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Tailoring Photoweldable Shape Memory Polyurethane with
Intrinsic Photothermal / Fluorescence Via Engineering

Metal-Phenolic Systems

Zhongxin Ping, Fang Xie,* Xiaobo Gong, Fenghua Zhang, Jie Zheng, Yanju Liu,

and Jinsong Leng*

Multifunctional shape memory polymers are significant for next-generation
intelligent systems as smart materials. However, their practical applications
are limited by toughness, manufacturability, and functional integration
strategies. Besides, while 4D printing is used to construct deformable devices,
the limited accessible shapes and difficulty of integrating multiple materials
hindered the development of multifunctional devices. Herein, metal-phenolic
coordination is used as crosslinks to tailor tough shape memory
polyurethanes with intrinsic photothermal effect and/or tunable fluorescence.
The reversible dissociation of metal-phenolic complexes upon loading
provides an efficient energy dissipation for the polymer network. The
photothermal/fluorescent properties of target polyurethane can be effortlessly
programmed by changing the coordinated metals and functional ligands. The
obtained fluorescent polyurethane displays tunable fluorescence through the
reversible dissociation-association of dynamic bonds upon thermal stimulus.
Moreover, relying on light-triggered hybrid exchange reactions among various
metal-phenolic coordination bonds, heterogeneous interfaces can be merged
to manufacture exquisite 3D shape-shifting devices and integrate more
advanced functions. As demonstrations, intrinsic photothermal-responsive
shape memory stent, and 3D fluorescent encryption device are produced
based on photo-welding instead of 4D printing. This study not only provides a
convenient supramolecular strategy for constructing multifunctional smart
materials but also demonstrates a feasible method for making personalized
integrated architectures.

1. Introduction

Shape memory polymers (SMPs) were
a classic smart deformable material that
showed great potential in shape-shifting-
related intelligent systems such as anti-
counterfeiting, information encryption,
and biomedicine.['! Most SMPs were only
thermal-responsive, and heat conduction
often made it difficult to precisely con-
trol their shape recovery during direct
heating. In contrast, the deformation of
photothermal-responsive SMPs could be
remotely and precisely guided in space and
time through light stimuli.?! Furthermore,
advanced SMPs were required to inte-
grate multiple functions to meet diverse
application requirements. For example,
SMP-based 3D information encryption
platforms showed great potential in the
field of anti-counterfeiting. However, in-
formation storage achieved through only
by deformation may lead to information
leakage under destructive processing.
Tunable fluorescence was a fascinating
property that can change in response to
external stimuli, providing the opportu-
nity to display information on demand
in information encryption platforms.(!
Therefore, to enhance the application
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security and timeliness of the information encryption platform,
SMPs needed to be integrated with tunable fluorescence. 3D
structures composed of various functional polymers have at-
tracted much attention in fields such as soft robotics, tissue engi-
neering, and deployable devices.l*! To achieve flexible morphol-
ogy design and integration of advanced functions in deformable
devices, it was inevitable to merge heterogeneous functional poly-
mers, which put forward requirements for the dynamic charac-
teristics of crosslinking networks.’! Therefore, developing mul-
tifunctional dynamic polymer networks was of profound signifi-
cance but fraught with difficulties.

A wide range of strategies for integrating photoresponsive
functions in SMPs has been developed and they could be
divided into two major categories: i) adding photothermal or
fluorescent fillers to the polymer matrix to prepare composites,[(’]
and ii) regulating molecular architectures to prepare intrinsic
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photoresponsive SMPs.[”] For the former, functional fillers, such
as photothermal fillers (MXene, graphene, carbon nanotubes,
and Fe;O, nanoparticles), and fluorescent fillers (perovskite
quantum dots, carbon dots, and fluorescent dyes), were often
inevitable in uncontrollable aggregation.®! Such undesirable
aggregation resulted in poor mechanical properties and photore-
sponsive functionality. Moreover, some functional additives had
poor biodegradability and potential toxicity, making it difficult
to apply such shape memory composites in the biomedical
field.’] The latter approach was widely implemented, as it could
offer flexibility and opportunities to tailor SMPs with strong
mechanical properties and multi-functions. However, designing
molecular architectures to achieve functional integration often
involves complex synthetic strategies. Molecular architectures
for functional integration and energy dissipation were difficult to
couple, resulting in a trade-off between mechanical properties,
and functionality of polymer networks.!*") Therefore, it was of
great significance to develop a convenient and efficient strategy
for engineering tough SMPs with well-defined functions.

Introducing molecular architectures with desired functions to
partake in crosslinking was an effective means to produce tar-
get functional polymers.['"l Metal-phenolic system (MPS) was
a supramolecular network structure composed of metal ions
(such as Fe**, Eu**) and phenolic ligands (such as natural or
synthetic polyphenols).'”?l Modulating metal ions and ligands
has become a universal strategy to prepare MPS with specific
functions, such as fluorescence,['*! photothermal effect,['* self-
destruction,[**] antibacterial,'*! and adhesion.['”] However, previ-
ous refreshing studies on metal-phenolic networks had only fo-
cused on functional nanoparticles, coatings, and hydrogels. MPS-
cored polymeric films with multi-functions and high toughness
had been less developed. Considering the numerous advantages
of MPS, introducing MPS as a crosslinking component may be a
feasible and promising method to prepare polymeric films with
both excellent mechanical properties and well-defined functions.
Moreover, relying on the good biodegradability of MPS, it was
expected that versatile MPS-cored SMPs would have broad appli-
cation prospects in biological applications.

Herein, we reported a strategy for preparing functionalized
polymers based on metal-phenolic systems. Specifically, MPS
was used as crosslinking to prepare multifunctional shape mem-
ory polyurethanes with intrinsic photothermal or/and tunable
fluorescence (Scheme 1). The intrinsic photothermal/fluorescent
properties of polymer networks can be tailored by changing metal
ions and guest ligands. The dynamic metal-phenolic coordina-
tion bonds provided effective energy dissipation for the polymer
network when strained. Based on the intrinsic photothermal ef-
fect, the heterogeneous metal-phenolic coordination bonds orig-
inating from various polymers can be dissociated and recom-
bined to merge overlapping interfaces, thereby achieving photo-
welding. Various impressive deformable devices composed of
heterogeneous functional polyurethanes were fabricated using
photo-welding instead of 4D printing. Light-triggered shape
memory vascular stents made by photo-welding may provide a
guarantee for emergency rescue scenarios. Photo-welded 3D flu-
orescent encryption device relying on localized shape memory
behavior to achieve decryption provided a reference for the rapid
design and manufacturing of advanced information encryption
platforms. This study provided a robust supramolecular strategy
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for producing multifunctional smart materials and a convenient
approach for manufacturing personalized sophisticated architec-
tures.

2. Results and Discussion

2.1. Construction and Characterization of the PU-PM

Considering the good biocompatibility and degradability of
metal-phenolic systems and the huge demand for SMPs in
biomedicine, '8! wearable devices,['?! and 4D printing,[?°! degrad-
able and biosafe polycaprolactone (PCL) was selected as a soft
segment to build the SMP network. Functionalized shape mem-
ory polyurethane was prepared using the prepolymer method
(Figure 1a). Polycaprolactone diol (PCL-20H; -OH) was re-
acted with hexamethylene diisocyanate (HDI; -NCO) for 20 h
to obtain -NCO-terminated molecular chains. Then, a yellow-
green solution was subsequently obtained after the 3,4-
dihydroxybenzaldehyde (PA; -OH, and Salvia miltiorrhiza ex-
tract) as a chain extender was added to the resulting product
at 70 °C for 24 h. Then, the solution was mixed with differ-
ent coordinated metals, obtaining polyurethane (PU) film with
shape memory, and intrinsic photothermal effect (denoted as
PU-PM; PU-PM represented the general name for metal ions-
coordinated PUs). The method of integrating fluorescence func-
tion was unique, and the synthesis and characterization of photo-
luminescent PU were separately discussed in subsequent chap-
ters.

Different metal-phenolic crosslinking defined the color of the
PU films. Compared with the light-yellow PU-PA (uncoordi-
nated PU) film, PU-PFe (Fe**-coordinated PU) film appeared
deep black, while the color of PU-PEu (Eu**-coordinated PU)
film deepened to dark yellow (Figure la, inset). The large dif-
ferences in color transitions can be attributed to the different
electronic structures of the heterogeneous coordinated metals.[?!]
Fourier-transform infrared (FTIR) spectra and nuclear magnetic
resonance (NMR) spectra were used to confirm the success-
ful preparation of PU-PA (Figure 1b; Figure S1, Supporting
Information). The peak of the -NCO group near 2273 cm™
was not observed, indicating that the phenolic hydroxyl group
successfully participated in the condensation reaction. More-
over, adding metal ions resulted in a decreased intensity of the
HO—C stretching peak at 1529 cm™!, indicating the formation
of metal-phenolic coordination bonds. The coordination patterns
of metal-phenolic complexes presented strongly pH-dependent
self-assembly kinetics.[??) Raman and UV-vis spectra were used
to elucidate the coordination modes of metal-phenolic crosslink-
ing. Compared with uncoordinated PU-PA, peaks related to the
vibration of metal-catechol bonds were detected in the Raman
spectra of PU-PM in the range of 480-660 cm™, further confirm-
ing the formation of coordination crosslinking (Figure 1c; Figure
S2, Supporting Information). Furthermore, the peak at 535 cm™
of PU-PFe was related to the increased bis- and tris-catechol-Fe
(III) complexes relative to the mono-catechol-Fe (III) complex,
confirming the dominance of bis- and tris-complexes. The pres-
ence of broad ligand-to-metal charge-transfer (LMCT) bands in
the UV-vis spectra of PU-PM further indicated the formation of
metal-phenolic crosslinking (Figure 1d). The metal compound
precipitation was not detected by Scanning electron microscopy
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Scheme 1. a) Schematic illustration of the engineering shape memory polyurethane with intrinsic photothermal/fluorescent properties based on the
metal-phenolic system. b) Diagram of rapidly making shape memory medical devices composed of PU-PFe films for emergency rescue via photo-welding.
c) lllustration of easily assembling various functional PU films into a 3D information encryption device through photo-welding.

(SEM) and energy-dispersive X-ray spectroscopy (EDX) at the mi-
croscale. The metal elements were evenly distributed in the PU
films (Figure S3, Supporting Information). Besides, no diffrac-
tion peaks corresponding to any inorganic compound were ob-
served in the X-ray diffraction spectra (XRD) (Figure S4, Sup-
porting Information). Therefore, the contribution of inorganic
fillers to the mechanical properties of the polymer network was
excluded.

2.2. Toughening Effect and Mechanism of PU-PM

Uniaxial tensile testing was used to explore the mechanical prop-
erties of PU-PA, PU-PFe, and PU-PEu with a stretching rate
of 30 mm min~! at room temperature (Figure 2a,b; Figure S5,
Supporting Information). The PU-PA had the worst mechani-
cal properties (average toughness: 96 M] m~3), which can be
attributed to the brittleness caused by the high crystallinity of
the sequential linear polymer network. In comparison, PU-PM,
with metal-phenolic crosslinks, had much stronger mechani-
cal properties. The engineering stress, engineering strain, and
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toughness had been greatly improved. Especially, PU-PFe repre-
sented 3.25 fold higher engineering stress (52.7 MPa), 1.79 fold
higher engineering strain (1515%), and 3.79 fold higher tough-
ness (364 MJ m~’) than uncoordinated PU-PA. Note that the
engineering stress of PU-PFe was higher than that of PU-PEu,
which may be contributed by the difference in bond energy of
heterogeneous metal-phenolic coordination bonds. Typical true
stress-strain curves for PU films were used to complement the
engineering stress-strain curves (Figure 2c). The true stresses of
PU-PFe and PU-PEu were as high as 888.58 and 630.47 MPa, re-
spectively. Moreover, PU-PFe flake (0.0123 g) could load 2.975 kg
of weight (241869 times the film weight; Figure 2c inset), which
further revealed the remarkable mechanical robustness of PU-
PFe film. Compared with previously reported photothermal poly-
meric composites, %3] intrinsic photothermal polymers,!®>?*]
and luminescent polymers,!''#2] PU-PM with designable inte-
grated functions exhibited excellent comprehensive mechanical
properties (Figure 2d).

Then, the crystalline and phase separation of PU films were
explored to clarify the effect of coordination crosslinking on the
polymer structure. The wide-angle X-ray diffraction (WAXD)
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Figure 1. Synthesis routes and characterization of PU-PMs. a) Schematic illustrating the synthesis of PU-PMs. b) FTIR spectra, c) Raman spectra, and

d) UV-vis spectra of different PU-PMs.

pattern of PU-PA appeared sharp crystal reflections at 20 = 21°
and 23.6°, corresponding to the (110) and (200) planes of PCL re-
spectively (Figure S4, Supporting Information).l?*! Nevertheless,
the WAXD patterns of PU-PFe and PU-PEu presented two broad
and low diffraction peaks, indicating that amorphous PCL was
dominated in the polymer network. The explanation for this was
that introducing metal-phenolic crosslinking destroyed chain
ordering and inhibited the crystallization of PCL, which was
verified by differential scanning calorimetry (DSC) (Figure S6,
Supporting Information).[”] Compared with the melting peaks
of PU-PA (melting temperature (T,,): 54.8 °C), that of PU-PFe
and PU-PEu (T,,: 47.5 °C) moved to the lower temperature and
presented a broader peak width. The crystallinity of PU-PA (ca.
39.9%) was much higher than that of PU-PFe (ca. 23.7%) and PU-
PEu (ca. 26.4%), which confirmed the hindering of crosslinking
on crystallization behavior. Note that the similarity in crystallinity
between PU-PFe and PU-PEu may be an important factor in
their similar mechanical properties. Moreover, these results
meant that the shape memory effect of PU-PM was dependent
on the melting-crystallization behavior of PCL segments.
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The small-angle X-ray scattering (SAXS) patterns were used
to investigate the microphase-separated structure in PU-PFe
induced by coordination bonds and hydrogen bonds. The pe-
riodicity of the phase separation domains was calculated to
be ~13.74 nm (Figure S7, Supporting Information). For this,
we hypothesized that multiple noncovalent interactions (metal-
phenolic coordination bonds and hydrogen bonds) were confined
within the crystalline PCL to generate phase-separated domains
with hierarchical structures (Figure S8, Supporting Information).

The structural evolution of phase separation domains was an-
alyzed based on WAXD and 2D-SAXS patterns of PU-PFe under
different degrees of strain to elucidate the toughening mecha-
nism (Figure 2e,f). When the film was stretched to 150% strain,
the intensity of the diffraction peak of the crystalline PCL in-
creased slightly in the WAXD patterns. However, 2D-SAXS im-
ages displayed that the isotropic scattering underwent a round-
to-rhombus change. This indicated that the phase separation do-
main deformed at 150% strain and a low degree of strain-induced
crystallization (SIC) occurred inside the film. When stretched to
300% strain, the intensity of the diffraction peak of the crystalline
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Figure 2. