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ABSTRACT: Cross-linked elastomers containing reversibly
binding side groups are capable of storing elastic energy on
multiple time-scales, giving rise to shape-memory and self-
healing properties. Photo-cross-linkable benzophenone side
groups were incorporated into linear macromers containing
reversible (2-ureido-4-pyrimidinone, UPy) side groups. This
method enables melt-processing of shape-memory elastomers
into complex permanent shapes, and samples can be prepared
with much higher UPy-content. UV—vis spectroscopy was
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applied to study the efficacy of the cross-linking process. Resulting elastomer networks with variable densities of covalent cross-
links and reversibly associating side groups were systematically prepared and studied. Dynamic mechanical analysis revealed the
presence of two storage modulus plateaus: a high-temperature plateau attributed to covalent cross-links, and a lower temperature
plateau attributed to both reversible and covalent cross-links. Results also show that dynamic cross-links behave nearly as effectively
as permanent cross-links below the UPy hydrogen bond transition and that the presence of a covalent network supports cooperative

binding of UPy side groups.

1. INTRODUCTION

Elastomers consist of macromolecular chains that are bound
together into a network by covalent or noncovalent cross-links.
Cross-links serve as permanent entanglements, restricting long-
range and irreversible chain slippage. When deformed, chains are
distorted from their most probable and preferable configurations,
giving rise to an entropic restoring force.

A thermoresponsive shape-memory polymer (SMP) is capable
of fixing a temporary shape when cooled, under elastic strain,
beneath a well-defined shape-memory temperature (Tsy,) that is
often accompanied by crystallization or the formation of a polymer
glass.' > At temperatures beneath Tgy, the deformed shape is
stabilized by the formation of crystalline or glassy domains, and this
shape can be maintained indefinitely, even in the absence of stress.
However, upon subsequent heating above Ty, the SMP can be
triggered to revert to its original shape as stored elastic strain-
energy is recovered. Compared to shape-memory alloys and
ceramics, SMPs are lightweight, relatively inexpensive, and the
shape-recovery temperature can be adjusted through modification
of polymer structure or architecture. Consequently, SMPs have
received a great deal of research attention over the past decade.”’
Much effort has been devoted to improving shape fixity, increas-
ing the recovery stress, and creating engineering materials that
can recover extremely large (several hundred percent) strain.’
Other notable developments included SMPs with multistaged
recovery,”® light-induced shape-recovery,” the ability to inductively
heat particle-loaded materials using oscillating magnetic or elec-
trical fields,"”"" and the tailoring of biocompatible SMPs to meet
specific biomedical needs such as sutures, stents, and catheters.”
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In addition to crystallization and vitrification, dynamic transi-
tions can also be used to stabilize mechanically deformed elasto-
mers. We have previously shown that reversible hydrogen bonding
can stabilize elastically deformed states. Specifically, poly(butyl
acrylate) covalent networks containing 2-ureido-4-pyrimidinone
(UPy) side groups were synthesized and studied.'*'* The
UPy group contains a linear array of four hydrogen bonding
groups and undergoes self-dimerization with extraordinarily
high solution dimerization constants (Kg, ~10" M~ ! in
CDClL3)."* A unique feature of these networks containing UPy
side groups is that the rate of shape-recovery is adjustable and
depends on temperature and the density of associating side
groups. Moreover, the materials behave as elastomers both above
and below the shape-memory transition temperature. Creep and
rheology experiments of these and similar dynamic networks
show Arrhenius-like temperature dependence, suggesting that
mechanical relaxation is controlled by the rate of H-bond
dissociation.'>'® The integration of hydrogen bonding groups
into soft materials has been extended to titin-mimicking modular
polymers'”'® and the concept of introducing both reversible and
covalent cross-links has been applied to improve stress relaxation
of coatings below the glass transition temperature.'”*°

Here we demonstrate a new method of preparing shape-
memory networks that utilize reversible association to tempora-
rily stabilize mechanically deformed states. A series of linear

Received:  February 21, 2011
Revised: ~ May 26, 2011
Published: June 13,2011

5336 dx.doi.org/10.1021/ma2004019 | Macromolecules 2011, 44, 5336-5343



Macromolecules

w2
~ _ o =?H“"
0

hv

»
. )
.

