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An elastomer with ultrahigh strain-induced

crystallization

Chase M. Hartquist't, Shaoting Lin't%, James H. Zhang', Shu Wang', Michael Rubinstein®3¥,

Xuanhe Zhao'**

Strain-induced crystallization (SIC) prevalently strengthens, toughens, and enables an elastocaloric effect in
elastomers. However, the crystallinity induced by mechanical stretching in common elastomers (e.g., natural
rubber) is typically below 20%, and the stretchability plateaus due to trapped entanglements. We report a
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class of elastomers formed by end-linking and then deswelling star polymers with low defects and no
trapped entanglements, which achieve strain-induced crystallinity of up to 50%. The deswollen end-linked
star elastomer (DELSE) reaches an ultrahigh stretchability of 12.4 to 33.3, scaling beyond the saturated limit
of common elastomers. The DELSE also exhibits a high fracture energy of 4.2 to 4.5 k) m~2 while maintaining
low hysteresis. The heightened SIC and stretchability synergistically promote a high elastocaloric effect with an

adiabatic temperature change of 9.3°C.

INTRODUCTION

Strain-induced crystallization (SIC) is a prevalent phenomenon in
elastomers and gels where amorphous polymer chains transform
into highly oriented and aligned crystalline domains due to an
applied mechanical strain (1). Since these oriented and aligned crys-
talline domains can resist crack extension, promote crack blunting,
and facilitate crack deflection (2, 3), SIC remarkably reinforces elas-
tomers and gels, giving increased strength and toughness (4). Soft
materials are typically reinforced with dissipation mechanisms (5—
11) by inducing viscoelasticity or the Mullins effect, which require
substantial recovery time and cause internal damage. In contrast,
SIC—as a rapid reinforcement strategy—can preserve network in-
tegrity and achieve close to 100% recovery in seconds (12, 13). In
addition to its impacts on material reinforcement, SIC plays a
vital role in various applications, including elastocaloric cooling
(14-16) and strain-programmable actuation (17).

The strain-induced crystallinity in common elastomers is typi-
cally below 20%. For instance, natural rubber (NR) only achieves
about 15% crystallinity when stretched six times its initial length
at room temperature (18). Mechanical training (19) or freeze-assis-
ted salting out (20) of polyvinyl alcohol (PVA) hydrogels can in-
crease the crystallinity to about 40%, but these processes create
permanent structural changes. Similarly, the crystallinity of plastics
(21), fibers (22), and polymer solutions (23) can irreversibly rise due
to mechanical loading. In these cases, the newly formed crystalline
domains do not revert to amorphous chains when unloaded. Recent
studies report that poly(ethylene glycol) (PEG) hydrogels with
slide-ring or tri-branched architectures achieve reversible SIC
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under large deformations but rely on the presence of a solvent
(12, 13). The irreversibility, low magnitude of strain-induced crys-
tallinity, or solvent dependency in soft materials substantially limits
their performance for diverse applications. For example, although
elastocaloric cooling by SIC in NR was first studied as early as
1805 (24), commercialization of elastomer-based elastocaloric re-
frigeration has been hampered by deficient SIC. It remains techno-
logically challenging yet highly desirable to design soft materials
with high, elastically reversible SIC.

