2VP
lamellar phase shown in Figure 2d are much smaller than those
in Figure 2b at the comparable ¢p, suggesting the driving force for
macrophase separation or its kinetics are much less in this case.
The small regions of macrophase-separated particle aggregation
seem to stabilize and/or create defects and grain boundaries in the
block copolymer domains, which is consistent with the experi-
mental results of Listak and Bockstaller.*!

To understand the effect of the PS-SH ligand X of the PS-Au
particles on the block copolymer morphology, we first investigate
systematically the particle positioning within a PS-»-P2VP tem-
plate as a function of Z. Figure 3 shows the histograms of the
particle position of (a) the PS-Au 2.38, (b) PS-Au 1.46, (c) PS-Au
1.06, and (d) PS-Au 0.92 within PS-5-P2VP diblock copolymer
domains. All histograms were obtained from TEM micrographs
of samples containing low ¢p (<0.10) of Au nanoparticles to
prevent the disruption of the neat PS-b-P2VP lamellar meso-
phase, thus providing accurate statistics concerning the particle
distribution. The histogram in Figure 3a clearly shows that PS-
Au 2.38 particles are dispersed within a PS domain of PS--P2VP
block copolymer. As X decreases to 1.46 chains/nm?, the height of
the peak near the PS domain center decreases, and a peak appears
at the interface between the PS and P2VP domains as shown in
Figure 3b. The number of particles at the interface continues to
increase further at ¥ =1.06 chains/nm? relative to those in the
center of the PS domain, as shown in Figure 3c. We believe that
the intermediate behavior of PS-Au 1.46 and PS-Au 1.06, which
show particles both at the PS/P2VP interface and the PS domain
center, is mainly due to the fact that the mean number (1) of
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Figure 3. Histograms of the nanoparticle positions of (a) the PS-Au 2.38, (b) PS-Au 1.46, (c) PS-Au 1.06, and (d) PS-Au 0.92 nanoparticles within the
lamellar PS-5-P2VP block copolymer. Since the PS domain of PS-5-P2VP is normalized to 0.5, the center of PS domain is at 0 and the interfaces of the

PS domain are at —0.25 and +0.25.
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Figure 4. Cross-sectional TEM images of PS-5-P2VP block copolymer
(M, = 196 kg/mol) containing PS-Au 0.73 nanoparticles at different
¢p = () 0.043, (b) 0.048, (c) 0.067, (d) 0.087, (e) 0.095, and (f) 0.192.
Scale bar is 100 nm.

PS-SH chains bound to these small Au particles is quite small. If a
critical local areal chain density on a given particle exists below
which segregation to the interface occurs, a Poisson distribution
of n from particle to particle accounts quite well for the particle
distributions observed in the histograms as described in our
previous papers.””* Finally, PS-Au 0.92 particles are nearly
completely segregated to the PS/P2VP interface as shown in
Figure 3d. To quantify the histograms, a parameter f;, the fraction
of particles bound to the PS/P2VP interface, is introduced. It is
found that f; values for PS-Au 1.46, PS-Au 1.06, PS-Au 0.97, and
PS-Au 0.92 particles are 0.63, 0.74, 0.79, and 0.93, respectively.
Therefore, as X decreases from 2.38 to 1.46 chains/nmz, at
relatively high ¢p ~ 0.25, the macrophase-separated particle-
enriched phase is strongly suppressed, since the particle fraction
dispersed in PS domains decreases by a factor of 0.37 (= 1-0.63).
As f;increases further to 0.74, at ¢p ~ 0.23, the particle aggregates
within the PS block copolymer domains disappear.