H, CHg Ho CH,

Figure 1. Scheme illustrating photo-cross-linking of network precursors to form dynamic networks containing both covalent and reversibly associating

cross-links.

polymer melts containing different amounts of reversibly asso-
ciating UPy groups and photo-cross-linkable side groups were
synthesized and cross-linked using UV light (see Figure 1). This
approach offers several advantages over the previously reported
reactive-casting method." Since linear polymers are prepared in
solution, a greater density of hydrogen bonding side groups can
be introduced into polymer networks, and more pronounced
shape-memory effects are expected. Prior to cross-linking, linear
polymers can be chemically characterized to properly deduce the
composition of resulting networks. Network precursors can be
molded into complex shapes that are defined by a transparent
mold or a light pattern. Furthermore, since solvent removal is
avoided, the network is formed near the stress-free state.**

In this study, macromers containing photosensitive benzo-
phenone side groups (2) were synthesized. Benzophenone can
undergo photolysis upon irradiation (a unimolecular process)
followed by hydrogen extraction to form cross-links.**** This
manuscript addresses the efficacy of photo-cross-linking and the
physical properties of formed networks. The resulting dynamic
mechanical properties will be discussed and are related to the
density of permanent and reversible cross-links with the goal of
assessing the degree to which dynamic H-bond interactions act
like permanent cross-links.

2. METHODS

Materials. All chemicals were reagent-grade and used without
further purification. Butyl acrylate, 2-isocyonatoethyl methacrylate,
4-hydroxylbenzophenone, azobis(isobutyronitrile) (AIBN), triethyl
amine, and deuterated chloroform (CHCl;) were purchased from
Aldrich. 2-amino-4-hydroxy-6-methylpyrimidine and methacryloyl
chloride were purchased from Alfa Aesar. Solvents N-methylpyrrolidone
(NMP), methanol, and dimethyl sulfoxide (DMSO) were purchased
from Alfa Aesar. Solvent tetrahydrofuran (THF), CHCl; were pur-
chased from J. T. Baker. THF and CHClI; used in this synthesis were
purified using a Pure Solve PS-MD-3 solvent purification system from
Innovative Technology. Coumarin derivatives are also known to dimer-
ize upon exposure to UV light to form covalent cross-links (a bimole-
cular process).24 Macromers containing Coumarin side groups were
synthesized, however, thick films suitable for mechanical testing could
not be achieved, and, therefore, experimental data are provided as
Supporting Information.

Polymerization of Linear Macromers. Monomers 4-methacry-
loyloxy benzophenone® and ureidopyrimidinone ethyl methacrylate®
were prepared according to the literature. A typical polymerization
procedure to prepare macromers will be briefly described. In an air-free
reaction flask, 80 mg (0.3 mmol) of 4-methacryloyloxy benzophenone,
164 mg (0.6 mmol) of ureidopyrimidinone ethyl methacrylate, and 3.84
g (30 mmol) of butyl acrylate were charged. Then, 4.8 mg of azobis-
(isobutyronitrile) (AIBN) was added as initiator, and 30 mL of CHCl,
was added as solvent. After the mixture was degassed by N, bubbling for
0.5 h, the flask was immersed into a 75 °C oil bath and reacted overnight.
The resulting polymer solution was precipitated in methanol, yielding a
viscous liquid, yield =80%. 'H NMR (Bruker 400) was used to
determine the chemical compositions of the synthesized macromers.
Molecular weight and polydispersity were measured by GPC (Agilent
1100) using THF as an eluent.

Photo-Cross-Linking of Macromer Films. Macromer solutions
(~S wt %, in chloroform) were cast onto quartz slides using a Teflon
spacer with a 40 X 10 mm window. After solvent removal, the thickness of
resulting films was about 0.5 mm. Films were placed into vacuum oven and
dried overnight at 60 °C. Irradiation was conducted in a nitrogen glovebox
to avoid oxygen inhibition. Samples were irradiated with a UV lamp
(UVLM-28) with a measured intensity of S mW/ cm” at 365 nm for 10
min increments. After each exposure, samples were held for 1 h to ensure
free radical intermediates were consumed. The procedure was repeated
until free radical intermediates were no longer observed using ultraviolet
spectroscopy. Typically this required a total exposure time of 60 min.

Swelling and Gel Fraction Measurements. Weight and vo-
lume change were measured in triplicate for 0.5 mm thick specimens
with an initial area measuring roughly 5 X 10 mm. Specimens were
individually exposed to 15 mL of isopropyl alcohol (23 °C/48 h) and the
sample mass and volume change recorded. Volume-swell is calculated
according to the following relationship: Q = 1 + (p,)/ () (Mgen)/
(Mp,,) — 1) where Qs the volume swell (i.e., ratio of volume of swollen
polymer to volume of dry polymer), p; and p, are the solvent and
polymer densities, respectively, and Mp,, and Mg, are the measured
masses in the dry and swollen states, respectively. Specimens were
subsequently dried in a vacuum oven at 80 °C for 48 h and weighed to
determine gel fraction, expressed as the ratio of the final dry mass to the
initial mass.

Dynamic Mechanical Testing. Photocured samples were cut
into 6 mm Xx10 mm films, and dynamic mechanical analysis was
performed using a solid-state theometer (Rheometrics, RSA-2). Fre-
quency sweeps from 0.01 to 100 rad/s, at 2% strain, were acquired at
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Table 1. Molecular Weight and Composition of Photo-Cross-Linkable Macromers

cross-linker content

macromer feed (mol %) measd” (mol %) feed (mol %)

Bpl 10 0.70 0

Bpl-UPyl 10 078 10
Bpl-UPy2 10 0.77 20
Bpl-UPys 10 1.10 50
Bp1-UPy10 10 0.86 10.0
Bp1/2-UPy2 0.5 0.54 2.0
Bp2-UPy2 2.0 1.65 2.0

UPy content

measd” (mol %) X xupy’ M} pDI”

0 5.6 0 104 000 1.14

0.6 5.8 44 96 400 1.21

1.7 5.9 12 98 800 1.22

6.4 3.5 19 42 500 1.82

11.8 3.6 49 61400 1.77

2.1 2.6 10 62100 1.39

2.5 5.4 8.2 43000 1.72

“'HNMR. * GPC. “ xx; and Xyp, refer to average number of photo-cross-linkable (Cm) and reversibly binding (UPy) side groups per macromer chain,

respectively.

temperatures ranging from 30 to 100 °C at 10 °C increments. Storage
modulus E/, loss modulus E” and tan O were recorded at each
experimental frequency and temperature. Data were analyzed using a
commercial software package (TA Orchestrator v7) and time—tem-
perature superposition was performed using a least-squares fitting
routine (see Supporting Information).

3. DISCUSSION

3.1. Synthesis of Photo-Cross-Linkable Macromers. The
characteristics of synthesized poly(butyl acrylate) macromers
containing both UPy and photo-cross-linkable side groups are
summarized in Table 1. The sample name specifies the mol %
of the functional monomers in the feed: benzophenone (Bp),
and ureidopyrimidinone (UPy). Macromers could be prepared
with UPy-contents exceeding 10 mol %, and this is significantly
higher than the UPy-content of prior shape-memory elastomers
(~2 mol %)." Statistical copolymer compositions determined
using 'H NMR, agree fairly well with experimental feed compo-
sitions. Molecular weights, determined using GPC, ranged from
38 to 104 kDa—note that all copolymers exceed the entangle-
ment molecular weight (~25 kDa) of poly(butyl acrylate).”” The
polydispersity indexes shown in Table 1 are lower than expected.
It is suspected that this results from the removal of low molecular
weight species during reprecipitation. For samples with high
UPy-content, the polydispersity index was generally higher. For
these samples, the presence of intermolecular UPy-UPy associa-
tion may preclude the removal of low molecular weight species.

As seen in Table 1, each macromer chain contains between
two and six benzophenone moieties. Only a fraction of available
functional groups must be cross-linked to form an incipient gel.
In the absence of cycle formation, gelation occurs when the
average number of formed cross-links per primary chain exceeds
pw/(p., —1) where p,, is the weight-average degree of polymer-
ization. For high molecular weight polymers, p,, is large, and,
therefore, on average, each chain requires just over one cross-link
to form an incipient gel.”*

Macromer Bp1-UPy10 appeared to be a glassy polymer after
precipitation and vacuum-drying. Solvent-casting resulted in
stress accumulation and cracking during solvent removal; and
macromer Bpl-UPyl0 was not photo-cross-linked. Further
efforts to prepare quality Bpl-UPyl0 films for mechanical
testing may involve slow solvent removal and thermal annealing.

3.2. Photo-Cross-Linking of Macromer Films. Macromers
containing benzophenone side groups were cast into films
and irradiated with a lamp measuring S mW/ cm? at 365 nm.

Hydrogen abstraction of benzophenone in polymer matrices has
been well studied.”**>** Through a two-photon process, the
benzophenone group is excited to an nz* triplet state that
abstracts a proton from the surrounding polymer matrix, forming
a radical pair. The resulting ketyl radical recombines with the
formed radical on the polymer matrix, resulting in a light-
absorbing transient (LAT). The LAT has a distinct, long-lived
UV absorption signature, and it further reacts to form stable
photoproducts that are covalently bound to the surrounding
polymer matrix.

Absorption spectra of macromer films, displayed in Figure 2,
were obtained before and after UV exposures. Exposures were
conducted in sequential 1, 2, S and 10-min periods. A character-
istic absorption band at 333 nm was observed following exposure
and is attributed to the LAT. The molar attenuation coefficient
corresponding to the LAT band is 1.2 X 10° m*/mol, and this is
about 4 times that of the initial Bp coefficient. The observed band
is similar to earlier regorts of free benzophenone in substituted
poly(methacrylate)s.*”** Following each exposure, films were
held for a minimum of 1 h to allow photochemical intermediates
to decay into stable photoproducts. The decay of the LAT band at
333 nm was studied, and the observed absorbance is plotted
against time in Figure 2b. The half-life of this decay is about 8 min,
and the rather high rate of decay is attributed to the low ri§idity
and low microviscosity of the poly(butyl acrylate) network.” The
initial absorbance of the LAT band decreased following each
irradiation period, indicating a reduction in the number of
unreacted benzophenone side groups. UV exposures (10 min
periods) were repeated until the LAT band was no longer
observed, suggesting the film is fully cured. This typically required
about eight exposure—decay cycles.

To ensure that UV exposure does not damage the poly(butyl
acrylate) backbone, homopolymers were exposed to doses
(10—100 J/cm®) well beyond those used to cure benzophe-
none-containing polymers (~10—30 J/cm”). The molecular
weights of irradiated samples were measured using GPC. Even
after an irradiation dose of 100 J/cm?, the polymer’s number-
average molecular weight decreased by only about 10%. Addi-
tional experimental details and a plot of molecular weight versus
irradiation dosage are available as Supporting Information.

Equilibrium volume-swell and gel fraction of cross-linked
elastomers were measured by swelling in isopropanol followed
by vacuum drying, and the results are presented in Table 2. Gel
fractions all exceeded 90%, indicating the majority of chains
were fixed to the cross-linked network. As expected, the gel frac-
tion tended to be higher for samples with a high number of
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Figure 2. Photo-cross-linking of benzophenone-containing macromer Bp1/2-UPy2: (a) UV—vis spectra taken immediately after 10 min periods of UV
periods—the absorption at 4 = 333 nm indicates photo-cross-linking is incomplete; (b) absorbance maximum (at 333 nm) of the LAT decays following

the end of each UV exposure period.

Table 2. Gel Fractions of UV-Cured Elastomers Determined
from Swelling in Isopropyl Alcohol”

gel fraction Q
Bpl 98+ 1.9 2.54+0.17
Bpl1-UPyl 100+ 1.7 2.540.02
Bpl-UPy2 98+ 1.5 2.4240.09
Bp1-UPyS 93+ 1.5 1.7 £0.04
Bp1/2-UPy2 91420 2.5+0.04
Bp2-UPy2 96.£2.0 170,06

“ Data reported as mean =+ one standard deviation.

benzophenone side groups per chain (x,). For example, for Bp-
1-UPyl, x, = 5.8, and for Bp1/2-UPy2, x, = 2.6. The volume
swell did not appear to differ significantly for most of the samples
investigated. A plot of volume swell versus strand density is
provided as Supporting Information.