Here, we report a class of deswollen end-linked star elastomers
(DELSEs) that achieve up to 50% strain-induced crystallinity. We
attribute the ultrahigh SIC in the DELSE to two characteristics
that differ for conventional elastomers: a uniform network structure
and a high stretchability due to the lack of trapped entanglements
(25, 26). We take advantage of tetra-PEG gels pioneered by Sakai
and colleagues because the network contains a regular structure
with fewer defects than common networks and attains elasticity
consistent with the phantom network model (Fig. 1A) (25-28).
We show here that a DELSE can, unlike the tetra-PEG gel or
common elastomers, achieve ultrahigh SIC. In contrast to the
DELSE, common elastomers contain a widely dispersed chain
length distribution, substantial molecular defects, and considerable
trapped chain entanglements because they are synthesized by either
vulcanization or gelation at relatively high concentrations (Fig. 1B).
Second, we find that the root mean square (RMS) end-to-end dis-
tance of polymer chains in the DELSE when fully deswollen from
the overlap concentration is R(® = 1) ~ Vinon'"> N3, where vpon is
the Kuhn monomer volume and N is the number of Kuhn mono-
mers per chain (Fig. 1E) (see the Supplementary Materials for der-
ivation) (29); common elastomers typically have R(® = 1) & N 12y,
namely, that of unperturbed Gaussian chains (Fig. 1G), where b is
the Kuhn length (30, 31). We used molecular dynamics to calculate
the average end-to-end distance of polymer chains in the DELSE
compared with conventional polymer melts, validating the scaling
of R(® =1) ~N'? (Fig. 1, F and H). Because of this scaling and the
lack of trapped entanglements, the bulk stretchability is much
higher in the DELSE than in common elastomers. The former
scales as N*'* without an upper limit, while the latter scales as
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Fig. 1. Deswollen end-linked star elastomers. (A) The DELSE forms through controlled crosslinking of star macromers followed by solvent evaporation to form a
homogeneous crosslinked polymer network (illustrations are exaggerated to highlight architectural differences). (B) Conventional elastomers form through random
crosslinking processes such as vulcanization of long polymer chains or gelation from monomers. (C) The more homogeneous architecture supports chain alignment
during stretching causing crystalline domain formation in the DELSE. (D) In contrast, physical barriers like trapped entanglements and inhomogeneities limit the effect of
SIC in common elastomers. (E) The RMS end-to-end distance of polymers chains in a DELSE in the undeformed state scales as N'3 as validated by (F) molecular dynamics
simulation (representative simulated chain conformation inset). (G) The RMS end-to-end distance of polymers chains in a conventional elastomer in the undeformed state
scales as N'’?, as validated by (H) molecular dynamics simulation (representative simulated chain conformation inset).

N'? and saturates at N.'”> when N > N,, where N, is the entangle-
ment molecular weight. We propose that these features of the
DELSE above T, effectively promote uniform polymer chain orien-
tation and alignment under an applied bulk strain, causing the ul-
trahigh SIC (Fig. 1, C and D).

RESULTS

Elastomer synthesis

The DELSE was fabricated by evaporating the solvent (i.e., water)
from an A-B type tetra-arm PEG hydrogel containing two types
of macromers with the same molecular weights: one is terminated
by four amine compounds and the other by four N-hydroxysucci-
nimide (NHS) compounds (Fig. 1A) (25, 26). The A-B type PEG
hydrogel synthesis began with mixing the two macromer types
into aqueous buffers. The macromer concentrations were each set
so crosslinking occurs at the overlap concentration (¢*) to avoid en-
tanglements. The critical overlap concentrations were determined
from previously reported viscometry measurements (25). The
amine terminal group reacts with the NHS ester to form a stable
amide bond as the chemical cross-link. The shear modulus of A-
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B type PEG hydrogels was measured and compared to phantom
network theory to validate that the gels achieve a high reaction ef-
ficiency following the protocol of Lin et al. (32). Upon uniform
solvent evaporation, the hydrogel isotropically shrank, resulting in
a DELSE with a crystalline melting temperature T,,, around 45°C
(26)—as validated by differential scanning calorimetry (DSC) (see
fig. S21)—and a loopy globule structure (33). Above T, (60°C), the
storage modulus (E') remained constant with frequency variation
from 0.01 to 10 Hz as revealed by dynamic mechanical analysis
(DMA) (see fig. S16C). The loss modulus (E”) is about two
orders of magnitude smaller than the storage modulus, suggesting
the elastomer has a low fraction of defects and low hysteresis. A
regular PEG deswollen end-linked elastomer (DELE) was fabricated
as a control through a similar A-B type reaction of linear NHS-
terminated macromers and trifunctional amine-terminated small
molecules and deswollen (see the Supplementary Materials for
details). The loss modulus for this network is just one order of mag-
nitude smaller than the storage modulus, and direct measurements
show large hysteresis, indicating that it contains many defects.
Common elastomers like NR exhibit a comparable loss tangent
(tan 8 = E"/E’), showing that they have a similar defect density
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(see fig. S23). Detailed dynamic rheological analysis can be found in
the Supplementary Materials.

Strain-induced crystallization

We first performed small-angle x-ray scattering and wide-angle x-
ray scattering (SAXS and WAXS) to measure SIC in the DELSE and
compared the results with NR, an elastomer known for SIC, and the
regular DELE. DELSE samples with a macromer molecular weight
of 20,000 g/mol (10,000 g/mol per individual chain) were uniaxially
extended to various stretch levels above T},, normalized by their bulk
stretchability \;™**. Diffraction peaks appear in WAXS intensity
plots when stretched past a critical threshold, indicating the

