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ABSTRACT: Hydrogels were prepared with physical cross-
links comprising 2-ureido-4[ 1H]-pyrimidinone (UPy) hydro-
gen-bonding units within the backbone of segmented
amphiphilic macromolecules having hydrophilic poly(ethylene
glycol) (PEG). The bulk materials adopt nanoscopic physical
cross-links composed of UPy—UPy dimers embedded in
segregated hydrophobic domains dispersed within the PEG
matrix as comfirmed by cryo-electron microscopy. The
amphiphilic network was swollen with high weight fractions
of water (wy o & 0.8) owing to the high PEG weight fraction
within the pristine polymers (wppg & 0.9). Two different PEG
chain lengths were investigated and illustrate the correspond-
ing consequences of cross-link density on mechanical
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properties. The resulting hydrogels exhibited high strength and resilience upon deformation, consistent with a microphase
separated network, in which the UPy—UPy interactions were adequately shielded within hydrophobic nanoscale pockets that
maintain the network despite extensive water content. The cumulative result is a series of tough hydrogels with tunable
mechanical properties and tractable synthetic preparation and processing. Furthermore, the melting transition of PEG in the dry
polymer was shown to be an effective stimulus for shape memory behavior.

B INTRODUCTION

Inspired by nature, there is dramatically increasing demand for
synthetic biocompatible hydrogels that exhibit complex
behavior, but are nonetheless conceptually easy to prepare
and to process, while having accessible handles with which
mechanical and physiological properties can be tailored.' "
Most synthetic hydrogels are brittle and therefore poor
candidates for mimicking biomaterials such as cartilage. In
addition to dramatic improvements in tensile toughness (ie.,
work of extension W,), molecular design can be used to impart
hydrogels with a suite of attractive properties: high water
uptake without sacrificing strength and resilience;' "> dynamic
physical (e.g, noncovalent) cross-linkers to promote process-
ability and self-healing;13_16 and stimuli responsiveness, e.g., for
shape memory behavior.'”">° Recent examples illustrate
astounding improvements in toughness and extensibility from
intricate molecular makeup with finely tuned association
characteristics.”' However, designing soft materials with high
toughness is still a challenge, as energy dissipation mechanisms
are complex.”>*

Poly(ethylene glycol) (PEG) is an attractive candidate for
biomedical applications. Features including hydrophilicity and a
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bulk melting temperature (T,,) of 40—50 °C are conducive to
both hydrogelation and shape memory behavior near
physiologically relevant conditions.'®**73° Often, processable
hydrogel materials employ self-assembling block copolymers
with segregated hydrophilic (e.g, PEG) and hydrophobic
domains.*' ** The cross-link density and composition can be
systematically varied in an effort to tune the ultimate modulus
and failure elongations, which cumulatively reflect the tensile
toughness of the material>* It has been proposed that one of
the critical features of the optimal molecular structure to form
tough hydrogels include a strong, yet reversible interaction
within segregated nanoscopic domains.* Moreover, molecular
architecture has a dramatic effect on properties in PEG-based
hydrogels.36

We have recently reported hydrogels with exceptionally
dynamic character by exploiting telechelic block-like copoly-
mers with self-complementary ureidopyrimidinone (UPy) units
encapsulated within hydrophobic domains.>’~* The hydrogels
exhibited strong pH- and temperature-responsive gelation
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characteristics. However, under all conditions, these hydrogels
were weak and brittle. Here, we expand upon this concept by
preparing multiblock PEG-based copolymers having UPy
moieties contained within the backbone. The mechanical
properties are explored in both bulk (ie., pristine) and
hydrogel forms, clearly demonstrating the consequences of
the multiblock, segmented molecular architecture (Figure 1).
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Figure 1. PEG-UPy chain-extended (co)polymers (1) with segmented
multiblock architectures and self-complementary quadruple H-
bonding interaction between two UPy segments; illustrative depiction
of dry, semicrystalline polymer morphology and reversible transition
to hydrogel upon water uptake.