The shape-memory response of a typical sample (Bpl/
2-UPy2) is shown in Figure 3. A flat, ribbon-like specimen
(Figure 3a) was first wrapped around a mandrel at a sufficiently
high temperature (65 °C) followed by submerging both the
sample and mandrel into an ice water bath for approximately 1
min. The sample, now programmed into a corkscrew shape
(Figure 3b), was then removed from the mandrel and blotted
dry. At room temperature the programmed sample could be
sustained over short times (Figure 3c), and the permanent shape
appeared fully recovered after 48 h. Further, it was demonstrated
that the shape-recovery time could be dramatically reduced by
submersion of the programmed sample into hot water (65 °C)
where the recovery process occurred in less than five seconds
(Figures 3d—f). The strong temperature dependence of the
shape—recovery process is not surprising and is a direct con-
sequence of hydrogen bond exchange rate between temporary
cross-links."> Dynamic mechanical analysis (DMA) will be
discussed next to more fully characterize the thermo-mechanical
behavior that gives rise to shape—memory effects.

3.3. Dynamic Mechanical Analysis of Dynamic Networks.
Elastic Energy Storage. Photo-cross-linked benzophenone films
were subjected to dynamic mechanical analysis. Frequency
sweeps were performed at different temperatures, and resulting
storage modulus measurements were shifted to yield the master

f) N

N

Figure 3. Demonstration of shape—memory response in Bpl/2
—Upy2: (a) permanent shape (30 X 2 x 1 mm); (b) programmed,
temporary shape immediately after forming; (c) temporary shape after 1
min in room temperature air; (d) temporary shape immediately follow-
ing immersion in hot water (ca. 65 °C); (e) temporary shape after 1 s
immersion in 65 °C water; (f) return to permanent shape occurs in
approximately three seconds in 65 °C water. A video of the shape—
memory response is included as Supporting Information.

curves shown in Figure 4. Samples with up to 2 mol % UPy
content displayed two distinct plateaus (Figure 4a). The lower
plateau modulus observed at low frequencies (10~ *to 10> Hz),
corresponds to a network of covalent bonds created during
photo-cross-linking. Evidently, the modulus of this plateau is
proportional to the benzophenone content. The upper plateau,
observed at higher frequencies (10—10” Hz) corresponds to the
overall cross-link density—including both photo-cross-linked net
points and reversible net points arising from the UPy dynamic
network (Figure Sa). The highest storage modulus plateau of
about 2.5 MPa was observed for Bp2-UPy2, bearing ~2 mol % of
UPy and Bp side groups.

At higher UPy-contents, samples exhibit significantly higher
storage modulus at all frequencies examined (see Figure 4b).
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Figure S. Relationship between plateaus in storage modulus and the composition of photo-cross-linked elastomers: (a) bar chart comparison between
high and low plateaus of storage modulus for different compositions; (b) plot of strand density obtained from high temperature plateau modulus versus
concentration of permanent cross-links based on Bp content; (c) plot of strand density obtained from low temperature plateau modulus versus total
cross-link density based on Bp and UPy content; (d) plot of strand density attributed to UPy net-points versus UPy cross-link density.

The storage modulus of Bp1-UPyS at 1 Hz was about 8 MPa,
nearly an order of magnitude higher than samples with lower
UPy content at the same conditions. Moreover, the storage

modulus for Bp1-UPyS increased strictly with frequency, over
the range studied, and plateaus were not observed. The same
hydrogen-bond transition is observed; however, it occurs at
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lower frequencies, and it spans over a much broader range of
frequencies. At low frequencies, the data appear to approach a
plateau modulus similar to other samples with similar Bp content.
The shift and broadening of the hydrogen-bond transition is
attributed to cooperative dynamics which will be discussed later.

The classical theory of rubber elasticity can be applied to
further understand how covalent and reversible cross-links affect
storage modulus. Affine deformation of an ideal, incompressible
elastomer results in a stress given by:

0 =nRT| (1+7y)—

Aty (1)

where 7 is the number of strands per unit volume, R is the gas
constant, T is temperature on an absolute scale, and ¥ is strain. In
the limit of small strain, Hooke’s law is valid, and the ratio of
stress to strain (Young’s modulus) becomes

E = 3nRT (2)