formation of crystalline domains (Fig. 2A). The effect of thermal
history on structural composition was evaluated to ensure that
samples were tested at steady state (see fig. S9). Unstretched
DELSE, DELE, and NR rubber samples display broad intensity dis-
tributions, indicating their amorphous nature. Although each
highly stretched sample shows the formation of narrow peaks
caused by crystalline domain formation, the magnitude of the crys-
talline compared to the amorphous contribution of the DELSE out-
weighs the effect shown in NR and the DELE (Fig. 2, B, C, and F).
These amorphous and crystalline contributions were fitted with
Gaussian or pseudo-Voigt functions from WAXS intensity distribu-
tions to quantify the SIC (see fig. S2). The crystallinity index is
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Fig. 2. Ultrahigh SIC of the DELSE. (A) WAXS and SAXS patterns show structural development of the DELSE at 55°C compared to the DELE at 55°C and NR at 22°C when
mechanically stretched. The WAXS intensity profile develops crystalline peaks for (B) the DELSE and (C) NR during stretching. (D) The crystallinity index increases more
dramatically for the DELSE compared to NR. (E) Deconvolution of WAXS scans gives the distribution of oriented and unoriented phases. (F) Strain-induced crystallinity of
the DELSE measured from WAXS pattern deconvolution is compared to the DELE and reported values for various common rubbers with SIC (78). Error bars denote

standard deviations.
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classically defined by a ratio between the integrated areas of the crys-
talline and amorphous contributions as x = Ac/(Ac + Ay). We
found that the DELSE achieves up to 50% crystallinity when
stretched to ~0.8\,"** above T, at 55°C (Fig. 2D), markedly outper-
forming that of the DELE (i.e., 28% at 55°C, ~0.8\;™"), NR (i.e.,
14% at 22°C, ~0.8\;"** and 10% at 55°C, ~0.8\,"**), and other
well-studied elastomers including butyl rubber, polyisoprene
rubber, and polybutadiene rubber (Fig. 2, E and F).

We further studied the crystal structure formed under stretching
through detailed x-ray analysis. The DELSE displays a diffraction
spot corresponding to the (120) reflection perpendicular to the
stretching direction and a series of spots at the (132), (032), (212),
and (112) reflections (see fig. S6). Additional minor peaks indicat-
ing (124), (204), (004), (224), and (024) reflections also appear. To-
gether, these diffraction spots mark the formation of poly(ethylene
oxide) crystals with a (7/2) helical structure (34-36). The DELE dis-
plays comparable diffraction peaks due to chemical similarities. We
further analyzed the azimuthal spread of diffraction peak intensity
to characterize the orientation of crystalline and amorphous
domains. The orientational order of crystalline domains was first
assessed using the Hermans' orientation parameter. Crystalline
domains formed by uniaxial stretching in the DELSE and NR
achieved an orientation order greater than 0.99, reinforcing the
concept that SIC forms from alignment of polymer chains in the
stretching direction (see fig. S7). Next, a two-dimensional (2D) de-
convolution technique that deconstructs WAXS scans quantifies the
oriented amorphous regime that forms from aligned chains that
have not yet crystallized in highly deformed rubbers (37, 38). We
replicated this procedure and verified it with NR (18) to study the
effect of orientation in the DELSE compared to other rubbers (see
fig. S8). From this, we found that the DELSE has considerably less
isotropic amorphous polymer content than the DELE and NR
(32.4% versus 53.8% and 65.1%, respectively) when highly
stretched. In addition to outperforming common rubbers, a direct
comparison with the DELE, which has similar chemistry and
stretchability, indicates that the more regular network architecture
also increases the effect of SIC. These analyses show how the struc-
ture and stretchability of the DELSE promote higher strain-induced
crystallinity than common elastomers (Fig. 2F).

Mechanical performance

Next, we performed mechanical characterization at 60°C to investi-
gate how ultrahigh SIC in the DELSE effectively promotes high
toughness with low stress-stretch hysteresis. Most soft materials
are reinforced by introducing sacrificial or reversible bonds,
which induce large stress-stretch hysteresis. Different from these
classical toughening strategies, the SIC in the DELSE involves
little stress-stretch hysteresis (0.05) (Fig. 3A and fig. S14B). The hys-
teresis of the DELSE at different molecular weights is also low com-
pared to the DELE (fig. S15) and NR (fig. S22). Despite the low
stress-stretch hysteresis, the DELSE exhibits a remarkably high frac-
ture energy of up to 4.5 k] m~> and work to rupture of up to 24.6 MJ
m™~> (Fig. 3B). The work to rupture notably increases with macro-
mer chain length (fig. S17). The DELSE exhibits a similar storage
modulus to the DELE (fig. S16), yet a lower modulus compared
with NR, which could possibly be attributed to the reduced chain
density and absence of trapped entanglements (fig. $23). When a
notched DELSE is subject to tensile loading, the crack initiates in
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the amorphous material but gets blunted by opaque formation of
crystallites, which impedes the crack from propagating (Fig. 3D).
We further performed x-ray diffraction on notched DELSE
samples at 55°C to measure the strain-induced crystallinity
around the crack tip and found that three distinct domains
appear: zero SIC at low strains, crack-tip SIC at intermediate
strains, and ultrahigh crack-tip and bulk SIC at high strains
(Fig. 3C). At high strains, crystalline domains at the crack-tip
blunt the crack to a high enough degree that bulk SIC can form
to protect the rest of the network.

We further investigated the stretchability of the DELSE. For
common elastomers, since the end-to-end distances of polymer
chains in the undeformed and straightened states are N'/*b and
Nb, the stretchability of polymer chains scales with N'/* and satu-
rates at N,'/> when N > N, due to the trapped entanglements formed
during preparation (11, 30, 31, 39). For the DELSE, due to the desw-
elling, the RMS end-to-end distance of polymer chains in the unde-
formed state scales with N'’%, so the stretchability of polymer chains
increases to scale with N** beyond the entanglement threshold in
common elastomers. We measured the stretchability of the DELSE
with different macromer molecular weights. Our experimentally
measured stretchability scales with N2, clearly exceeding N'/*
(Fig. 4). The discrepancy possibly occurs due to imperfect reaction
efficiency or physical internal constraints restricting every chain
from fully aligning. Sakai and colleagues observed a similar
scaling in tetra-arm PEG hydrogels (29) with varying polymer
volume fraction (40). These findings suggest that DELSEs stretch
beyond the limits of entangled networks, a feature deemed useful
for applications like solid-state cooling.

Elastocaloric cooling

To validate its potential for use as a caloric material for solid-state
cooling applications, we further studied the elastocaloric effect in
the DELSE compared with NR. An ideal elastocaloric cooling
cycle harnesses the decrease in conformation entropy to increase
thermal entropy and heat the bulk material. In elastomers with
SIC, an additional latent heat contribution of crystallite formation
heightens this effect. The increased stretchability, ultrahigh SIC, and
uniform chain length distribution of the DELSE synergistically in-
crease the theoretical elastocaloric effect compared to conventional
elastomers (Fig. 5A). We measured the adiabatic temperature
change of the DELSE and NR with an infrared camera during
rapid unloading in a custom stretching device (Fig. 5B). The
DELSE achieved a 9.3°C temperature change when unloaded from
54.5°C (Fig. 5C). NR cooled by 3.5°C from 53.5°C (Fig. 5D), which
is within 2°C of published results at 49°C at a higher strain rate of 20
s~! (41). We assert that DELSEs make strong candidates for ad-
vanced solid-state cooling technology since they can attain higher
configurational entropy and crystallinity changes during mechani-
cal loading than conventional elastomers.

DISCUSSION

Comparisons between the DELSE and NR show how increased
stretchability, different polymer chemistry, and a more well-
formed structure combinatorially increase the SIC and elastocaloric
effect in elastomeric materials. The additional comparison with the
DELE, whose stretchability and chemistry parallel those of the
DELSE, specifically demonstrates the importance of the relatively
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Fig. 3. Mechanical behavior of the DELSE. (A) Cyclic loading and unloading of the DELSE with 10,000 g mol™" molecular weight indicates negligible hysteresis at 60°C.

(B) The measured fracture energy Iis 4.7 kJ m™2

the material (arrows mark the crack tip). Error bars denote standard deviations.

homogeneous structure. The DELE also exhibits higher SIC than
NR due to its stretchability and chemistry; however, the DELSE out-
performs the DELE because it is more homogeneous and contains
fewer defects.

Since Katz first noticed a rubber band become opaque due to SIC
during stretching in 1924 (1), rubbers have been harnessed through-
out society for everything from household goods to car tires, etc.
Although applications for rubber have progressed in the modern
era, the synthesis strategy has remained almost the same. Here, we
report the next generation of elastomers that demonstrate profound
SIC, far exceeding that of NR and other common elastomers. The
DELSEs also warrant further fundamental investigation due to the
abnormal scaling of their elastic stretchability limit. Generally, the
elastomer fabrication approach harnessed here—end-linking a
highly regular gel and then fully deswelling the network—provides
a platform with promise across a breadth of polymer chemistries. As
shown here in the DELSE, elastomers fabricated in this manner
exhibit the capacity to outperform conventional counterparts.
These results also suggest the potential for precisely engineering
SIC in soft materials by controlling their network architecture.
This class of deswollen elastomers can play a key role in the
future of aerospace structures, medical devices, and elastocaloric re-
frigeration design.
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. (C) Heightened SIC occurs near the crack tip when measured at 55°C, giving (D) crack blunting and increased opacity in

MATERIALS AND METHODS

DELSE fabrication

The DELSE was prepared by dehydrating an end-linked star hydro-
gel (fig. S1A) (25, 26). The hydrogel was formed from an A-B type
reaction of commercially available tetra-amine—terminated and
tetra-NHS—terminated polyethylene glycol (PEG) macromers
(4arm-PEG-NH, and 4arm-PEG-NHS, Laysan Bio and JenKem
Technology) with 5000, 10,000, 20,000, and 40,000 g/mol macromer
molecular weights or 2500, 5000, 10,000, and 20,000 g/mol per
chain, respectively. Hydrogel synthesis follows reported protocols
(32, 42). Tetra-amine—terminated PEG (100 mg) was dissolved in
a 1-ml phosphate aqueous buffer (good solvent) with a pH of 7.4
and ionic strength of 100 mM and thoroughly mixed (43). The
pH was tuned with trace amounts of sodium hydroxide (NaOH)
between 7.4 and 8.0 to produce the highest reaction efficiency
(e.g., p ~ 0.9 for Myy = 10,000 g/mol). This solution was stored for 30
min and briefly sonicated (~5 s). Next, 100 mg of tetra-NHS—
terminated PEG was dissolved in a 1-ml phosphate—citric acid
aqueous buffer with a pH of 5.8 and ionic strength of 100 mM, thor-
oughly mixed, and quickly sonicated (~5 s). Both solutions were
carefully degassed and then quickly mixed within 5 min of dissolv-
ing the tetra-NHS-terminated PEG to achieve crosslinking around
the overlap concentration (c*). The overlap concentration was mea-
sured in the literature by viscometry; the intercept was determined
by measuring and fitting viscosities of the A- and B-type macromers
as a function of concentration (25). The samples were poured over a
40 mm x 20 mm x 1.5 mm mold and sealed in a humidity chamber
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for 12 hours to support amide bond formation. Reaction efficiency
was evaluated in the gel state by comparing the as-prepared shear
modulus to phantom network theory by the procedure presented by
Lin et al. (32) for tetra-PEG gels. The drying process began once the
gels were fully synthesized. Samples were removed from the humid-
ity chamber and placed on an acrylic plate that was lubricated with a
thin layer of silicone oil to mitigate residual stresses from surface
adhesion. The covered plate was placed in an incubator for at
least 2 hours to dehydrate and deswell the samples to the semicrys-
talline state. Samples were removed from the acrylic plate and
heated on a hot plate above T, (~45°C) to alleviate any anisotropy
caused by environmental stresses during deswelling and then equil-
ibrated to the proper measurement temperature. For one-to-one
comparisons with the DELE, a second DELSE was fabricated at
~2c¢* using the same protocol except with doubled PEG macromer
concentrations. DELSE samples with chain molecular weights of
3750, 7500, 12,250, and 15,000 g/mol were achieved by combining
A- and B-type tetrafunctional macromers with different molecular
weights since only commercially available macromers were used in
this study. The quantity of each solution was adjusted to ensure that
the number of macromers was consistent between solutions with
different molecular weights (e.g., 75 mg of 10,000 g/mol PEG-
NH, in 0.75 ml of phosphate buffer mixed with 150 mg of 20,000
g/mol PEG-NHS in 1.5 ml of phosphate—citric acid buffer). The re-
mainder of the synthesis process remained the same. The entangle-
ment molecular weight of PEG in the dry condition is 2000 g/mol
(44). Overall, the number of Kuhn monomers was determined by
dividing the total chain molecular weight by the molar mass of a
single Kuhn monomer (MOKuhn = 137 g/mol for PEG) (44) as
follows

N = Mwain/MOKuhn (1)

Hartquist et al., Sci. Adv. 9, eadjo411 (2023) 13 December 2023

chain

where N is the number of Kuhn monomers and My is the mo-

lecular weight of a single polymer chain.

Fabrication of DELEs from small-molecule crosslinkers

The DELE network was formed from an A-B type reaction of com-
mercially available trifunctional and bi-NHS-terminated PEG mac-
romers (2arm-PEG-NHS, Laysan Bio) with 10,000 g/mol macromer
molecular weights (fig. S1C). Bi-amine—terminated PEG (400 mg)
was mixed with a 1-ml phosphate aqueous buffer with a pH of 7.4
and ionic strength of 100 mM. Next, 1 ml of phosphate—citric acid
aqueous buffer with a pH of 5.8 and ionic strength of 100 mM was
added. The solution was sonicated and mixed until the polymer
completely dissolved. Trifunctional amine (4 mg) was added to
the solution. The crosslinking condition was set to 2¢* since cross-
linking at ¢* during testing resulted in insufficient gelation for
further processing. The DELSE was prepared at ¢* and 2c* for
direct structural (fig. S10) and mechanical (fig. S16) comparisons
with the DELE. The solution was quickly degassed and poured
over a 40 mm X 20 mm X 1.5 mm mold and sealed in a humidity
chamber for 12 hours to support amide bond formation. The drying
process began once the gel was fully synthesized. The sample was
removed from the humidity chamber and placed on an acrylic
plate that was lubricated with a thin layer of silicone oil to mitigate
residual stresses from surface adhesion. The covered plate was
placed in an incubator for at least 2 hours to dehydrate the
samples to the semicrystalline state. Samples were removed from
the acrylic plate and heated on a hot plate above T, (~45°C) to al-
leviate any anisotropy caused by environmental stresses during
deswelling and then equilibrated to the proper measurement
temperature.

Mechanical testing

All mechanical tests were performed in a silicone oil bath at 60°C
using a U-Stretch apparatus (Cellscale) unless otherwise noted. De-
pending on the sample, either a 4.4-N or 44-N load cell was used.
Unless otherwise noted, for mechanical tests, sample dimensions
were approximately 1.5 mm x 7 mm x 0.6 mm, and the loading
rate was 0.5 s~'. Room temperature (22°C) mechanical tests on
NR and PEG specimens (figs. S22 and S24) were performed in uni-
axial tension (13 mm x 4.8 mm x 1.5 mm at 100 mm min~! for NR,
13 mm x 1.5 mm X 0.5 mm at 100 mm min~' for PEG) on a me-
chanical testing machine (Z2.5, Zwick/Roell) with a 2.5-kN load
cell. Force F and gauge displacement A were output by the testing
machine during loading. Nominal stress was evaluated as S = F/
(Wt), where W is the undeformed sample width and ¢ is the
sample thickness. Stretch was evaluated as A = (H + A)/H, where
H is the undeformed sample height. Samples were fixed under me-
chanical pressure between grooved jaw clamps. Images were taken
during sample loading to ensure that there was no slipping during
loading and to validate stretch measurements. The distances
between marks drawn on the sample were measured using Image]
at various stretches from photographs for validation. Fracture
energy was measured using the pure shear test method (45). The
elastic energy density function w(\) was first evaluated by measur-
ing the nominal stress at a given stretch during a monotonic stretch
to failure of an intact sample. The breaking stretch \;™** was record-
ed as the measured stretch when the intact sample ruptured. An ar-
tificial notch was introduced perpendicular to the loading direction
in a second sample by a blade. The cut length was approximately W/
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Fig. 5. Elastocaloric effect of the DELSE. (A) Schematics indicate the destruction of crystalline domains and disruption of polymer chain alignment during adiabatic
retraction. (B) Thermal images of the DELSE during the retraction. The applied mechanical loading and measured surface temperature are recorded for the (C) DELSE and

(D) NR during the retraction process.

3. The sample was monotonically loaded to failure, and the critical
stretch A\, was recorded as the stretch that induced crack propaga-
tion. The fracture energy was then evaluated as I' = w(\.)H. Intact
samples were cyclically loaded and unloaded to incrementally
higher stretches to evaluate hysteretic effects.