Self-complementary UPy units assemble into strong dimers
by four-fold hydrogen bonding (H-bonding), acting to
reinforce networks,*'™*® while the noncovalent nature
promotes processability, in contrast to chemical cross-links in
conventional thermosets. The strength can additionally be
adjusted by implementing different lengths/composition of
PEG. This can be achieved in a straightforward manner by
employing a modular synthetic protocol. The H-bonding motif
allows phase-segregated segments to act as robust physical
cross-links at relatively low composition. The integrity of cross-
linking is maintained through molecular shielding with short-
chain hydrophobic oligo-methylene spacers.*** Combined
with long PEG segments, this feature translates to low cross-
link densities, allowing relatively large elongation—recovery to
be achieved with minimal diminishment of modulus compared
with pristine PEG. The cumulative mechanical properties are
driven in part by the incompatibility between different chain
segments (ie., hydrophilic vs hydrophobic) in concert with the
strong tendency for dimerization of the UPy motif.** A
recent review highlights advances in the relatively new area of
supramolecular hydrogels.46 To our knowledge, few examples
employ complementar}f H-bonding groups as physical cross-
linkers in hydrogels.">*"~*

The implications of molecular architecture (ie., chain-
extended vs telechelic) were anticipated from the analogous
chain-extended poly(ethylene-s-butene) with benzene tricar-
boxamide (BTA) groups in the backbone, which exhibited
dramatically enhanced tensile toughness compared with the
telechelic analogue.®® The current work expands upon this
notion by evaluating the tensile mechanical properties of 1 as a
function of hydrophilic content across a range of temperatures
and in both the hydrogel and pristine (i.e., dry) states.

B RESULTS AND DISCUSSION

The multisegmented amphiphilic copolymers are prepared in a
step-growth manner by reacting amino-telechelic PEG with
diisocyanate functionalized UPy unit (see Figure S for the full
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synthetic scheme).’' The synthetic protocol is modular;
composition is tunable to enhance the strength and durability
of the resulting hydrogels by employing different oligo-
methylene spacers or different PEG chain lengths. To this
end, chain-extended copolymers were prepared having a total of
36 methylene (CH,) groups per macromolecular repeating unit
(Figures 1 and S1; [-PEG,—Cj,H,,—Urea—CsH,,—UPy—
C¢Hy,—Urea—C,H,,—]). The effect of composition and
PEG chain length was explored by preparing two samples
having number-average molar mass (M,) per PEG segment of
either 6 or 10 kg mol". These two different copolymers are
referred to as 1-6k and 1-10k throughout, respectively.

The targeted end-group stoichiometry was 1:1 during the
step-growth chain extension, ultimately providing samples with
dramatically increased molecular weight and relatively broad
molar mass distribution (D), as reflected by size exclusion
chromatography (SEC) (Figure S2). Chain extension was
performed in DMF; the polar solvent enabled high conversion
by suppressing the UPy—UPy dimerization and therefore
promoting solubility throughout the reaction, ultimately leading
to very high molar mass. End-group conversion was monitored
by '"H NMR spectroscopy, in which the disappearance of
signals associated with protons adjacent to the isocyanate and
diamine precursors was followed (Figure S3). After precip-
itation into Et,O, a white fluffy material was isolated; the chain-
extended samples are then readily processable through melt-
pressing or solvent casting (e.g., from methanol). We examined
the structure development of the supramolecular aggregates
formed and the mechanical properties of polymer 1 both in
bulk and hydrogel states.

The modular synthetic features employed in this work are
almost identical to that already reported, which allows tailoring
of hydrophilicity and ductility by adjusting the composition
through judicious choice of macromolecular building blocks.
Extension of telechelic UPy—ABA—UPy copolymers to a
segmented multiblock architecture —(UPy—ABA),— was
recently demonstrated with various lengths of oligomeric
methylene A-segments and different components for the B-
segments (e.g., poly(ethylene-butene), poly(ethylene glycol).*’
The increased chain length realized through chain-extension
substantially enhanced the strength, ductility, and stability in
water for PEG-based copolymers compared with the telechelic
analogues having nearly identical composition. We demonstrate
the versatility of this synthetic approach in preparing tough
hydrogels having tunable physical properties.

