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ABSTRACT: Stimuli-responsive polymer materials are a kind of
intelligent material which can sense and respond to external
stimuli. However, most current stimuli-responsive polymers only
exhibit a monotonic response to a single constant stimulus but
cannot achieve dynamic evolution. Herein, we report a method to
achieve a non-monotonic response under a single stimulus by
regionalizing the crystallization and melting kinetics in semicrystal-
line polymers. Based on the influence of cross-linking on the
crystallization and melting kinetics of polymers, we employ light to
spatially regulate the cross-linking degree in polymers. The Equilibrium state 1 Intermediate state Equilibrium state 2
prepared material can realize the self-evolved encryption of pattern

information and the non-monotonic shape evolution without

complex multiple stimuli. By combination of pattern and shape

evolution, the coupled encryption of shape and pattern can be achieved. This approach empowers polymers with the ability to evolve
under constant stimulus, offering insights into the functional design of polymer materials.

KEYWORDS: evolution, programmability, crystallization-melting, information encryption, morphing materials

B INTRODUCTION space. Therefore, it is significant to achieve non-monotonic
evolution under constant external stimulus.

Programming the heterogeneous structure is an important
way to design intelligent polymer materials. Common

In the natural world, many creatures have evolved the ability to
respond to the surrounding environment for survival."> For
example, the octopus can alter its body shape and surface

pattern to mimic various environments and other creatures. As examplesl ‘zfl 7heterogeneous structure inlillfge double-layer,"*
inspired by biological systems, many intelligent polymer gradient, ” and patterned structures. "~ The responsive-
materials that can sense and respond to the external ness of such materials can be achieved through the difference
environment have been developed. These smart materials in the state of the heterogeneous structure when subjected to
have shown promising applications in many fields includin an external stimulus. Furthermore, it is worth noting that the
biomedicine,”* information encryption,”~” and soft robotics. non-monotonic change of materials can be realized by
At present, most stimuli-responsive materials can only exhibit a leveraging the differential evolution kinetics of structures in
monotonic response to a single constant external stimulus, and different regions. For example, the far-from-equilibrium shape-
the response pathway represents a naturally changing process shifting of hydrogels was realized by varying the swelling
(for instance, from one shape to another),” just like the leaves kinetics in distinct regions,9 and the multidirectional shape

of mimosa change from opening to closing under stimulus
(Figure la). However, in reality, the mimosa will adapt to the
continuous harmless stimulus and open its leaves to obtain
more sunlight.'’ This is similar to a non-monotonic change
from opening to closing and again to opening under constant
stimulus. Specifically, the initial and final states can be defined
as equilibrium state 1 (ES1) and equilibrium state 2 (ES2), Received:  March 14, 2024 i
respectively; while the state in between is referred to as the Revised: ~ May 14, 2024
intermediate state (IS). Achieving this transition between AccePted: May 16, 2024
multiple states often requires the introduction of several Published: May 24, 2024
different stimuli,''~"> which may be challenging in some

special environments such as in the human body or outer

morphing was achieved by leveraging the rate discrepancy in
the solvent desorption process across two sides of the
material.'” Nevertheless, due to the lack of evolution methods
other than swelling or deswelling, such kind of non-monotonic
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Figure 1. Design principle of the non-monotonic evolution material. (a) Schematic comparison between conventional and non-monotonic stimuli
responsiveness. (b) Differential evolution dynamics of structures in more and less cross-linked regions to achieve non-monotonic stimuli
responsiveness. (c) Chemical structure of monomer precursors and cross-linker of the non-monotonic evolution material. (d) Preparation of the
polymer film and regulation of the cross-linking density by photo-cross-linking.

changes are only achieved in the solvent-containing material
systems, and are still a challenge to be realized in dry materials.

Crystallization-melting is the most common phase transition
of polymers, with over 70% of polymers being crystallizable.
There are significant property differences for polymer materials
between the crystalline and melting (or amorphous) states
such as transparency, strength, modulus, and so on. By
leveraging the crystallization-induced property differences,
various functions such as pattern display’’ and shape
morphing”' can be realized in polymers. In addition, since
the crystallization and melting processes are reversible, the
phase structure and physical properties of the materials can be
switched repeatedly by controlling the crystallization and
melting. It is worth mentioning that the kinetics of
crystallization-melting phase transition can be regulated by
many factors such as molecular weight”> and cross-linking
degree (p.).”” By leveraging the spatial difference in the
crystallization or melting kinetics of the materials, controllable
evolution of properties and functions could be achieved.
Therefore, the crystallization-melting phase transition holds
the potential to serve as an evolution mechanism for achieving
non-monotonic changes of dry materials.

