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ABSTRACT: Shape memory polymers are promising materials in many emerging applications due to their large extensibility and
excellent shape recovery. However, practical application of these polymers is limited by their poor energy densities (up to ~1 MJ/
m®). Here, we report an approach to achieve a high energy density, one-way shape memory polymer based on the formation of
strain-induced supramolecular nanostructures. As polymer chains align during strain, strong directional dynamic bonds form,
creating stable supramolecular nanostructures and trapping stretched chains in a highly elongated state. Upon heating, the dynamic
bonds break, and stretched chains contract to their initial disordered state. This mechanism stores large amounts of entropic energy
(as high as 19.6 MJ/m® or 17.9 J/g), almost six times higher than the best previously reported shape memory polymers while
maintaining near 100% shape recovery and fixity. The reported phenomenon of strain-induced supramolecular structures offers a
new approach toward achieving high energy density shape memory polymers.

Bl INTRODUCTION

Many emerging applications, such as soft robotics, deployable
hinges or space structures, sealants, and smart biomedical
sutures and devices require high energy density, one-way shape
memory materials capable of large-strain and hysteresis-free
shape recovery.'™ Shape memory polymers (SMPs) are a
promising choice due to their excellent shape recovery and
fixity, large extensibility, low density, and ease of processing.’
Furthermore, SMPs can be integrated with 3D or 4D printing,
can be patterned or programmed into complex shapes, and
exhibit locally controlled actuation, which greatly enhances
their potential for broader application.””” However, SMPs
ubiquitously suffer from poor energy density (<1 MJ/m?),"
limiting their use where performing mechanical work is
required.

SMPs reversibly alternate between a temporary deformed
state and an initial undeformed state through application of a
stimulus, such as heat or light. Stabilization (or fixing) of the
temporary state requires a controllable molecular level chan%e
(e.g, glass or melting transition,'' 7"° dynamic networks, ¢!
strain-induced crystallization,””™>* or liquid crystal phase
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transition”®™*®) that can be selectively activated and
deactivated. Upon deactivation, SMPs return to their original
undeformed state, driven by the relaxation of deformed chains
between network junctions (e.g, topological entanglements,
chemical cross-links, or secondary interpenetrating networks)
that preserve the material’s memory of its initial state via stored
entropic energy.29

Achieving high energy density SMPs that simultaneously
possess high recovery stress and large recoverable strain poses
a significant challenge.” In general, the recovery stress
generated by an SMP as it returns to its initial state is
determined by the stored entropic energy in the network,
which is controlled by the density and strength of network
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Figure 1. Achieving high energy density in shape memory polymers using strain-induced supramolecular structures. (a) Combining a flexible
backbone polymer (polypropylene glycol, PPG) with a strong and directional hydrogen-bonding unit (methylene bisphenylurea, MPU) creates a
tough and stretchable polymer with high network junction density. (b) When the polymer is stretched from its initial amorphous state, the
alignment of the polymer chains induces the formation of supramolecular structures from the directional hydrogen bond as shown by the insets.
The creation of these structures stabilizes the chains in a temporary state. Upon heating, the supramolecular structures disassemble and the film

rapidly contracts to its initial state.

junctions.'” Since junction density in an entangled network is
predetermined by the entanglement molecular weight of the
polymer, SMPs generally store entropic energy on the same
order of magnitude as their entanglement plateau modulus
(~1 MPa), providing an upper limit on the achievable recovery
stress.”” A high degree of chemical cross-linking can increase
junction density (and thus increase recovery stress) but
significantly reduces stretchability, decreasing overall energy
density. Dynamic bonds offer a potential solution because their
ability to break and reform allows for chain sliding, while still
increasing junction density.”"*> However, if the dynamic
bonds are too weak, recovery stress is minimally increased. If
the dynamic bonds are too strong, their behavior resembles
that of a cross-linked network with low stretchability.'” Strain-
induced crystallization in SMPs has also improved energy
density, but the formation of crystallites during extension is
difficult to control.>***** While composite materials (e.g.,
polymer-CNT) have been reported with higher energy
densities, these composites have significantly worse shape
fixity and recovery (<50%) and low recoverable strain (<50%),
creating hysteresis issues.”” To date, none of these mechanisms
have produced high energy density SMPs that simultaneously
possess high recovery stress and large recoverable strain.

This work addresses this challenge by reporting a novel
shape memory mechanism based on the formation of strain-
induced supramolecular structures by polymer chains with
dynamic bonds. Under strain, polymer chains align into stable
and hierarchically organized supramolecular nanostructures,
trapping the stretched polymer chains in a highly elongated
state. Accordingly, large amounts of energy are stored (19.6
MJ/m? or 17.9 J/g), six times higher than the best previously
reported SMPs, while maintaining near 100% shape fixity and
recovery.
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B RESULTS AND DISCUSSION

The polymer employed here (denoted hereafter as PPG-MPU,
M, = 10 kDa, By = 1.1, Figure 1a) was synthesized through a
simple, one-pot synthesis of diamine-terminated poly-
(propylene glycol) (PPG) macromonomers (Jeffamine D400,
M, = 0.4 kDa) and 4,4'-methylenebis(phenyl isocyanate),”
which incorporates 4,4’-methylenebis(phenyl urea) (MPU)
units into the polymer backbone, similar to other systems with
bisurea-based dynamic bonds.”"”**> PPG-MPU has a high
loading of these MPU hydrogen-bonding units (~38 wt %)
and thus a large density of strong network junctions and much
higher T, of 50 °C (Figure S1) compared to PPG (=75 °C).*
Furthermore, both reagents are common components of the
polyurethane industry and produced in millions of tons per
year, giving PPG-MPU an estimated raw materials cost of less
than $5/kg (see Note S1), making it attractive for large-scale
applications.

Our previous work has shown that polymer chains with
periodically placed and directional dynamic bonds assemble
spontaneously into supramolecular nanofibers if their overall
number-average molecular weight (M,) is below the polymer’s
critical molecular weight of entanglement (M.).”” Here, we
exploit this understanding to design a high energy density SMP
whose M, > M. (M, ppg ~ 5—6 kDa).”**” Initially (i.e., no
strain), PPG-MPU adopts an amorphous structure without the
presence of large supramolecular aggregates due to topological
entanglements. When strained, polymer chains align, and the
dynamic bonds reassemble into large, ordered supramolecular
nanostructures (Figure 1b). These nanostructures trap the
polymer backbones in a highly stretched state, increasing the
amount of stored entropic energy compared to other reported
SMPs. Furthermore, a high junction density of entanglements
and dynamic bonds preserves the initial state of the polymer,

https://doi.org/10.1021/acscentsci.1c00829
ACS Cent. Sci. 2021, 7, 1657—1667


https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00829/suppl_file/oc1c00829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00829/suppl_file/oc1c00829_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00829?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00829?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00829?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00829?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c00829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

Research Article

80 q
T 70 MPa
& 60+ 1
=3
[2]
%]
O 40 ]
)
270 MPa
20 R
0 T T T T T
0 100 200 300 400 500
Strain (%)
d e f
14 T T T T 80 T T
300+ = Vv Strain-induced Crystallization
12 13 MPa J A Rf 0.93 — @ Glass or Melting Transition  This work
) £ 201 o Dynamic Network 7
= s lan < S @ Liquid Crystal
& 101 * 200 OS2
= < s 2
2 8 © o 2
e & g Q1o 1
B g 100 40 g >
J (] =)
= @
& v
. 0 20 ¢ vem P
T T T y ‘. T T T T o+ ® [c®)) g
30 40 50 60 70 : . .
0 20 40 60 80 100 0a 08 08 1.0
Temperature (°C) Time (min) RR,

Figure 2. Mechanical and shape memory characterization of PPG-MPU. (a) Images of PPG-MPU in its initial state, stretched over 300% to a
temporary state and then heated to its recovered state (from top to bottom). The scale bar is 1 cm for all images. (b) Pristine stress—strain curve of
PPG-MPU at a strain rate of 200% per minute. The shaded area under the curve shows the material’s high toughness of 270 MPa. (c) When
strained above 300%, PPG-MPU transitions from transparent to opaque white, characteristic of the formation of large domains (left). When
strained to failure, PPG-MPU fractures into multiple tendrils (right). The scale bar is 1 cm for both images. (d) Representative recovery stress
versus temperature for PPG-MPU at 300% strain. (e) Representative free strain recovery experiment on PPG-MPU from 300% strain. (f) Literature
comparison of the estimated energy density (y-axis) and the product of shape fixity and recovery (x-axis) plotted for different SMPs (see Table S1).

allowing for full recovery to its original state upon heating.
Thus, these strain-induced supramolecular cooperative assem-
blies enable high recovery stress and energy density without
sacrificing extensibility, shape recovery, or shape fixity.
Throughout this paper, we use both “supramolecular” and
“dynamic” to describe the noncovalent bonds formed between
urea groups, as the former highlights the intermolecular (or
interchain) nature of the bond formation, while the latter
underlines the ability of these interactions to reversibly
associate and dissociate (distinct from the more specific class
of dynamic covalent bonds).

Shape Memory Properties. PPG-MPU exhibited clear
shape programmability as shown in Figure 2a, in which the
polymer is stretched over 300% into a fixed state and then
returns to its original length after heating to 70 °C. The
pristine stress—strain curve (Figure 2b, Figure S2) highlights
the polymer’s high tensile strength (70 MPa), modulus (1.2
GPa), extensibility (500%), and toughness (270 MPa). The
high extensibility of flexible polymers with dynamic bonds has
been attributed to the continual breaking and reforming of
dynamic bonds, which enables chain sliding.>"** Two
additional interesting phenomena were observed during tensile
testing (Figure 2c). First, the polymer film changes from
transparent to opaque white above ~300% strain, indicating
the emergence of large domains similar to the formation of
large nematic domains in liquid crystals or stress whitening in
semicrystalline polymers.*>*" This coincides with strain
hardening as seen by the slope increase in the stress—strain
curve at 300%. Additionally, instead of necking to a clean
break, PPG-MPU often fractures by way of many tendrils
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ripping apart, with lengths up to 1 cm. This observation is
consistent with the formation of large and highly connected
supramolecular domains and helps to explain the high
stretchability of PPG-MPU compared to other polymers that
possess a high weizght percent of dynamic bonds but exhibit
poor extensibility.”*

Next, we characterized the one-way shape memory behavior
of the polymer through dynamic mechanical analysis.
Remarkably, PPG-MPU exhibited a maximum recovery stress
(Oimax) of 13.1 + 0.4 MPa (Figure 2d, Figure S2) and a
maximum recoverable strain (g,,,,) of 300% (Figure 2e),
corresponding to an estimated volumetric energy density
(E = /120, mu€rma) of 19.6 £ 0.6 MJ/m’. Furthermore, PPG-
MPU has a shape fixity and recovery of R; = 0.93 + 0.05 and R,
= 0.99 =+ 0.01, respectively (Figure 2e, Figure S2), allowing it
to undergo multiple shape memory cycles with minimal
hysteresis (Figure S3). Additionally, the low density (~1.09 g/
cm®) of PPG-MPU leads to a high specific energy density of
17.9 J/g, approximately 460 times the energy density of
skeletal muscle (0.039 J/g)."”

The combination of large extensibility with high recovery
stress gives this polymer high energy density (almost six times
greater than the previous highest energy density reported for
an SMP™) as plotted in Figure 2f. Importantly, this high
energy density is achieved simultaneously with high shape
fixity and shape recovery (x-axis of Figure 2f, where unity is
ideal). Each polymer in Figure 2f is classified based on the
molecular level change that stabilizes the temporary state (e.g,,
strain-induced crystallization, glass or melting transition,
dynamic networks, or liquid crystal, Table S1).
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Figure 3. Structural characterization of strain-induced supramolecular nanostructures. 2D SAXS images of PPG-MPU at 0% (a) and 500% (b)
strain. Insets show the morphological change from initially amorphous to aligned supramolecular structures based on the change in scattering
profiles. (c) 1D SAXS intensity curves parallel to the direction of strain (integrated over +9°) at 0% (black), 100% (purple), 200% (blue), 300%
(green), 400% (yellow), and 500% (orange) strain. Inset: plots Herman’s orientation parameter as a function of strain. Height AFM image of PPG-
MPU at 0% (d) and 300% (e) strain. (f) 2D-FFT of the height AFM image in panel e. (g) 2D WAXS images of PPG-MPU unstrained (top) and
strained (bottom). (h) 1D WAXS scattering profiles of strained PPG-MPU parallel (black) and perpendicular (blue) to strain. (i) Ratio of
absorbance of urea N—H stretch (~3350 cm™) to the PPG backbone C—O stretch (~1100 cm™") as a function of polarizer angle for unstrained
(black) and strained (blue) samples of PPG-MPU. For all parts, blue arrows indicate the stretching direction.

Thus, the polymer presented here represents the first
example of an SMP that simultaneously possesses high energy
density (19.6 MJ/m? or 17.9 J/g), recovery stress (>10 MPa),
extensibility (>500%), and shape fixity and recovery (>0.9).
We next sought to compare these experimental recovery stress
values to theoretical limits. The entropy change per volume
(AS/V) associated with extending a network of Gaussian
chains with junction density (v;) and extension ratio (a) is

given by*>**

As _ by

2 2
v 7(" +Z—3) W)
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The attainable recovery stress (6,) based on the release of this
stored entropic energy at a given temperature (T) is then given

by
1
kv]-T(a - ?]

Equation 2 allows us to estimate the maximum achievable

_ S 10(=TAS) _

_Z_V Jda

2

)

recovery stress in our system, assuming the chains extend from
a Gaussian state (<r> &~ N'2]) to a near fully extended state
(<r> & NI) and a junction density equal to density over the

mly " This

cm 3

backbone molecular weight (vj = ML = 0.0027
b

results in an estimated maximum recovery stress (0,,,,) of
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Figure 4. Hierarchical nanostructure formation in highly strained PPG-MPU. (a) Schematic of hierarchical assembly. From left to right: (i) A bulk
film of PPG-MPU is strained. (ii) Long, fibril shaped regions >10 ym in length (green) and ~100 nm in width (orange) emerge parallel to strain.
(iii) These long fibrils are comprised of stacked layers of nanofibers oriented perpendicular to strain that are ~8 nm in diameter (purple) and
separated by amorphous connecting regions. Each nanofiber is composed of multiple aligned nanorods. (iv) Nanorods are formed from stacked
urea—urea hydrogen bonds (4.5 A, yellow) between MPU units on the chain. The formation of these strain-induced supramolecular nanostructures
traps stretched PPG backbone chains (~2 nm, red) in an elongated state, resulting in a desirable shape memory behavior. (b) Polarized optical
microscope images of a stretched PPG-MPU film. The orientation of the cross polarizer is shown in the top left. (c) Height AFM image of PPG-
MPU at 500% strain. Dashed white box indicates the zoomed region. (d) Zoomed height AFM image shown in 3D (top). Height profile along the
center of the fibril showing periodic fiber cross sections (bottom). For all parts, white arrows indicate the stretching direction.

20 MPa, similar to the experimentally observed recovery stress
of 13.1 MPa.

In addition, we can use the estimated entropic energy
required to achieve this high level of chain extension to
determine the minimum enthalpic gain needed to stabilize the
extended chains (AG = AH — TAS < 0). From eq 1, we
estimated the entropic change to be 0.12 J/cm® K, which
implies a minimum enthalpic gain of ~15 kJ/mol. Previous
studies have estimated the enthalpy associated with each urea—
urea hydrogen bond to be a similar value (~15 kJ/mol).*>*°
Since MPU forms between two and four urea—urea hydrogen
bonds, the estimated enthalpic gain from bond formation is 2—
4 times higher (~30—60 kJ/mol) than the required minimum
amount, suggesting that the observed level of stored entropic
energy is reasonable (~25—50% of the maximum based on the
bond strength of MPU). This analysis supports the attribution
of PPG-MPU’s high energy density to the additional entropic
energy stored due to the strain-induced formation of
supramolecular nanostructures.

Structural Characterization. To better understand the
molecular and microstructural origins of PPG-MPU’s advanta-
geous shape memory properties, we collected 2D transmission
small-angle X-ray scattering (SAXS) images of the polymer
bulk film at 0% and 500% strain (Figure 3a,b). The strained
film exhibits a much higher intensity and markedly anisotropic
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scattering pattern, similar to scattering patterns of oriented,
uniaxially deformed polyethylene.””™ The high-intensity
regions lie in line with the stretching direction, suggesting
that periodic structures orient perpendicular to strain as
indicated in the inset. Averaging the intensity parallel to the
stretching direction shows a consistent increase in intensity
with increasing strain across the entire g-range below 0.2 A™'
(Figure 3c). Furthermore, we can estimate the change in
anisotropy as a function of strain by calculating Herman’s
orientation parameter (f), with the stretching direction defined
as the 0° axis:"

1 2
f= E(?:(cos 0) — 1)

(3)
where <cos® 0> is the mean-square cosine given by
/”/2 cos® 0*I(0)* sin O d6
(cos® ) = =2 7
/0 I1(0)* sin 6 dO (4)

The inset of Figure 3c plots the orientation parameter as a
function of strain, with f = 0 representing an isotropic state and
f =1 representing perfect alignment perpendicular to strain.
Anisotropy increases with increasing strain, reaching almost 0.4
at 500% strain, a value similar to that of cold-drawn
polyethylene.*® These data support the hypothesis that, during

https://doi.org/10.1021/acscentsci.1c00829
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Figure S. Demonstration of PPG-MPU as a high energy density actuator. (a, b) A prestrained film of PPG-MPU (1 mg) lifts a quarter (5.6 g, S000
times the polymer’s weight) by 3.6 cm upon heating, corresponding to a work output of 2 J/g. (c, d) A prestrained film of PPG-MPU (25 mg) lifts
a 70 g weight (2800 times the polymer’s weight) by 5.1 cm upon heating, corresponding to a work output of 1.4 J/g. (e, f) An artificial muscle
comprised of prestrained films of PPG-MPU (3.8 g) actuates a full-size mannequin arm (0.6 kg) upon heating. For scale, the total length of the arm
is 0.75 m, and the forearm (elbow to the end of the hand) is 0.45 m. (g) Comparison of PPG-MPU (yellow stars) to other polymer-based actuators
(gray triangles) based on the mass of the load lifted divided by the mass of the actuator (y-axis) versus the achieved displacement of the load (x-
axis). The dashed lines represent constant specific work density, increasing from 107* J/g (dark blue, bottom left) to 10 J/g (green, top right).

strain, polymer chains align along the stretching axis and
simultaneously organize the dynamic bonds into large
supramolecular nanostructures. These structures significantly
increase both overall scattering intensity (due to the
emergence of highly periodic structures) and anisotropy (due
to their preferred orientation perpendicular to strain).

To visualize the supramolecular nanostructures, we
performed atomic force microscopy (AFM). While PPG-
MPU initially exhibits an isotropic and amorphous structure
(Figure 3d), during straining, ordered nanostructures clearly
emerge (Figure 3e, Figure S5). Performing a 2D fast Fourier
transform (2D-FFT) on the AFM in Figure 3e (i.e., converting
the real-space height profile into reciprocal space) allows for a
qualitative comparison to the transmission SAXS data.
Remarkably, the shape of the 2D-FFT image (Figure 3f)
resembles that of the 2D-SAXS data (Figure 3b), suggesting
that despite AFM being a surface technique, the observed
nanostructures exist throughout the bulk film.*’

Two-dimensional transmission wide-angle X-ray scattering
(WAXS) data of unstrained PPG-MPU shows two broad peaks
at 0.75 and 1.37 A™', corresponding to 8.4 and 4.6 A,
respectively (Figure 3g, Figure S4). The latter matches the
expected urea—urea stacking distance for two hydrogen-
bonded urea groups,”’ while we attribute the former to the
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amorphous halo from the backbone PPG chains.””>” Straining
the sample results in an anisotropic scattering pattern that lacks
any sharp peaks that would be expected for strain-induced
crystallization of the polymer chains. The strained PPG-MPU
sample exhibits a marked increase in the intensity of the urea—
urea hydrogen-bond peak perpendicular to strain compared to
parallel to strain, consistent with the alignment of periodic
urea—urea hydrogen bonds oriented perpendicular to strain
(Figure 3h). Thus, the WAXS data suggest that the periodic
structures seen via SAXS are composed of aligned urea—urea
hydrogen bonds. We further confirmed the molecular
orientation of the polymer chains using polarized transmission
Fourier transform infrared spectroscopy (FTIR), which shows
a clear orientation of the N—H stretching (~3350 cm™) and
C=O0 stretching (~1720 cm™') of the urea groups
perpendicular to the straining axis compared to the intensity
of the C—O stretch (~1100 cm™') of the PPG backbone
(Figure 3i, Figure S4).

The above structural characterization reveals two key
features of the strain-induced supramolecular structures: (1)
uniform, periodic nanofibers oriented perpendicular to strain
and (2) long fibrils oriented parallel to strain that arise
between neighboring regions of banded nanofibers. These
features are schematically illustrated in Figure 4a, which shows
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the proposed hierarchical organization of PPG-MPU at high
strain. At the macroscopic scale, bulk films of strained PPG-
MPU show a clearly oriented structure from both SAXS
(Figure 3b) and polarized optical microscopy images (Figure
4b). At the micron-scale, elongated fibril regions consisting of
banded nanofibers emerge in AFM images at high strain
(Figure 4c, Figure S8). Even though the average chain has a M,
of only 10 kDa, which is less than 50 nm when fully extended,
these well-defined fibrils extend over 10 ym in length or 200
chain contour lengths (Figure S8). The emergence of these
fibrils is likely linked to the mechanical failure of the bulk film
into macroscopic tendrils over ~1 c¢m in length as shown in
Figure 2c.

Figure 4d shows a zoomed section of the fibril from the
AFM image in Figure 4c along with the corresponding height
profile, highlighting the periodic nanofibers oriented perpen-
dicular to the long axis of the fibrils. We can estimate the
median diameter of the nanofibers to be ~8—9 nm (Figure
S6), which is significantly greater than the expected distance
between neighboring MPU hydrogen-bonding units along the
polymer chain when the PPG backbone chain is near full
extension (~2 nm), suggesting that the nanofibers comprise at
least 3—S nanorods (i.e, rods of aligned MPU units),
consistent with our previously reported results.”” A similar
value for the fiber diameter (5.9 nm) can be obtained by fitting
the SAXS data of strained PPG-MPU (Figure S7), which
provides an excellent power-law fit with I o« g% up to an
onset point of 0.107 A™", corresponding to the fiber diameter.
We attribute the power-law scattering to surface fractal
behavior created by interfaces of staggered nanofibers, similar
to surface fractal behavior observed in polyethylene crystals
and block copolymers.”**> The obtained fractal dimension (D
2.35) suggests that the interface is moderately rough
compared to a perfectly flat surface (D = 2) or a fully crumpled
surface (D = 3) and is close to the independently obtained
surface fractal dimension from AFM (D = 2.3) (Figure S7).

We hypothesize that the alternating behavior between
structured nanofibers and amorphous connecting regions
arises from the localization of entanglement points between
neighboring nanofibers, similar to recent MD simulations that
have shown nonaffine clustering of entanglements between
homopolymer chains during elongation.*® We posit that during
strain, sections of the polymer chain between entanglement
points are kinetically free to lengthen along the stretching axis,
and chain sliding between neighboring chains aligns these
lengthened sections into supramolecular nanofibers while
simultaneously clustering the kinetically restricted entangle-
ment junctions into the amorphous connecting regions
between nanofibers. This hypothesis corresponds nicely with
the observed nanofiber diameter, since the entanglement
molecular weight (M,) of PPG is ~2—3 kDa (M, ~ 2-3M,),>’
which corresponds to about 3—5 repeat units of PPG-MPU
(0.65 kDa each) or a length of ~6—10 nm.

In summary, the structural characterization data presented
above suggest a clear hierarchical structure as illustrated in
Figure 4a. Along the axis of strain, long fibrils (>10 pm in
length, > 100 nm in diameter) emerge comprising banded
nanofibers (~8 nm in diameter) that are separated by
amorphous connecting domains. Each of these nanofibers
consists of aligned rods of hydrogen-bonded urea groups (4.5
A) connected by stretched PPG backbone chains (~2 nm).
The resulting hierarchical structure spans over five orders of
magnitude, from stacked urea groups 4.5 A apart to ordered
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fibrils over 10 ym in length, and results in uniform films at the
macroscale (>1 cm).

Artificial Muscle Actuation. Finally, we showed the
potential of PPG-MPU to be used as a strong and fast, soft,
one-way actuator in a variety of demonstrations. Movie S1
shows a prestrained and twisted PPG-MPU thin film (1 mg)
lifting and spinning a quarter (5.6 g) by 3.6 cm in less than a
second upon heating with a heat gun (Figure Sab). The
polymer lifts over 5000 times its own weight with a work
output of 2 J/g or a power output of 2 W/g. Movie S2 presents
another prestrained PPG-MPU film (25 mg) raising a 70 g
weight by 5.1 cm, corresponding to a work output of 1.4 J/g
(Figure Sc,d), and Movie S3 shows a prestrained PPG-MPU
film undergoing rapid, load-free shape recovery after being
placed on a hot plate. We compare this performance to other
polymer actuators in Figure Sg (Table S2), which plots the
ratio of load mass to actuator mass on the y-axis and the
distance lifted on the x-axis. The specific work output (W, J/g)
can then be calculated directly:

w="1 gd

m, (5
where m is the load mass, m, is the actuator mass, d is the
displacement, and g is the acceleration of gravity. Figure Sg
highlights the differences between materials that possess
similar work output but achieve it through different
combinations of heavy loads versus large displacements.
Compared to other actuators, PPG-MPU simultaneously
achieves both a large actuation distance and high work output.
It is important to note that as a one-way shape memory
polymer PPG-MPU must be reprogrammed after each cycle,
limiting its potential applications compared to reversible
actuators, which do not need to be reprogrammed during
cycling. Previous work has shown, through careful material
processing and programming, that two-way shape memory can
be achieved,®®*® which could enable PPG-MPU to be
reversible without reprogramming; however, this is outside
the scope of the current work.

Lastly, to demonstrate both the high energy density of PPG-
MPU as well as its inexpensive and scalable synthesis, we
actuated a full-size human mannequin arm (0.75 m in length,
Figure Sef, Figure S9) using an artificial muscle comprising
prestrained PPG-MPU films (Movie SS). When heated, the
fibers in the relaxed PPG-MPU muscle (3.8 g) contract to lift
and hold the full-size arm (0.6 kg). These demonstrations
highlight the combination of high energy density and ideal
shape recovery achieved in the PPG-MPU polymer through
the formation of strain-induced supramolecular nanostructures.
The combination of these properties presents exciting future
opportunities including integration with 3D or 4D printing,
more complex patterning or programming, and locally
controlled actuation.”™”

B CONCLUSION

This work presents the first report of a shape memory polymer
based on supramolecular nanostructures that achieves record-
high energy density of 19.6 MJ/m® with shape fixity and
recovery above 90%. This performance is achieved through the
novel mechanism of strain-induced supramolecular nanostruc-
tures, which fix flexible polymer chains in a highly elongated
state, increasing the amount of stored entropic energy.
Furthermore, the polymer reported here, which is synthesized
using a simple one-pot synthesis, is low cost (<$5/kg for raw
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materials), single-component, solution soluble, and has a low
density. These properties, combined with the excellent shape
memory properties and high energy density of PPG-MPU,
demonstrate the appeal of using strain-induced supramolecular
structures to achieve high energy density one-way shape
memory polymers.

B METHODS

Materials. Difunctional (primary amine) poly(propylene
glycol) (H,N-PPG-NH,) with a molecular weight of 400 g/
mol was obtained from Huntsman (Jeffamine D-400). All
other chemicals and solvents were purchased from Sigma-
Aldrich. All reagents were used as received without further
purification. No unexpected or unusually high safety hazards
were encountered.

Synthesis and Film Preparation. This synthesis is a
modification of a previously described synthesis for PDMS-
based, amine-terminated macromonomers.’> A solution of
H,N-PPG-NH, (M, =~ 400 g/mol, Jeffamine D400) and
anhydrous dichloromethane (8.0 g in 150 mL, 0.13 mM) was
prepared under a N, atmosphere. Methylenebis(phenyl
isocyanate) (MPU) was added in a 1:1 molar ratio of
amine/isocyanate functional groups (5.0 g, 0.13 mM). The
resulting mixture was stirred for 72 h at room temperature,
until the solution gelled and partially precipitated. The
synthesized polymer was quenched in methanol and then
fully precipitated by adding an excess of hexane. The recovered
polymer was subjected to vacuum evaporation for 2 h at 90 °C.
Molecular weight according to GPC: M,, = 12.0 kDa, M, =
10.6 kDa, Dy = 1.1 (Figure S10). '"H NMR (400 MHz, d2-
C,D,Cl,, 6/ppm): 7.75 (br, 4H), 7.30 (br, 4H), 7.03 (br, 4H),
3.93 (br, 2H), 3.81 (br, 1.SH), 3.45 (br, 17H), 1.09 (br, 17—
18H) (assignments given in Figure S11). Elemental analysis
data: Analytical calculations for (C;oHg,N,Oq),: C, 65.5; H,
8.7; N, 7.8; O, 17.9. Found: C, 64.3; H, 8.5; N, 8.3; O, 18.9
(remaining).

Film samples were prepared by drop casting 100 mg/mL
solutions in CHCI; onto SiO, wafers treated with a monolayer
of octadecyltrichlorosilane (OTS) to allow for easy removal of
the film and dried for over 12 h at room temperature and then
again at 70 °C for at least 24 h. Higher quality films were
obtained using lower concentrations (e.g, SO mg/mL
compared to 100 mg/mL), though the resulting drop-casted
films were much thinner for lower concentrations, due to the
decreased solution viscosity.

Mechanical Characterization (Instron). Room temper-
ature tensile tests were conducted on an Instron 5565
Instrument at a constant strain rate of 200% per minute.
Rectangular samples with an approximate dimension of 10 mm
X 4 mm X 0.05 mm were cut from the substrate and loaded
onto the extensometer with pressurized grips.

Dynamic Mechanical Analysis. Dynamic mechanical
analysis (DMA) was performed on a DMA Q800 instrument.
Shape memory experiments were preprogrammed into the
DMA, with the polymer initially deformed to 300% strain at
50% strain per minute, held at fixed strain for 30 min, released
to 0.001 N, and then heated at S °C per minute to 70 °C.
Recovery stress experiments were performed by first straining
the polymer film to 300% strain at 50% strain per minute and
then holding for 30 min. The samples were released to 0.001 N
and then held under constant strain, while the temperature was
ramped at 5 °C per minute.
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Small-Angle X-ray Scattering Methods. Small-angle X-
ray scattering (SAXS) was conducted in transmission mode on
bulk polymer films at beamline 4—2 at Stanford Synchrotron
Radiation Lightsource (SSRL) of SLAC National Accelerator
Laboratory (SLAC, Menlo Park, CA). Bulk polymer films were
tested as free-standing films with a thickness of 0.03 mm on a
custom-built uniaxial stretcher. The X-ray wavelength was
0.827 A (beam energy 15 keV) with a sample-to-detector
distance of 3.512 m. The Pilatus 1M fast detector was used for
2D scattering data acquisition, and reduction into scattering
intensity profiles as a function of the scattering vector q was
done using a customized code at the beamline. Otherwise,
IgorPro (Wavemetrics Inc.) was used for plotting and
processing the 1D and 2D data. For each sample, 30 frames
of 1 s exposure were averaged to improve the signal-to-noise
ratio. Measurements were performed in ambient air.

Wide-Angle X-ray Scattering Methods. Wide-angle X-
ray scattering (WAXS) was conducted in transmission mode
on bulk polymer films at beamline 11-3 at Stanford
Synchrotron Radiation Lightsource (SSRL) of SLAC National
Accelerator Laboratory (SLAC, Menlo Park, CA). Bulk
polymer films were tested as free-standing films. The X-ray
wavelength was 0.974 A (beam energy 12.735 keV) with a
sample-to-detector distance of 250 mm. 2D scattering data
were exported with the NIKA package® and calibrated in
Wxdiff software using images from a LaB4 standard.
Integrations 90—120° (out-of-plane) and 0—30° (in-plane)
were taken for each sample from five separate exposures in the
same position and averaged together to reduce background
noise. Background subtraction was performed by fitting a linear
baseline. Measurements were performed in ambient air.

Fourier Transform Infrared Spectroscopy. Infrared
spectra were collected on a Nicolet iS50 FT-IR spectrometer
in transmission mode at room temperature. Polarization-
dependent spectra were collected by varying the angle of the
built-in polarizer.

Polarized Optical Microscopy. Films were imaged using
a Leica DM4000 M LED optical microscope equipped with a
cross polarizer. Samples were rotated 45° under the cross-
polarized light to view birefringence.

Size Exclusion Chromatography. Size exclusion chro-
matography (SEC) analysis was performed using a Tosoh
EcoSEC Ambient (Room Temp)-GPC equipped with two
TSK gel GPC columns (G3000Hhr and G4000Hhr; 7.8 mm
LD. X 30 cm, S um) calibrated with a conventional calibration
curve using monodisperse polystyrene standards. THF (40 °C)
was used as a carrier solvent at the flow rate of 1.0 mL/min.
Samples were prepared at 1 mg/mL in 50% CHCIl; and 50%
THF by volume, by first dissolving in CHCI; and then THF.

Atomic Force Microscopy. Height and phase images were
collected via atomic force microscopy (AFM) on a Nanoscope
III Multimode AFM in tapping mode with Tap300AI-G
probes (radius < 10 nm). All images, statistical distribution
extraction, surface fractal analysis, and 2D-FFT calculations
related to AFM data were processed using Gwyddion software.

Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) thermal analysis was performed on a TA
Instruments Q2000 DSC. Approximately 10 mg of polymer
was placed in sealed aluminum pans and then heated to 120 °C
for S min and cooled to —50 °C for S min. Samples were then
ramped from —50 to 120 °C at a rate of 20 °C/min. Glass
transition temperatures were extracted using TA Universal
Analysis software.
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