DMA testing

DMA was performed on fiber specimens of the DELSE (crosslinked
at ~c*and ~2¢*) and DELE (crosslinked at ~2¢*) usinga DMA Q800
testing device (TA Instruments) equilibrated to and tested at 60°C
(see results in fig. S16). DELSE (~c*) and DELE networks have
similar storage moduli (E’) across the frequency range of 0.1 to 10
Hz, suggesting that the elastically active strands between crosslinks
are comparable between these two networks. The E' of the DELSE
remains rate independent, while the E’ of the DELE slightly increas-
es with frequency, which indicates that the DELSE contains less
defects than the DELE. The large difference (two orders of magni-
tude) between the storage (E’) and loss (E”) moduli further reinforc-
es that the DELSE has a low fraction of defects. The low loss moduli
of DELSE samples are consistent with the low hysteresis observed in
cyclic loading in figs. S14 and S15. Although they have similar F,
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the E” of the DELSE is an order of magnitude smaller than that of
the DELE. Relatively large E” for the DELE is consistent with the
large hysteresis observed in fig. S15C, further suggesting that the
network contains more elastically inactive defects compared to
the DELSE. Although the loss moduli of the DELE and DELSE
are over an order of magnitude different, the frequency dependence
of the loss moduli is very similar: the DELSE has a slope of 0.15,
while the DELE has a slope of 0.14. According to the model devel-
oped by Curro and Pincus, similar frequency dependence indicates
that the dangling polymer structures have similar size compared to
the network mesh formed by elastically active strands between
crosslinks in the DELSE and DELE (46, 47).

X-ray scattering

SAXS and WAXS were performed using a large-area 2D Dectris Pi-
latus3R 300K detector centered on samples within a SAXSLAB ap-
paratus (X-ray Diffraction Shared Experimental Facility at
Massachusetts Institute of Technology). The vacuum chamber
was pumped to 0.08 mbar during measurements to reduce back-
ground intensity fluctuation. Proper sample and beamstop align-
ment were tested before measurement. Details on measurement
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configurations are listed in table S1. Tensile specimens (approxi-
mately 4 mm x 1 mm x 0.6 mm) were stretched for bulk structural
characterization using the same procedure described for mechanical
testing before x-ray measurement. DELSE specimens were cooled to
room temperature and fixed on either end with Krazy glue to an
acrylic mount. The custom mount was designed to fix samples in
the deformed state while enabling direct contact between the
sample surface and the heating apparatus. Samples were conduc-
tively heated by a Linkam heating stage (Scientific Instruments
Ltd.) for steady-state heated measurements. All applied temperature
changes using the heating stage occurred at a rate of 10°C/min.
Temperature effects were mitigated by enabling sufficient time for
samples to reach steady state. The effect of thermal history was eval-
uated to validate this procedure (see fig. S9). All samples were ori-
ented such that the stretching direction was aligned vertically with
the sample holder.

Notched specimens were stretched using the same procedure
except were in the pure shear configuration to evaluate SIC near
the crack tip. The position of the crack tip was chosen with uncer-
tainty of £50 pum from trial measurements near the edge position.
The crack was positioned perpendicular to the stretching direction.
The sample was shifted horizontally by 0.2 mm between measure-
ments. Measurements were performed at 55°C once the sample
reached its thermal steady state. The SAXS aperture sizes were se-
lected for measurement in the WAXS regime to constrict the mea-
surement spot to the area of interest since the crystallinity varies as a
function of position.

The 2D SAXS and WAXS scans were converted to 1D intensity
profiles for interpretation of crystallinity index by averaging over all
azimuthal angles. Although some reported crystallinity measure-
ments average over a small azimuthal range, we counter that this
strategy causes inflated crystallinity measurements in anisotropic
samples. Averaging over all angles was selected to reduce this
error and was validated by the 2D convolution scheme developed
to distinguish orientation in amorphous and crystalline domains.
Direct comparisons in crystallinity measurements with published
data follow the reported protocol for the given result. The average
intensity measured during scattering was plotted against the scatter-
ing angle 20, which relates to the scattering vector g as follows

47sin(20/2)
== 2
q A (2)
where A is the x-ray wavelength.
This quantity relates to the characteristic interplanar d-spacing

through Bragg's law, which is defined as
2d sinf = nA (3)

where d is the interplanar spacing and # is the diffraction order.
Diffraction spots were indexed according to their d-spacing and
the associated crystal lattice configuration.

_ (4)
ha + kb + Ic

where A, k, and [ are Miller indices, and a, b, and c are the basis of
vectors for the reciprocal lattice.

The crystallinity index was evaluated by fitting Gaussian or
pseudo-Voigt curves to the amorphous and crystalline peaks distin-
guished from the 1D intensity profile after subtracting the

Ay =
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background scattering intensity. Summing the areas under the
fitted curves enables deduction of the crystallinity index as follows

AC
= 5
X Ac+ Ax ()

where Ac is the area under the crystalline peaks and Ay is the area
under amorphous peaks.

The isotropic and anisotropic contributions were deconvolved
from the 2D WAXS patterns following a similar treatment to report-
ed protocols (18, 37, 38). The background scattering intensity was
first subtracted. The 2D Cartesian WAXS pattern was then convert-
ed into a 2D polar WAXS plot. At each azimuthal angle ¢, a peak
fitting routine was performed to the amorphous and crystalline dif-
fraction peaks using either a Gaussian or pseudo-Voigt function.
The fit curves were stored at each angle. The total crystalline and
amorphous peak contributions were evaluated by discretely
summing the areas of fitted peaks across all angles throughout the
2D polar WAXS pattern, giving effective crystalline and amorphous
peak volumes. The crystallinity index was then calculated classically
by replacing the 1D amorphous and crystalline peak areas in eq. S4
with 2D peak volumes.

The isotropic contribution of the amorphous and crystalline
phases was first determined as the minimum contribution present
at all angles. The anisotropic contribution of both phases at a given
azimuthal angle was determined using the following equation

Aan(‘]v ¢) = Aot — Aiso(‘]) (6)

where A,, is the anisotropic scattering contribution, A, is the total
scattering intensity, and A;,, is the isotropic scattering contribution.
With a known crystallinity index, the isotropic and anisotropic frac-
tions of each phase were determined by summing the areas across all
azimuthal angles and comparing these volumes. The deconvolution
scheme is detailed in fig. S8.

The orientation of the crystalline regime was determined from
the azimuthal spread of intensity at the d-spacing corresponding
to a given diffraction peak (48). Orientation was defined for a
peak at given Miller indices from a 2D WAXS pattern as follows

m/

J 21(4>)cos2¢sin4>d¢

: /2 (7)
J I(¢)sindpdd

0

(cos* Yy =

where I(¢) is the intensity as a function of the azimuthal angle ¢.
The Hermans' orientation parameter f, was determined from
this orientation measure as follows

~ 3{cos’¢p) — 1

fr=TEEN ®)

where f, takes the value —0.5 when the crystal is aligned perpendic-
ular to the direction of interest, 0 when there is no preferred direc-
tion, and 1 when aligned parallel to the reference direction.

The apparent crystallite size was determined through the 1D
peak fitting scheme using the Scherrer equation.

KA
B B(20)cos0 ©)

where D is the apparent crystallite size, K is the Scherrer constant or

D
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shape factor [K= 0.94 for full width at half maximum (FWHM)
measurements], A is the x-ray wavelength, B is the breadth or
FWHM of the 1D profile fit to the peak at a given value of 26,
and 0 is the Bragg angle for the selected peak. The DELSE and
DELE both displayed peak apparent crystallite sizes of about 22
nm, as measured from the (120) diffraction spot.

DSC measurement

DSC was performed on the DELSE to assess the melting tempera-
ture T\, and heat flow characteristics. A differential scanning calo-
rimeter (DSC 2500, TA Instruments) with a refrigerated cooling
system (RSC90, TA Instruments) measured heat flow as a function
of time and temperature. Between 5 and 10 mg of the DELSE sample
was placed in a Tzero Pan during the measurements. Heating and
cooling cycles occurred from 30° to 90°C at a rate of 10°C min™".
The melting temperature was extrapolated from the endothermic
peak during heating, as shown in fig. S21.

Elastocaloric cooling measurement

The elastocaloric effect was induced by rapid stretching and retrac-
tion of the DELSE and NR specimens in a gravity convection oven
(EQ-DFA-7000, MTI Corporation) above 50°C. A custom remote-
control stretching device was constructed to rapidly stretch and
retract specimens. Grooved jaw clamps were mounted to a linear
actuator to extend at a constant speed of 50 mm/s with a 20 N
maximum load. Sample dimensions were selected such that the
stretching rate reached about 15 s™" for stretching and retraction,
so adiabaticity was assumed for both processes (15). The linear ac-
tuator enabled application of a uniaxial applied stress to the sample
when mounted on opposing ends with the metal jaw clamps. The
stretch was calculated from the measured initial and known de-
formed length. The stretching device was connected to a controller
and power supply. The entire assembly was placed in the oven
during measurement, and a wireless remote was activated to
stretch and retract samples from outside of the heated chamber. A
FLIR C5 thermal imager (FLIR Systems) was placed in the convec-
tion oven to record and output the sample surface temperature
during mechanical stretching. The emissivity was set at a constant
of 0.95 for all measurements. Samples were mounted and placed in
the enclosed oven for at least 20 min to achieve steady state before
measurement. It is noteworthy that measurement error may have
occurred due to the precision of the thermal imager, uncertainty
in linear actuation speed, battery performance at elevated tempera-
tures, and temperature consistency throughout the oven.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S24

Tables S1 to S4
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