Figure 4 shows representative cross-sectional TEM images of
the PS-b-P2VP block copolymer (M, =196 kg/mol) containing
PS-Au 0.73 nanoparticles with various ¢p = (a) 0.043, (b) 0.048,
(c) 0.067, (d) 0.087, (e) 0.095, and (f) 0.192. A well-ordered
lamellar microstructure is seen with the gold nanoparticles (dark
dots) segregated at the interfaces between the PS and P2VP
domains at ¢p=0.043 (Figure 4a). As the volume fraction of PS-
Au 0.73 nanoparticles is increased, the microstructure of the PS-
b-P2VP diblock copolymer changes dramatically. Figures 4c,d
show that when 6.7 and 8.7 vol % of the PS-SH-coated nano-
particles are added, the microstructure of the PS and P2VP
domains is drastically changed, becoming bicontinuous. The
PS-Au 0.73 nanoparticles cause a uniform disruption of the block
copolymer lamellar phase without any sign of macrophase
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separation. It is remarkable that bicontinuous microstructures
are found over an extremely wide range of experimental condi-
tions up to ¢p ~ 0.5 without particle aggregation. Representative
TEM images of PS-5-P2VP domains for ¢p=0.095 and 0.192 are
shown in Figures 4e,f and demonstrate further the surprisingly
uniform scale of the bicontinuous structure. Note the dramatic
decrease in domain spacing between parts a and f of Figure 4. The
normalized domain spacing (//hy) of PS-b-P2VP diblock copo-
lymers (/1 is the domain spacing of the pure diblock) is decreased
to 0.5, as ¢p is increased up to 0.192 in Figure 4f. A decrease in
domain size of the block copolymer with ¢p reflects a decrease in
interfacial tension upon nanoparticle addition and a concomitant
increase in block copolymer interfacial area. At the same time,
this decrease in domain size indicates that nanoparticles bound to
the PS/P2VP interface behave as surfactants at the block copo-
lymer interface. This decrease in domain spacing and thus
increase in interfacial area cannot be due to nanoparticle “jam-
ming” since even if one assumes that all nanoparticles are
localized at the interface, the nanoparticle area fraction («) is
never above 0.5 before the transition to the bicontinuous mor-
phology occurs, and large increases in interfacial area and
decreases in lamellar thickness are observed at ar as low as 0.2.
Therefore, the mechanism of bicontinuous phase formation in
our system (diblock copolymer/nanoparticles) is believed to be
different from that hypothesized for the blending of two homo-
polymers and particles.'™'” We will discuss the mechanism based
on a recent strong segregation theory.*®

To investigate further the effect of PS-Au having various
values on block copolymer morphology and to further investigate
their role as nanoparticle surfactants, PS-coated gold particles
with various X values were added to the PS-h-P2VP block
copolymer template. Figure 5 shows cross-sectional TEM images
of the PS-b-P2VP block copolymer containing PS-Au 0.97
nanoparticles at various ¢p = (a) 0.053, (b) 0.103, (c) 0.125, and
(d) 0.173. Similar to the TEM images shown in Figure 4, Figure 5
shows that the lamellar microstructure of the PS-H-P2VP is
disrupted by adding nanoparticles, forming bicontinuous mor-
phologies with uniform spaced domains as ¢p increases. The
normalized domain spacing (h/hy) of the PS-b-P2VP diblock

A EY

Figure 5. Cross-sectional TEM images of PS-h-P2VP block copolymer
(M, = 196 kg/mol) containing PS-Au 0.97 nanoparticles at various ¢p
values = (a) 0.053, (b) 0.103, (c) 0.125, and (d) 0.173. Scale bar is 100 nm.



6198 Macromolecules, Vol. 42, No. 16, 2009

copolymer decreases from (a) i/hy=0.91 &+ 0.05 at ¢p =0.053 to
(d) h/hy=0.57 £ 0.08 at pp=0.173, which is a trend similar to that
observed in Figure 4. Once = of PS-SH chains on PS-Au is
decreased below a critical value (Zc), so that a large fraction of
Au particles is strongly bound to the PS/P2VP interface, the
transition of morphology from lamellar to bicontinuous is con-
sistently observed as ¢p increases. In addition, the threshold
particle volume fraction for this transition decreases as X of the
PS chains on the PS-Au nanoparticles increases.

Discussion

A deeper insight into the morphological transition caused by
these nanoparticle surfactants can be gleaned by examination of
the normalized domain spacing change (h/h) as a function of the
particle volume fraction (¢p). Figure 6a represents a two-dimen-
sional morphology diagram, which summarizes the decrease
observed in the normalized domain spacing of block copolymer
morphology for PS-Au particles with different X values as ¢p
increases. The addition of PS-Au particles having a X value larger
than 1.46 chains/nm® to the PS-5-P2VP template leads to
macrophase separation of a particle-enriched phase from the
lamellar PS-h-P2VP phase that contains only a small volume
fraction of nanoparticles. In contrast, PS-Au particles having X
less than 1.06 chains/nm? induce a transition of the PS-5-P2VP
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Figure 6. Normalized lamellar domain thickness //h of the PS-5-P2VP
diblock copolymer (M, = 196 kg/mol) versus the total particle volume
fraction ¢p in (a) and the particle volume fraction localized at the
interface ¢p; in (b). The PS-h-P2VP diblock copolymer is mixed with
various nanoparticles. (a) PS-Au 1.46 (O), (b) PS-Au 1.06 (O), (c) PS-Au
0.97 (»), (d) PS-Au 0.92 (v), (e) PS-Au 0.73 (0), and (f) PS-Au 0.49
(tilted A). While the addition of PS-Au 1.46 nanoparticles eventually
results in macrophase-separated structures, the PS-6-P2VP morphology
with other lower areal chain density particles changes from lamellar
(open symbols) to bicontinuous (filled symbols) as ¢p increases. The
half-filled symbols represent transition morphologies between lamellar
and bicontinuous. The dashed line in (b) corresponds to the predictions
of a strong segregation theory for 5.7 nm diameter particles segregated
to the interface.
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lamellar morphology (open symbols) to the bicontinuous struc-
ture (filled symbols) as ¢p increases. The half-filled symbols
represent transition morphologies between lamellar and bicon-
tinuous. The critical particle volume fraction for the transition
(¢p.c) decreases as = of PS-SH chains on the particles decreases.
In addition, the domain spacing of the PS-»-P2VP block copo-
lymer decreases dramatically with the addition of the nanopar-
ticle surfactants. Such a decrease in lamellar thickness and
increase in interfacial area can be explained qualitatively by a
“strong segregation” model® of block copolymer morphology.
Since the blocks of the block copolymer stretch and lose entropy
in order to decrease the interfacial area and thus total energy of
the interface between the two blocks, segregation of surfactant
nanoparticles to the interface, which leads to a decrease in
interfacial tension, allows the stretched blocks to relax and leads
to a corresponding decrease in the domain spacing. Interestingly,
the recently developed strong segregation theory for surfactant
nanoparticles in block copolymers* predicts qualitatively many
of the features we see in our experiments. This theory by
Pyramitsyn and Ganesan®® considers the free energy of a sym-
metric diblock copolymer blended with nanoparticles as made
up of three terms: the first term represents an entropy loss caused
by the block copolymer stretching including the volume excluded
by the particles, the second term represents the interfacial cost
of blocks and particles, and the third term accounts for the
translational entropy of the particles imposed by their density
distribution within a block copolymer domain. They predict that
the strong contraction in lamellar domain size induces an
instability of the lamellar structure beyond ¢p ¢, leading to a
bicontinuous morphology. This theory suggests that the
spontaneous bending of the block copolymer brush layer is
caused mainly by a near vanishing lamellar bending modulus
as ¢p approaches ¢p c. Their results bring an interesting compar-
ison to the microemulsion phase of the oil/water/surfactant
blends,”® where the interfacial tension as well as the bending
modulus becomes very small. Our morphology is similar to that
observed in the system of CPCl/hexanol/brine investigated by
Porte et al.’! However, they report a L, to L transition of
lyotropic surfactants as a result of decrease in the saddle splay
modulus.

An analogue of our system (nanoparticle surfactants blends
with symmetric diblock copolymers) can be found in the intrigu-
ing results of a mixture of two (short and long) lamellar forming
diblock copolymers by Hashimoto et al.>> > They observed that
the interactions between two diblock copolymers, whose covalent
linkages share a common interface, can lead to a cosurfactant
effect. Such an effect increases interfacial curvature in the case of
a blend of two diblock copolymers, which separately would have
lamellar morphologies. In such a blend it is possible to form
bicontinuous morphologies if the pair is carefully chosen
with respect to their molecular weights and block volume frac-
tions.’>>* In addition to the fact that nanoparticle surfactants
share the interface with the junction of block copolymer tem-
plates, the nanoparticles may be positioned asymmetrically with
respect to the interfacial plane and thus might behave similarly to
asymmetric diblock copolymers.*” In this case the fact that the
centers of some particles may be on one side of the interface may
strengthen the tendency for formation of a morphology having
curved interfaces and a bicontinuous morphology.>® We believe
that such a distortion of the interface would be enhanced due to
strong binding of our nanoparticles to the PS/P2VP interface
caused by the favorable interaction between the Au bare surface
and P2VP block, suppressing the macroscopic separation of a
particle-enriched phase.

Since only the fraction f; of particles bound to the interface
(particle surfactants) should be responsible for decreasing the
interfacial tension and inducing the morphological transition, the
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volume fraction of particles segregated to the interface (¢p; =
¢pf;) should be most relevant for correlating phase behavior. Here
fican be estimated from the histograms of Figure 3. The normal-
ized domain spacing (/1/hy) for various particles is replotted in
terms of ¢p; in Figure 6b. Plotted as a function of ¢p; the
normalized domain spacing of the diblock copolymer containing
various particles with a wide range of = values is well described by
a single line, indicating that the fraction of particles dispersed in
the PS domain, which ranges from 0.05 to 0.27, for = values from
0.46 to 1.04 nm >, does not significantly influence //h,. Since
small additions of lower molecular weight A homopolymer to
A—B diblock copolymers, while increasing the A domain thick-
ness, do not change the overall domain spacing /4, the fact that
low volume fractions of small nanoparticles in the PS domain do
not change / in our system seems reasonable. The predicted //hq
of the strong-segregation theory (SST) of Pryamitsyn and
Ganesan® (the dashed line in Figure 6b) can be compared with
the experimental data showing qualitative agreement. There are a
number of reasons why we should not expect quantitative
agreement, including the fact that the block copolymer/particle
system was solvent annealed and thus had ~20 vol % solvent
when it vitrified. The SST includes no solvent, and in addition, no
account is taken of the PS ligand brush on the nanoparticles.

Figure 7a summarizes the morphology of PS-b-P2VP block
copolymers containing various PS-Au particles as a function of
¢p and %, while Figure 7b shows this morphology as a function of
¢pand = for particles that segregate significantly to the interface.
The blend of PS-Au 1.46 nanoparticles and PS-h-P2VP changes
from lamellar (open symbols) to macrophase-separated PS-Au
regions within the block copolymer domains as ¢p increases, as
shown in Figure 7a. However, the addition of sufficient PS-Au
nanoparticles with = = 1.06 chains/nm? and less induces a trans-
formation to a bicontinuous morphology of the PS-b-P2VP block
copolymer indicated by the yellow region in both Figures 7a,b.
The critical volume fraction ¢p;c for the transition shown in
Figure 7b decreases slightly as = decreases but not nearly as much
as the critical value of the overall volume fraction ¢p  shown in
Figure 7a. As before, it is anticipated that the nanoparticles in the
PS domain will have little or no effect on the transition to the
bicontinuous morphology. The residual effect of Z on ¢p ;¢ may
be caused by the stronger binding of P2VP to the bare Au on
nanoparticles with low values of Z.

We have demonstrated the formation of a bicontinuous
morphology of diblock copolymers by addition of various
nanoparticle surfactants over an extremely wide range of particle
volume fraction. Theoretically, any nanoparticle with an ap-
proximately “neutral” surface relative to the A and B polymers
will bind to the interface as long as the interfacial tension yp of
the A/B interface is large enough. For example, a nanoparticle
surface covered with chains of random copolymer of A and B will
adsorb to such an interface if the composition of A monomers in
the copolymers is close to 0.5. However, localization of particles
at the interface does not, in itself, guarantee the formation of
bicontinuous phase. We believe that the rational design for
nanoparticle surfactants having strong binding to the interface
is a critical requirement to avoid macroscopic phase separation
and obtain a bicontinuous morphology. To prove this concept,
we prepared Au nanoparticles coated with a thiol-terminated
random copolymer of styrene and 2-vinylpyridine (PS-r-P2VP-
SH). The PS-r-P2VP-SH ligands, which have a M, of 3.5 kg/mol
and a narrow PDI of 1.1, were synthesized by controlled radical
polymerization.*** The PS molar fraction of the random copo-
lymer was 0.5 to approximate a neutral coating on the nanopar-
ticle surface, the particle (core + shell) radius was 4 nm, and the
areal density was = ~ 1.6 chains/nm”. The resulting gold
nanoparticles were mixed with PS-b-P2VP (M, = 197 kg/mol)
at nanoparticle volume fractions (¢p) of 0.1 and 0.3 and then
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Figure 7. Phase diagram of PS-»-P2VP morphologies plotted as a
function of X of PS-Au particles versus (a) the total volume fraction
¢p of gold nanoparticles and (b) the volume fraction ¢p; of these
particles segregated to the interface. The morphology of PS-Au 1.46
nanoparticles/PS-b-P2VP changes from lamellar (open symbols) to a
macrophase-separated structure consisting of block copolymer do-
mains with some PS-Au 1.46 nanoparticles in the PS domains and the
rest in large clusters of PS-Au 1.46 nanoparticles. For nanoparticles
with = = 1.06 chains/nm? or below a transition from a lamellar to a
bicontinuous morphology occurs (open symbols: lamellar; half-filled
symbols: intermediate; filled symbols: bicontinuous phase).

StV

Figure 8. Cross-sectional TEM images of PS-h-P2VP block copolymer
(M,=196 kg/mol) containing PS-r-P2VP-coated Au nanoparticles at
different ¢p: (a) ~0.1 and (b) ~0.3. Scale bars are 50 and 200 nm for (a)
and (b), respectively.

solvent annealed as described before. Cross-sectional TEM
analysis of the composite at relatively low ¢p = 0.1 in Figure 8a
shows ordered lamellar domains with virtually all gold nanopar-
ticles localized at the interfaces. However, the TEM image of PS-
b-P2VP containing PS-r-P2VP-coated particles at ¢p ~ 0.3
(Figure 8b) shows a macroscopically separated particle enriched
phase. These results show that the localization of particles to the
interface itself is a necessary, but not sufficient, condition to
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induce the transition from lamellar to bicontinuous morphology.
However, it should be mentioned that TEM analysis reveals a
bicontinuous morphology with no macrophase separation when
the PS-r-P2VP-coated nanoparticles were blended at a composi-
tion of ¢p ~ 0.15 with a higher molecular weight block copoly-
mer, symmetric PS-6-P2VP (M, = 380 kg/mol). An increase of
the molecular weight of the host matrix reduces the threshold for
forming the bicontinuous structure ¢p ¢ as well as the tendenc
for macrophase separation as reported in our previous work.*
The fact that the random copolymer “neutral” surfactant parti-
cles are less effective at inducing the bicontinuous morphology
than the PS-Au particles with low Z is probably due to the strong
favorable interaction between Au bare surface and P2VP matrix.
In addition, since motion of PS chains on the nanoparticle surface
is possible by surface diffusion to induce a “Janus” structure, i.e.,
one with a PS hemispherical surface and a hemispherical surface
exposed to P2VP matrix,****% stronger adsorption of the PS-Au
particles with low Z to the PS/P2VP interfaces will result. There-
fore, the rational design of particles to provide a strong binding to
the interface is a critical prerequisite to produce the bicontinuous
morphology while suppressing the formation of particle aggre-
gates in the form of a particle-enriched phase.

Conclusions

In summary, the effect of nanoparticle location on the mor-
phology of symmetric diblock copolymers containing polymer-
coated nanoparticles was systematically investigated using a
model system of PS-b-P2VP diblock copolymers and 2.85 nm
diameter PS-coated gold nanoparticles. By decreasing the areal
density of PS thiol ligands on the nanoparticles the nanoparticles
experience an increasingly strong attraction to the interfaces
between the two domains of the copolymer. The Z of PS chains
on the nanoparticles is varied from 2.38 to 0.49 chains/nm? to
produce different fraction of particles localized at the PS/P2VP
interface varying from f; ~ 0 to f; ~ 0.95. The addition of a large
volume of PS-Au 2.38 particles that are dispersed in the PS
domains induced the macroscopic phase separation of a particle-
enriched phase from the PS-h-P2VP lamellar phase. As f; is
increased by decreasing X, macrophase separation is suppressed.
When X decreases to 1.06 chains/nm? and therefore f; becomes
larger than 0.7, a bicontinuous morphology is induced through
the incorporation of “nanoparticle surfactants” at the interfaces
of the diblock copolymer. The nanoparticle surfactants cause a
decrease in both the interfacial tension and the domain spacing
and ultimately induce the formation of bicontinuous phase. To
demonstrate the importance of the design of the surface coating
of the nanoparticles, the morphology of PS-b-P2VP copolymers
containing “neutral” PS--P2VP coated particles is compared to
that containing PS-coated Au particles with low X values. The
comparison proves that both particle segregation and strong
binding to the interface are important to produce the bicontin-
uous morphologies.
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