Herein, we report a programming method to realize the non-
monotonic evolution of pattern and shape in dry materials by
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spatially regulating the p. in polymers to acquire spatial
heterogeneous dynamics in the process of crystallization and
melting. To achieve this idea, a polyester, poly(butylene
succinate-co-butylene maleate) (PBSM), with double bond
cross-linking sites on the main chain was synthesized as the
model polymer matrix. The p. of PBSM was manipulated by
adjusting the irradiation time under ultraviolet (UV) light, and
the spatial control of p. was achieved through a photomask.
Because p, has a significant effect on the crystallization-melting
kinetics, the remarkable differences in crystallization and
melting kinetics between the regions possessing distinct p,
can be realized (Figure 1b), further leading to the spatial
differences in transparency or shape recovery of the materials
at a macroscopic scale. Upon completion of the crystallization
or melting phase transformation, the physical properties (e.g,
transparency, shape recovery) of different regions tend to
converge so as to realize the dynamic evolution of pattern
information or shape. This design principle endows semi-
crystalline polymer materials with the ability to evolve
dynamically under a single constant stimulus, which can
realize the application of multilevel information encryption and
non-monotonic shape shifting. It is believed that this work
could contribute novel insights into the design of functional
polymer materials.
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Figure 2. Characterization of the photo-cross-linked polymer films. (a) Gel content, (b) DSC curves collected upon cooling from 150 to —60 °C at
10 °C/min, (c) DSC curves collected upon heating from —60 to 150 °C at 10 °C/min, (d) Melting temperature (T,,) and crystallization
temperature (T.), (e) Melting enthalpy (AH,,) and crystallinity (X_), and (f) Isothermal crystallization curves of the polymers with different
irradiation times (f;,). The samples were exposed under UV light for 15, 30, 45, 60, and 90 s, respectively. (g) Photos of the films (thickness ~0.5
mm) with £, values of 30 and 60 s during crystallization. The samples were first melted at 120 °C and then placed at 25 °C. (h) Evolution of visible
light transmittance upon cooling the films from 120 to 25 °C and holding at 25 °C for different time. All scale bars are S mm.

B RESULTS AND DISCUSSION

To prepare the polymer network, we first synthesized
unsaturated copolyester PBSM (M,, = 10.2 kDa) by melt
polycondensation of 1,4-butanediol (BDO), succinic acid
(SA), and maleic acid (MA) (Figure 1c). The synthesis
process of PBSM is presented in Figure S1, and its chemical
structural characterization can be found in Figure S2. Then, the
copolyester was mixed with a sulfhydryl photo-cross-linking
agent 3,6-dioxa-1,8-octanedithiol (DODT) and a photo-
initiator 1-hydroxy cyclohexyl phenyl ketone (Irgacure-184)
via solution blending. After removing the solvent by solution
casting, the mixture was hot-pressed into a film (thickness ~0.5
mm) and then photo-cross-linked under ultraviolet (UV) light
for different durations (Figure 1d).

Fourier transform infrared (FTIR) spectroscopy of the film
before and after UV irradiation was measured to prove the
success of photo-cross-linking. The reduction of characteristic
peaks (C=C stretch at 1642 cm™', =C—H stretch at 3052
em™, and S—H stretch at 2570 cm™") suggests a click reaction
between the sulthydryl group and double bond under UV
light,m’24 indicating successful cross-linking (Figure S3). The
gel contents of polymer films with different UV irradiation
times (t,) were measured by the solvent extraction method to
explore the impact of ¢, on cross-linking. Figure 2a shows that
the gel content increased from 70% to 90% with the extension
of t, from 1S5 to 90 s, indicating an improvement in p.. In
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addition, by measuring the a?})()parent cross-linking density as a
measure of p. (Figure S4),>>* it is found that the cross-linking
density increases with the increase of #,, which is consistent
with the change of gel content.

Differential scanning calorimetry (DSC) measurements were
conducted to evaluate the thermal behavior of cross-linked
polyesters (Figure 2b, c). It can be seen that both the melting
and crystallization temperatures (T, T.) decrease gradually
with the increase of #, (Figure 2d), due to the enhanced p..
The crystallinity (X.) of films with different , was calculated
by comparing the measured melting enthalpy (AH,,) with the
standard melting enthalpy (AH,°), X. = AH,,/AH,", where
AH,, was measured by DSC (Figure 2e) and AH,°’ was
obtained using the group contribution method (103 J/g for
PBSM crystals).”” Figure 2e shows that X, decreases with
increasing f;. Additionally, the DSC curves measured in
isothermal crystallization also demonstrate a decrease in the
crystallization rate as p. increases (Figure 2f). Crystallization
kinetic parameters of the polymers with different f, were
calculated by the Avrami equation (Table S1). The
crystallization time increases as p. increases. Based on all the
results discussed above, it is evident that the crystallization
ability of a polymer film can be tuned by ¢, due to the well-
controlled p..

The mechanical stability of polymer film is crucial for their
application.”® We measured the mechanical property of the
samples with different t,, values (Figure SSa). The results show
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Figure 3. Evolution of pattern information. (a) Schematic illustration of patterned photo-cross-linking and information writing by patterned photo-
cross-linking. The samples had two regions with ¢, values of 15 and 90 s. (b) Evolution of QR code pattern during crystallization at 25 °C and
melting at 120 °C. The sample had two regions with #, values of 30 and 60 s. (c) Multistep dynamic evolution of pattern. The sample had three
regions with #, values of 30, 45, and 60 s. (d) Evolution of the fluorescence pattern. The sample had two regions with ¢, values of 30 and 60 s, and

fluorescent dye was added into the sample. All scale bars are 5 mm.

that with the extension of irradiation time, the tensile strength
of the material decreases slightly and the elongation at break
increases, which may be due to the decrease of X_ of the
samples. For semicrystalline polymers, temperature will affect
the crystallization-melt states and thus significantly affect their
mechanical property. Therefore, taking the sample with f;, of
4S s as an example, we measure its mechanical property at 25
°C (crystallization state) and at 120 °C (melting state) (Figure
S5b). The results show that the polymer changes from hard to
soft after melting, the tensile strength decreases significantly,
and the elongation at break increases significantly.

Due to the effects of p. on crystallization kinetics, the
polymer films with different p. show distinct transparency
evolution in the cooling-induced crystallization process. In this
experiment, the films with £, values of 30 and 60 s were first
melted at 120 °C and then placed at 25 °C to observe the
change of transparency (Figure 2g). The more-cross-linked
film shows a slower decrease in transparency during
crystallization, due to the slowed crystallization rate. As the
crystallization proceeds, the two films eventually reach similar
transparency. Also, the more-cross-linked film shows faster
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melting during heating (Figure S6). To quantify the trans-
parency, we further used a transmission meter to measure the
change of visible-light transmittance during crystallization for
the films with various ¢, values (Figure 2h). It can be seen that,
as the cross-linking time is prolonged, the transmittance of the
films decreases more slowly due to the reduced crystallization
rate. Except for the film whose crystallization ability is too
weak after irradiation for 90 s, the transmittance of other films
is similar after crystallization for S min.

We then spatially programmed the crystallization ability of
the polymer film by locally tailoring the p. with t, as illustrated
in Figure 3a. In the photo-cross-linking experiment, various
regions within the film were exposed to UV light for different
durations using a photomask, causing that the different regions
have varied but well-controlled p,, depicted as less-cross-linked
and more-cross-linked regions. The more-cross-linked region
with longer . crystallizes more slowly during the cooling
process than the less-cross-linked region with shorter ¢,. This
different crystallization kinetics leads to variations in optical
transparency between the two regions; thus, the crystal pattern
can be displayed. By leveraging the pronounced difference in
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Figure 4. Non-monotonic shape evolution. (a) Schematic illustration of gradient photo-cross-linking and its resulting non-monotonic shape
evolution. (b) Shape evolution of a gradient photo-cross-linked polymer film during the shape memory recovery process. (c) Non-monotonic shape
evolution time at different recovery temperatures. ¢, is the evolution time from a flat shape to a curled shape in panel (b), and ¢, is the evolution
time from a curled shape to a flat shape in panel (b). (d) Different shape evolution pathways based on patterned gradient photo-cross-linking.
These shapes are the intermediate states of shape evolution. (e) Non-monotonic shape evolution for taking and releasing the objects. (f) Non-
monotonic shape evolution to simulate the closing and reopening of mimosa. (g) Encryption/decryption process of a non-monotonic shape
evolution film with pattern information. The encrypted information is “ZJU”. (h) Encryption/decryption process of a multistep information
evolution film folded into an envelope by origami method. “1897” is the interference information, and “97” is the encrypted information. All scale

bars are 10 mm.

transparency during the crystallization process between the
regions with t, of 15 and 90 s, we successfully achieved the
display of crystal patterns, which could present diverse
information such as graphics, letters, numbers, and Chinese
characters (Figure 3a). The spatial resolution of these patterns
was up to 100 ym (Figure S7).

Except for the writing of simple information, complex QR
code information can be encrypted during the crystallization
process (Figure 3b and Movie S1). To this end, a film was
prepared with two regions exposed to irradiation for 30 and 60
s by using a photomask. The film was initially heated to 120 °C
and completely melted and then allowed to crystallize at 25 °C.
With the crystallization proceeding, the transparency difference
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between the two regions gradually increased, making the QR
code visible and scannable with a smartphone to obtain the
encoded information. With the completion of crystallization,
all regions became opaque and the transparency difference
decreased, causing the QR code information to gradually fade
away after long-time crystallization. After the information
disappeared, the film was heated to 120 °C for melting.
Because the more-cross-linked region has lower T, and X_
than the less-cross-linked region, the former melted faster than
the latter during heating. Taking advantage of the different
melting rates in the various regions during heating, we could
also realize the appearance and evolution of the QR code.
Furthermore, we expanded the approach by incorporating
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three regions with different £, (30, 45, and 60 s) to enable a
multistep encryption of information. During the cooling
process, the numbers “1897” and “97” could be read
consecutively. Eventually, the information vanished as
crystallization was completed (Figure 3¢ and Movie S2).

Moreover, it is worth noting that the crystallization of
polymer chains can regulate the dispersion of doped
fluorescent dyes in the polymer matrix, leading to a change
in fluorescence color.”” We then introduced the fluorescent
dye 7-(diethylamino)coumarin-3-carboxylic acid and con-
trolled the crystallization rates of different regions with £,
values of 30 and 60 s. Accordingly, we are able to transform the
evolution of crystal patterns into fluorescent patterns, which
enrich the color of pattern evolution (Figure 3d and Movie
S3). Our strategy serves as an effective means of information
encryption and can be extended to other semicrystalline
polymers. By selecting polymers with appropriate crystalliza-
tion rates and incorporating more structural patterns, we
believe that a wide range of editing possibilities of information
evolution can be achieved. This encryption method hides the
information in a specific process, and the decryption
mechanism depends on the kinetics differences of the
structural evolution of different regions. Thus, the information
shows the dynamic nature of multistep change, which can
improve the security of information to a great extent.

After studying the crystallization kinetics control in planar
direction, we further investigated the crystallization control in
the thickness direction by gradient cross-linking. Gradient
structure is a common heterogeneous structure of polymer
materials, which can be realized by the attenuation of
lightlé’*w_32 or the diffusion of matter.">” Figure 4a illustrates
the strategy to induce the gradient cross-linking structure in
polymer film. In this experiment, the solution-cast film
comprising of PBSM, photo-cross-linker, and photoinitiator
was exposed to UV light on one side for 30 s to establish a
gradient in p,, utilizing the attenuation of light intensity along
the thickness direction. The gradient structure of the as-
prepared film was confirmed by wide-angle X-ray scattering
(WAXS) and DSC (Figure S8). The WAXS results show that
the diffraction intensity of the side near the UV light was lower
than that far from the UV light, due to the higher p, of the side
near the UV light. The DSC results collected in the heating
and cooling process are consistent with the WAXS results. The
gradient structure of cross-linked polymer film was also verified
by scanning electron microscopy (SEM) (Figure S9). Before
SEM measurement, the sample was immersed in chloroform to
etch the non-cross-linked part. It can be seen that the non-
cross-linked part etched away is less in the top side, indicating
the higher p.. On the contrary, the bottom side shows more
etching parts due to the lower p.. Therefore, p_ decreased with
the attenuation of light intensity. As deduced from former
results (Figure 1d, e), T, and X, will vary gradiently and there
will be multistep melting behavior along the thickness
direction.

According to the shape morphing mechanism of shape
memory polymers triggered by melt-crystallization transi-
739 the shape shifting can be triggered by the melting
of crystals. Based on this principle, we hypothesize that the
multistep melting behavior can be employed to program the
non-monotonic shape evolution during the shape recovery
process. The shape memory properties of gradiently cross-
linked film were measured using a dynamic mechanical
analyzer (DMA). The film demonstrated the shape fixity rate
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(R¢) and shape recovery rate (R,) exceeding 99% and 96%,
respectively, over four shape memory cycles (Figure S10). To
validate the aforementioned non-monotonic shape evolution
hypothesis, the film was stretched by 50% at 120 °C, then
cooled to 25 °C to fix its temporary shape, and then heated to
the elevated temperature to observe the shape recovery
behavior (Figure 4b and Movie S4). The result shows that
the film first curled and then unfolded during the shape
recovery process, displaying a non-monotonic shape evolution
consistent with our prediction. This behavior arises from the
presence of a gradient crystal structure, which leads to different
melting kinetics in the film thickness direction. Shape recovery
starts on the more-cross-linked side and then progresses to the
opposite less-cross-linked side, resulting in the non-monotonic
shape evolution (Figure 4a). For comparing the shape
morphing behavior between gradiently cross-linked and
uniformly cross-linked films, we prepared a uniformly cross-
linked film by irradiating both sides with UV light for 15 s and
explored its shape memory effect (Figure S11). The result
shown that, compared to the gradiently cross-linked film, the
uniformly cross-linked film only exhibited the monotonous
shrinkage but not the controllable multistep deformation.
Additionally, the shape evolution time from the temporary
shape to the curled shape () and from the curled shape to the
permanent shape (t,) were measured during the shape
recovery process at different recovery temperatures (Figure
4c and Figure S12). It was found that the shape morphing
became faster with the recovery temperature rising and the
non-monotonic shape evolution always took place at even
elevated temperatures.

Combined with the local control over strain,”” complex and
diverse shape evolution can be realized during the shape
recovery process (Figure 4d). The non-monotonic shape
evolution of the film can be utilized to pick up the object when
curling and then put the object down when unfolding (Figure
4e and Movie SS). This controllable non-monotonic shape
evolution under a single constant stimulus is difficult to attain
using other programming methods. Furthermore, we cut the
film into the shape of a starfish. It was stretched in the molten
state (120 °C) and then crystallized to fix the temporary shape.
Afterwards, upon thermal stimulus (heating to 120 °C), the
starfish flexed its body to pass through the narrow hole and
then opened its body (Figure S13 and Movie S6). According
to this programming principle, diversified and process-
controllable shape evolution design can be realized by cutting
the film into various shapes and combined with the means of
patterned irradiation, for example, the non-monotonic shape
evolution of mimosa and flower (Figure 4f and Figure S14).
This strategy enables the material to undergo dynamic shape
changes under a constant stimulus, thereby enhancing its
potential for functional application.

Furthermore, multiple encryptions of information can be
realized by coupling the pattern and shape evolution of the
material. As shown in Figure 4g, we encrypted a film with
“ZJU” information (like Figure 2b, the sample had two regions
with t, of 30 and 60 s) into a stretched temporary shape.
During the decryption process, the film initially curled upon
heating, thus, concealing the information inside. As the film is
unfolded in the end of shape recovery process, the information
became readable with the first crystallization of less-cross-
linked region and it was hidden again with the subsequent
crystallization of more-cross-linked region. In addition, we
encrypted the pattern information capable of multistage
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evolution in the film (like Figure 2c, the sample had three
regions with #, of 30, 4S, and 60 s) and then programmed it
into a shape similar to an envelope by the shape memory
mechanism and origami method (Figure 4h). To access the
information inside, it was needed to open the envelope by
heating first (Movie S7), and then the number information
could be read during the cooling process. During the evolution
of pattern information, “1897” can be set as the interference
information and “97” as the real information. Eventually, the
information vanished as crystallization was completed.

B CONCLUSION

In summary, we propose a novel method to achieve pattern
and shape evolution in dry materials by a spatially programmed
crystallization and melting process. The design principle is
using light to regulate the spatial cross-linking structure of the
polymer, thus endowing the material with spatially distinct
crystallization and melting kinetics to realize the controllable
property evolution over time. First, pattern evolution offers an
ingenious approach to hide the information in a specific
process, and the dynamic nature of multistep change improves
the information security to a great extent. Second, shape
evolution enables the material with non-monotonic shape
morphing ability, which can achieve controllable shape
switching under a single constant stimulus, simplifying the
external conditions to achieve complex shape morphing.
Furthermore, the combination of pattern and shape evolution
provides a more secure encryption method that couples the
dual encryption of pattern and shape. We believe that this
programming approach can offer new insights into the
functional design of polymer materials.
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