Thus, if temperature dependence and chain-ends are neglected,
each plateau modulus in Figure 4 corresponds to a different
strand density #. The strand density corresponding to the lower
plateau is plotted against the measured benzophenone concentra-
tion, i.e., the maximum possible cross-link density, in Figure Sb.
The data are fairly linear, and a least-squares fit through the origin
results in a slope of ~1.4. According to the classical theory of
rubber elasticity, if every benzophenone formed a tetrafunctional
cross-link, then each cross-link would contribute two new strands
to the network, and therefore a slope of two in Figure Sb is
expected. The difference between the observed and theoretical
slopes may arise from the following factors: (1) chain ends, which
do not contribute to stored elastic energy, are present but are
neglected; (2) chain connectivity is ignored; (3) not all benzo-
phenone side groups may have reacted to form interchain cross-
links. In light of these considerations, the data confirm that, upon
irradiation, benzophenone groups successfully form chemical
cross-links that influence mechanical properties in an expected
and predictable way.

To examine whether reversible cross-links also behave as net
points, the strand density corresponding to the upper plateau
modulus is plotted against the overall cross-link density in
Figure Sc. Since two UPy groups can dimerize to form a single
interchain cross-link, the overall cross-link density is taken as the
sum of the density of Bp side groups and one-half the density of
UPy side groups. This choice of the abscissa results in a least-
squares slope of 1.22 and a coefficient of determination of r* =
0.87. Plotting the same strand density against UPy density alone
yields a poor correlation (r* = 0.46). Thus, the data indicate that
both permanent and reversible cross-links contribute to the
modulus at high frequency.

The fact the slope in Figure Sc is less than that in Figure Sb
indicates that UPy dynamic cross-links are not as effective as Bp
permanent cross-links. To further isolate the effectiveness of UPy
cross-links, the data in Figure Sc were corrected by subtracting
strand density contributions from permanent cross-links. Figure 5d
displays the corrected strand density that is attributed to only
UPy net-points versus UPy cross-link density. Least squares
fitting results in a slope of 1.02, and, comparing this to the slope
in Figure 5b suggests that, UPy cross-links are about 70% as
effective as covalent cross-links at these concentrations. Further-
more, the data in Figure Sd are not linear. The slope increases
with increasing UPy-content, indicating that UPy cross-links
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Figure 6. Influence of UPy-content on damping properties of photo-
cross-linked elastomers: (a) tan O master curves (using a reference
temperature of 60 °C) of elastomers with different compositions, (b)
tan O peak frequency (at 60 °C) vs UPy content, and (c) the magnitude
of the peak in tan O versus the ratio of reversible to chemical cross-links.

become more effective by increasing their concentration. This effect
is attributed to cooperative dynamics, as will be discussed later.
Viscous Dissipation of Energy. In addition to the enhancement
of the storage modulus, UPy side groups also significantly impact
the materials’ damping properties. Figure 6a shows time—tem-
perature superimposed tan O peaks for all photo-cross-linked
samples containing UPy side groups. Both the magnitude and
peak frequency of the loss-tangent depend on UPy-content.
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Figure 7. Shift factors for UPy-containing elastomers determined from
time—temperature superposition of storage modulus using a reference
of 60 °C. Data sets were shifted vertically to avoid overlap.

As UPy-content increases, the damping peak shifts to lower
frequencies (Figure 6b). At high frequencies less damping occurs
because UPy dissociation events are too slow compared to the
imposed strain frequency. At low frequencies the opposite
occurs, and UPy bond dynamics are too fast to store and dissipate
energy. The maximum viscous dissipation of energy occurs when
the rate of chain relaxation, influenced by H-bond dynamics,
nearly matches the experimental frequency. This frequency is
nearly coincident with the inflection point of the storage modulus
curves in Figure 4. Prior studies have indicated that H-bonding
events in transient networks are correlated, resulting in slower
dynamics for networks with higher concentrations of associating
groups.13’l6’30 The correlated dynamics of UPy binding may
explain the shift in the loss-tangent to lower frequencies with
increasing UPy content observed in this study .

Figure 6¢ indicates that the magnitude of the loss-tangent peak
is proportional to the molar ratio of UPy to Bp functional groups.
UPy hydrogen bond dynamics influence the rate of chain relaxa-
tion by providing an additional mechanism to absorb energy.
Enhanced frictional energy loss is attributed to continuous break-
ing and reforming of hydrogen bonds during the chain relaxation
process giving rise to the observed relationship between tan d and
the number density of UPy groups. On the other hand, an
increase in Bp concentration will yield an increase in storage
modulus, which serves to reduce tan 0 at a given UPy concentra-
tion. The ability of the UPy groups to increase material stiffness
while also increasing the level of viscous energy dissipation
provides an exception to the engineering trade-off between
material stiffness and loss.”"

Cooperativity of UPy Dynamics. UPy bond dissociation
leading to mechanical stress relaxation is a thermally activated
process that exhibits an Arrhenius-dependence on tempera-
ture, ' >1*416 Figure 7 shows how the shift factor, obtained when
superimposing storage modulus curves, depends on inverse
temperature for each dynamic network. As expected, the data
are linear, confirming that UPy-dissociation leads to a loss of
elastically stored energy and is thermally activated. The observed
linearity is consistent with that observed in melts of random and
triblock copolymers containing UPy side groups.16

The activation energies obtained from least-squares fits to the
data in Figure 7 are plotted versus UPy-content in Figure 8. The
activation energy depends linearly on UPy-content indicating
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Figure 8. Plot of activation energies calculated from storage modulus shift
factor versus measured UPy-content in photo-cross-linked elastomers.

that UPy dissociation dynamics are correlated. As a gauge for
interpretation, the activation energy of UPy dissociation in
chloroform determined using temperature-dependent NMR
exchange spectroscopy is 70 £ 2 kJ/mol."> The energies in
Figure 8 can be rescaled by this experimental value to yield a
cooperativity factor, z (right-hand ordinate), that represents the
average number of cooperative dissociation events required for
an incremental loss in stored elastic energy. As a comparison,
activation energies of UPy-containing random copolymers are
also included in Figure 8. The comparison shows that the
activation energy is more sensitive to UPy-content in cross-
linked networks than in linear copolymers. Thus, covalent cross-
linking is an effective way to support the cooperative dynamics
and bonding of reversibly associating groups.

Bl CONCLUSIONS

A photo-cross-linking approach to preparing shape-memory
elastomers bearing reversibly associating groups was demon-
strated. Unlike solution-based approaches, photo-cross-linking is
advantageous because: (i) macromer precursors can be thor-
oughly characterized using NMR and GPC techniques; (ii) the
cross-linking process is solventless—avoiding stress accumula-
tion that arises from solvent removal steps; (iii) a much greater
fraction of H-bonding side groups can be achieved due to
favorable solubility of the macromer; (iv) the technique provides
the ability to tune the number density of both permanent and
reversible cross-links. Synthesis involved conventional free radi-
cal copolymerization of butyl acrylate, a monomer containing a
photoreactive benzophenone group, and a monomer containing
the UPy side-group. Benzophenone-containing macromers are
readily cross-linked upon UV exposure, and 500 ym-thick films
were nearly completely cross-linked.

To understand how network architecture and reversible bind-
ing affects mechanical properties, photo-cross-linked elastomers
containing benzophenone side groups were prepared with varying
number density of permanent and dynamic cross-links. Dynamic
mechanical analysis revealed two plateaus in the storage modulus
master curves. A high-temperature plateau was attributed only to
the permanent network, and the low-temperature plateau was
attributed to both permanent and reversible cross-links. More-
over, a maximum in the loss tangent was observed that depends
strongly on the UPy content. Higher UPy contents, and lower Bp
contents, increased the magnitude of the damping (tan ) peak,
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while also enhancing the materials stiffness. Activation energies
could be calculated from the temperature-dependence of shift
factors obtained from time—temperature superposition of storage
modulus curves. The activation energy was found to increase with
UPy content, and this is consistent with cooperative dynamics of
UPy binding. Finally, by comparing measured activation energies
to those of linear UPy-containing polymers, the UPy binding
effectiveness is clearly enhanced by covalent cross-links. Thus, in
addition to providing mechanical support, covalent networks may
be engineered to reinforce internal, complementary binding, and
this idea may open new approaches to engineering shape—mem-
ory, self-healing, and other stimuli-responsive materials.

B ASSOCIATED CONTENT

© Supporting Information. (i) Example of '"H NMR to
determine copolymer composition; (ii) analysis of volume swell
data; (iii) linear PBA degradation study; (iv) time—temperature
superposition to obtain storage modulus master curves. (v) photo-
cross-linking study of coumarin containing macromers; (vi) a
video of the shape-memeory response. This material is available
free of charge via the Internet at http://pubs.acs.org.
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