Thermal Analysis and Water Uptake. The strength
embodied in the UPy—UPy dimers/aggregates can only be
realized in strongly hydrophobic (e.g, nonprotic) environ-
ments.>” The same principles apply to other supramolecular
polymers that rely on H-bonding for self-assembly, such as
benzene-1,3,5-tricarboxamides.***>3*75% The amide function-
ality must be essentially shielded from hydrophilic environ-
ments in hybrid multicomponent systems. Network formation
and mechanical performance therefore rest largely on retention
of the physical cross-links across a range of temperatures and
water content.

The melting transition of the PEG block in 1-10k (Tj, pgc)
occurs with a maximum in the heat flow profile at 56 °C and a
melting enthalpy (AH,, = 95 ] g™') corresponding to a
normalized crystalline PEG fraction ¢, = 0.53 (Figure 2a).°
The crystallinity and T, are expectedly lower than pristine PEG
having M, = 10 kg mol™, as the confined chain architecture
impedes crystallization (T,, = 62 °C; AH,, = 165—175J ¢ ; ¢,
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Figure 2. (a) DSC thermograms for the dry polymer 1 and hydrogels
at various concentrations (second heating; 10 °C min~') and
photographs of (b) melt-pressed film of dry polymer 1-10k and (c)
hydrogel from 1-10k with 85 wt % water.

= 0.85—0.90). Likewise, crystallinity within polymer 1-10k is
notably less than the UPy-telechelic analogue (T, = 56 °C;
AH,, = 118—125 J g'; ¢, = 0.66—0.70), suggesting that less
chain mobility occurs within the chain-extended sample, owing
to the multiblock macromolecular architecture. This is
consistent with a higher fraction of tethered PEG bridges
between hydrophobic pockets in the multiblock chain-extended
architecture compared with telechelic samples.”’~>* Bridging in
microphase separated multiblock copolymers primarily serves
to enhance tensile mechanical properties.

Samples 1-10k and 1-6k contain PEG weight fractions
(wppg) of 0.93 and 0.90, respectively. The large proportion of
PEG resulted in extensive water uptake. Hydrophobic segments
phase separate from the hydrophilic PEG, and thereby a
physically cross-linked system arises at relatively low polymer
concentrations.”” However, in the limit of infinite dilution, films
consisting of polymers 1-10k or 1-6k do not dissolve
molecularly in water at 25 °C. In contrast, the films absorb
an equilibrium water content and retain the original shape of
the dried film, albeit swollen in all dimensions. At equilibrium
at ambient temperature, hydrogels from polymers 1-10k and 1-
6k contain water weight fractions (wy,o) of 0.86 and 0.81,
respectively. The water can subsequently be removed, and the
film can be redissolved in methanol for further processing or
reswelled in water. The hydrogels can therefore be generated in
a reversible manner. All chains within the sample carry UPy
segments that participate in network formation. There was no
measurable mass loss after soaking the films at concentration
<0.1 mg/mL for longer than 30 days. Water is selectively
absorbed into the PEG domains, gradually dislodging increasing
amounts of lattice-organized chain segments from crystalline
regions with increasing water content, as evident from
differential scanning calorimetry (DSC) thermograms of
polymer 1-10k with various water content (Figure 2a).
Eventually (at ca. 42 wt % water), the material is essentially
completely amorphous. Soaking the polymer 1-10k and 1-6k in
very dilute solutions at ambient temperature leads to an
eventual equilibrium degree of swelling and a transparent
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sample, illustrated for polymer 1-10k with 85 wt % water and
86 vol % increase (Figure 2b,c). The insolubility presumably
arises from the physical cross-links, which are maintained in the
hydrophilic hydrogel environment despite the reliance on H-
bonding between UPy groups. This suggests that the
hydrophobic methylene spacers effectively shield the UPy and
facilitate aggregation such that H-bonding disruption/dissoci-
ation caused by the hydrated matrix is prevented. This
observation is consistent with a microphase separated,
physically cross-linked system as opposed to a compositionally
homogeneous sample merely having very high molecular mass.
In fact, PEG with molar mass of 5 000 000 g mol ™! is still water-
soluble at ambient temperature; stable hydrogels are not
formed (at >80 wt % water) despite the astronomical chain
length (>100000 repeating units). There is no evidence for
higher ordered structures in the dry or hydrated state for the
chain-extended polymers 1; melting of aggregated UPy dimers
in extended fibrous structures was not observed by DSC.%

Nanoscale Morphology. Analyses of material properties of
hydrogels are often used as indirect evidence of the envisioned
material superstructure or morphological architecture. How-
ever, recent advancements in cryo-electron microscopy and
high-sensitive direct-electron detectors made it possible to
directly image the dry, gelled, and intermediate states at
nanometer resolution. With this technique it is possible to
distinguish between the hydrophobic and hydrophilic domains
and between (semi)-crystalline and amorphous regions based
on the natural electron-density contrast; selective staining is
unnecessary.

Development of a physical network morphology during
hydration should generate materials with microphase segre-
gated domains, owing to the thermodynamic immiscibility
between segments. Cryo-transmission electron microscopy
(cryo-TEM) and environmental scanning electron microscopy
(ESEM) allowed us to obtain a glimpse of the nanoscale
morphology in situ during the transition from bulk (ie., dry
material) to a hydrogel. High-resolution imaging techniques
ultimately suggest that nanometer-scale phase separation
persists across a broad spectrum of conditions (Figure 3a—c).
TEM micrographs of dry polymer 1-10k show a predominantly
lamellar morphology composed of alternating crystalline and
amorphous PEG segments (Figure 3a), consistent with the
relatively high crystalline content indicated by DSC (Figure 2)
and wide-angle X-ray scattering (WAXS) (Figure 4a). The
lamellar thickness measured by TEM is ~15 nm, consistent
with previously measured periodicities for Jpure PEG of similar
molecular weight and large super cooling.®"®>

Using an ESEM equipped with a scanning transmission
electron microscopy (STEM) detector (see Supporting
Information for detailed instrument description), the materials
can be imaged at high resolution under high humidity
conditions. Therefore, the gelation process was monitored,
and structure evolution at nanometer length scale was
observed. Micrographs during hydration suggest that the
hydrophobic segments segregate into nanoscale domains and
preferentially occupy the interstitial amorphous volume
between crystalline PEG lamellae throughout the hydration
process (Figure 3b). This heterogeneous segregation is
expected in the dry material as crystalline PEG segments
expel the incompatible hydrophobic domains during crystal-
lization into the tightly packed monoclinic lattice. Small (<5
nm) spherical compartments are observed between the
crystalline lamellae (Figure 3ab) as illustrated schematically
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Figure 3. Micrographs showing the morphological characteristics of
the polymer 1 (with 10 kg mol™" PEG segments) in various states: (a)
cryo-TEM image of dry material after casting directly onto grid,
showing semicrystalline, lamellar morphology —200 nm scale bar; (b)
STEM image of partially hydrated material upon in situ gradual
humidity increase, showing domains of various length scales —50 nm
scale bar; (c) cryo-TEM micrograph of fully hydrated material showing
dense dispersion of darker spherical domains —200 nm scale bar.

in Figure 1. We contend that the crystalline regions
preferentially absorb water faster than the layers enriched in
hydrophobic pockets. Therefore, Figure 3b shows a lighter
contrast in the layers that are deficient in denser hydrophobic
compartments. Low vacuum conditions were exploited to
probe the morphological evolution with increasing water
content, during which the crystalline lamellae undergo gradual
dissolution as humidity is increased during imaging (Figure
3b,c). Lamellae associated with the crystallites diminish in
intensity as water is absorbed, and the PEG phase becomes
homogeneous.

Ultimately upon complete transition to a hydrogel state,
TEM micrographs reveal a nearly homogeneous light matrix
consisting of the amorphous hydrated PEG (Figure 3c). We
attribute the tiny darker spherical features to small hydrophobic
domains comprising UPy—UPy dimers flanked by the dense
oligo-methylene segments (Figure S4). The hydrophobic
segments effectively shield the water from disrupting the H-
bonding, upon which UPy dimerization depends. Somewhat
unexpectedly, the hydrophobic segments appear to be dispersed
as small spherical compartments with ~2—5 nm diameter.

Small-angle X-ray scattering (SAXS) measurements per-
formed in dry and hydrated states further suggest that
microphase separation persists under both conditions (Figure
4b). A single, broad scattering reflection in the one-dimensional
plot indicates a disorganized dispersion of phase-separated
objects with an average spacing of ~16.5 nm (according to
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Figure 4. (a) WAXS and (b) SAXS results for the dry material and
hydrogel of polymer 1-10k.

spacing d = 27/q, where g = 47 271 sin 6). After swelling, the
domain spacing is increased to 23.8 nm, consistent with
selective swelling in the PEG domain and retention of the
hydrophobic domains that comprise the physical cross-links.
Neither the dry material nor the hydrogel exhibit scattering
associated with crystallinity in the oligo-methylene segments
(Figure 4a). The diffraction pattern is consistent with a
monoclinic crystal structure adopted by PEG.®> Microphase
separation is likely driven by a hydrophobic effect; however, the
physical cross-linking and mechanical stability stems primarily
from UPy—UPy aggregation as opposed to crystallization.

The morphology adopted by polymer 1 must contain a large
portion of bridged PEG segments connecting the dispersed
hydrophobic compartments as a natural consequence of the
molecular architecture. The ramifications of this network
morphology and composition should be expressed by
mechanical resilience. Furthermore, the performance of the
materials and stability of the physical cross-links in various
temperature regimes is of great interest, both in the pristine and
hydrated states.

Mechanical Performance. Dynamic mechanical analysis of
the polymer 1-10k shows a precipitous decrease (2 orders of
magnitude) in both storage and loss moduli (E' and E’,
respectively) over a narrow temperature range of S0—60 °C
(Figure Sa). Polymer 1-6k has essentially identical response
(Figure SS). The indicated Ty, corresponds with T, pgg
measured by DSC. The mechanical response indicates
predominantly elastic behavior (E' > E”) over the entire
temperature range (20—140 °C). The hydrophobic domains
with strongly self-associated UPy units and high proportions of
interconnected PEG network (i.e., bridging) are responsible for
the elastic behavior well above T, pgg, with E’ maintained in
the range 1-3 MPa from 140—70 °C. This is directly
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Figure 5. (a) Temperature-dependent storage modulus (E’) and loss modulus (E”) for chain-extended UPy—PEG polymer 1-10k (1 Hz; 3 °C
min™"). (b) Tensile testing results for pristine, dry polymer 1-10k at ambient temperature with an inset to show yielding and onset of cold-drawing.
(c) Cyclic tensile testing at 70 °C (S cycles each having maximum strain &,,,, = 100%) and the inset illuminating the residual strain after the first
elongation.
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Figure 6. Cyclic stress—strain results for hydrogels from polymer 1-10k with maximum strain (&,,,) of (a) 100%, (b) 300%, and (c) S00% and
hydrogels from polymer 1-6k with &, of (d) 100%, (e) 200%, and (f) 300% having S cycles each.

comparable to the modulus observed in shape memory different bulk mechanical characteristics than the purely
polymers comprising poly(methyl acrylate), poly(methyl telechelic analogue, implicating the importance of the chain
methacrylate), and poly(isobornyl acrylate) mixtures.>* How- architecture in accessing increased toughness (see Figure S6 for
ever, our single-component system offers appealing conceptual tensile test of telechelic polymer). Maximum elongation before
simplicity for achieving a similar rubbery modulus. fracture was consistently more than 10-fold the original length

The contrasting behavior in the different temperature of polymer 1-10k and 1-6k, with an average yield strength
regimes for polymer 1 was explored with uniaxial elongation, (6y14) of 13 MPa (Figure 5b). The strong incompatibility of the
which reveals a strong ductile material at ambient temperature two components (UPy vs PEG) allows very low hydrophobic
(Figure Sb; Young’s modulus, E = 234 + 6 MPa). Chain- content (e.g., 1-10k wpg = 0.92), whereby the modulus is only

extended polymer 1 is exceptionally ductile (1-10k, work of modestly depressed compared with pristine PEG (5000 kg
extension W, = 193 + 12 J ecm™>) and exhibits profoundly mol™'; E = 285 + 7 MPa; see Figure S7). Representative
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stress—strain curve for polymer 1-10k at ambient temperature
highlights the various responses associated with the macro-
scopic deformation mechanism (Figure Sb; engineering stress =
F/A, [force divided by initial cross-sectional area]). Region I is
characterized by a steep incline that reflects the relatively high
Young’s modulus. The sample yields (Region II) and begins to
neck at ~10% strain, marked by a decrease in the stress
resulting from smaller cross-sectional area than the original,
undeformed gauge (Region III). The sample is subsequently
cold drawn (Region IV) as the neck propagates throughout the
gauge length, during which stress is essentially constant. The
strength continuously increases after the neck has completely
propagated the gauge, whereby the sample undergoes strain
hardening with a stress increase (Region V) until failure at
~1100% strain. The cumulative results from the tensile test
indicate a tough material despite the relatively low UPy—
hydrophobic content.

The chain-extended polymer 1 exhibits elastic behavior
above T, pgc. Resilience was probed with cyclic tensile testing
at elevated temperature (T =70 °C > Ty, pgg) (Figure Sc). The
sample became transparent upon heating, suggesting an
amorphous microphase separated morphology. Uniaxial ex-
tension was applied to 100% strain followed by returning to the
original gauge length. This cycle was repeated five times, and
the hysteresis can be measured by the ratio of work of
extension (W,; area under the stress—strain curve) on the first
elongation to the work of subsequent cycles (Wy; N = cycle
number). Figure Sc indicates that when the maximum strain
(€may) s 100%, there is noticeable hysteresis and residual strain
of ~10% on the second cycle (see inset of Figure Sc). The
hysteresis suggests energy dissipation, which was not reversible
and likely due to covalent breakage of PEG chains. Nonethe-
less, the sample is resilient, despite being above the T, prg and
being completely amorphous. The elasticity above T, ppg is
likely a direct consequence of the morphological features
indicated by TEM, whereby UPy—UPy dimers are maintained
and consequently act to reinforce the hydrophobic é)hysical
cross-links to form thermoplasic elastomeric materials.*

The network retention upon hydration was also probed by
cyclic tensile testing on hydrogels from polymers 1-10k and 1-
6k (see Supporting Information for sample preparation
protocol). As with the elevated temperature measurements,
dog-bones were subjected to uniaxial elongation to various
values of &, followed by returning to the original position.
Identical cycles were repeated five times, and the resilience was
evaluated while measuring the forces associated with
deformation (Figure 6). The ultimate stress at 100% elongation
for hydrogel 1-10k was ~30X lower than the dry sample at
ambient temperature and 1.5X lower than the dry sample at 70
°C (Figure 6a). However, the sample exhibited only minor
hysteresis from the first to the second cycle and showed nearly
perfect recovery during each subsequent cycle. Excellent
recovery was also observed for higher ultimate elongation
(e.g, 300% in Figure 6b). After the first cycle, somewhat larger
hysteresis was observed; each subsequent cycle had essentially
perfect recovery. The recovery profile is consistent with a
material having exceptionally stable physical cross-links that are
retained in the presence of high-water content and under
strenuous mechanical deformation. The physical cross-linking
of the hydrogel is also maintained at elevated temperature, as
evident by the relatively temperature- and frequency-
independent modulus measured by rheology (Figure S8).
Extending to &, of 500% in the cyclic tensile tests shows
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considerably larger hysteresis and irreparable damage between
cycles 1 and 2. Again, the recovery on subsequent cycles
improves dramatically.

Hydrogels of sample 1-6k demonstrate a similar trend with
respect to &, and irreparable damage (Figure 6d—f).
However, there are noteworthy differences. First, at a given
value of &, (e.g, 100% or 300%), the ultimate stress is
substantially higher (two-fold) for polymer 1-6k than for 1-10k.
Likewise, the hysteresis becomes more prominent at lower &,
for polymer 1-6k than for 1-10k. The hysteresis and resilience
can be reflected by the ratio Wy/Wy_,, shown for the two
hydrogel samples in Figure 7 as a function of cycle number N.
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Figure 7. Resilience of the hydrogel materials reflected by the ratio of
work (Wy) of subsequent loadings (unfilled triangles) and unloadings
(filled triangles) to the work of the first loading (Wy=y10.4) for the
hydrogels formed from polymers (a) 1-10k and (b) 1-6k.

The results clearly indicate that hydrogels of polymer 1-10k
undergo less irreparable damage at a given extension length.
This suggests that during deformation/elongation, the PEG
chains are stretched in the water matrix until they reach a
maximum value. Having been essentially stretched taut, chains
begin to fracture, causing irrecoverable damage. The broken
chains no longer contribute to the strength of the materials, and
when stretched again, they exhibit almost identical mechanical
characteristics. Consequently, the extension value at which an
appreciable chain rupture occurs is directly proportional to the
PEG chain length. Additionally, shorter chains correspond to
higher cross-link density and thus higher stress, as seen in a
comparison of the two polymers 1-10k and 1-6k (Table 1).**

We hypothesize that the physical cross-links in this system
benefit greatly from the H-bonding UPy motif and not solely
from a hydrophobic effect. For example, the mechanical profile
is substantially stronger and tougher than hydrogels formed by
chemically cross-linked copolymer micelles with very similar
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Table 1. Mechanical Properties of Hydrogels from Polymers
1-10k and 1-6k at Various Elongations

cycle 1

sample &0 (%) O (MP2)  Wigpg J em™)  Wyieea J em™)
1-10k 100 0.31 0.18 0.15
1-10k 300 0.90 123 0.94
1-10k 500 149 3.80 1.83

1-6k 100 0.68 0.35 0.30

1-6k 200 145 151 0.96

1-6k 300 2.07 344 1.5§

composition (i.e.,, hydrophobic vs hydrophilic content).*~%
Furthermore, the absence of chemical cross-links in our
multisegment chain extended polymers offers attractive
processing opportunities and reversible hydrogel formation.
The materials are ideal for further investigation into fracture
mechanism in hybrid hydrogels.

Shape Memory Behavior. Shape memory polymers
(SMPs) are a subset of resilient materials, where the crucial
feature is the control over the chain conformations and
dynamics under various conditions. After macroscopic
deformation from an equilibrium (ie., permanent) shape, the
temporary shape should be retained until a controlled stimulus
(e.g, heat, light,‘sg_72 solvent exposure73) induces recovery to
the original geometry.”*”> The permanent molecular structure
typically consists of a deformable soft matrix with either
physical or chemical cross-links defining an equilibrium
conformation. Shape recovery is driven by the entropic gain
from chain relaxation, which is accelerated appreciably above T,
or T,. Specifically, biocompatible synthetic polymers with
shape memory behavior hold tremendous promise for critically
important applications in the biomedical industry, including
sutures and implantable stents.”*”*® These polymers must be
strong, durable, and resilient, preferably under a range of
conditions, including physiological (e.g, hydrated, elevated
temperature, cell presence).81

The thermal/mechanical profile of the materials described
here was exploited for shape memory behavior. The melting
transition occurs over a relatively narrow temperature range,
which is typical of SMPs that employ semicrystalline switching
domains.*” Polymer 1-10k was formed into a permanent shape

by two methods, evidence of the relative ease of processability.
The polymer was dissolved in methanol and cast as a film (ca.
0.5 mm thickness). Alternatively the polymer was pressed into a
film at 120 °C. Either straight strips or curved “S” shapes were
cut from the films, representing the permanent geometries.

The hydrophilicity of PEG lent itself toward an alternative
stimulus to induce recovery to a permanent shape, which was
previously demonstrated for networks having a hydrophilic
matrix. However, this could only occur if the complementary
H-bonding between UPy groups remains intact while hydrated,
as suggested by the mechanical properties.

Two alternative stimuli were demonstrated: heat and water.
The permanent “S”-shaped samples were heated to 70 °C. The
samples were then straightened (mechanical deformation by
hand), followed by cooling to ambient temperature, which
effectively fixed this temporary shape upon crystallization of the
matrix phase. The samples become visibly transparent upon
heating, and subsequent cooling caused increased opacity
owing to crystallization. The straightened temporary shape was
then submerged in a nonsolvent at 70 °C, and the shape
recovery was monitored visually with digital photography
(Figure 8a). Thermally activated shape recovery occurred
rapidly, fully reverting to the permanent shape within 10 s when
the fluid was silicon oil. An alternative nonsolvent, heptane, was
also shown to activate the recovery process very quickly (<S s;
see Figures 8c and S9 and Supporting Information video V1).
The recovery was attributed solely to the thermal contribution;
the mass of the sample was equal before and after the recovery
experiment, and the polymer constituents are highly immiscible
in hydrocarbons like heptane. Submergence in liquid was used
to aide in visualization of the very fast recovery process.
Furthermore, samples exhibited recovery from various types of
deformation. For example, a sample was subjected to uniaxial
extension at ambient temperature to ~200% strain. The
samples retain this temporary shape indefinitely. Substantial
whitening is observed upon extension, as with all the other
samples having undergone tensile testing (Figure 8c). When
submerged in heptane at 70 °C, the sample nearly
instantaneously contracts back to the original dimensions
(Supporting Information video V2).

Submerging a sample in the temporary shape in water at
ambient temperature shares some behavioral qualities with

Uniaxial
I _extension |
 ——— |
@20°C™ |

(b)[ ey ] Water activated recovery

B

£l /
N\
W s W &)

Recovery

(contractioqz

@70°C

Figure 8. Shape memory behavior observed in response to (a) thermally activated phase transition (T = Ty, prc) in silicone oil at 70 °C; (b) water
activated phase transition during hydrogel formation at 20 °C; (c) thermally activated phase transition from uniaxially extended polymer (AL/L, ~

2) from submerging in heptane at 70 °C.
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thermally activated shape recovery. The temporary straightened
shape (Figure 8b, t = 0 min) was initially opaque and became
gradually transparent as water was absorbed. The permanent
shape was gradually recovered as the water diffused completely
into the structure and crystallinity was correspondingly
suppressed. Notably, the recovery process was much slower
than the thermally induced transition (at 70 °C), requiring
more than 15 min to recover. As a natural consequence of the
hydrophilicity, the recovery was also accompanied by swelling
to the eventual equilibrium water content (ca. 90 wt % water).
The diffusion of heat through the materials appears to be
substantially faster than water, as expected. However, the results
are consistent with a material being multiply responsive toward
shape recovery. Each pathway could foreseeably lend itself to
certain technologically demanding biomaterials.

B CONCLUSIONS

We have described the preparation of hybrid materials
comprising a hydrophilic PEG matrix combined with nano-
scopic hydrophobic compartments with associative strength
amplified by hydrogen-bonded motifs. Unique imaging
techniques that allow high resolution capture in a low-
vacuum/high-humidity environment helped elucidate the
unexpected morphologies in pristine and hydrated states.
Tensile testing under various conditions revealed a remarkably
strong hydrogel that exhibits nearly perfect strength recovery
even at large deformation (>300%). The mechanical properties
of the multicomponent segmented copolymers at ambient
temperature coupled with the strong hydrophilicity embodied
by the high PEG content offer enticing opportunities for
exploration. These polymers may be ideally suited for
applications requiring high strength and flexibility in tandem
with lithium salt compatibility, e.g., as lithium-ion battery solid
electrolytes. Furthermore, the modular synthetic strategy
employed facilitates straightforward tailoring of the physical
properties, such that optimal performance can be targeted for
various applications. The biocompatibility of the PEG also
presents appealing avenues for use in the biomedical arena,
such as adaptive sutures, flexible stents, and tissue engineering.
Likewise, we are actively exploring the combination of the
chain-extended polymers with the previously reported tele-
chelic UPy—PEG hybrids with the aim of finely tuning the
hydrogel dynamics and stability. Collectively, these polymers
embody many of the characteristics that are sought in various
fields. They provide progress toward addressing the challenges
of achieving structural simplicity married with sophisticated
dynamic and responsive behavior. We envision exploring the
possibilities of tailoring swelling ratios and thermal transition
temperatures through tuning the matrix constituents and
composition. We propose that the biomedical (polymer)
market could benefit tremendously from a simple, single
component, easily processable, molecularly dynamic, biocom-
patible shape memory polymer, such as that described in this
article.

B ASSOCIATED CONTENT

© Supporting Information

Experimental details, electron micrographs, SEC, 'H NMR
spectra, tensile tests, digital photographs, and movies from
shape memory behavior. This material is available free of charge
via the Internet at http://pubs.acs.org.
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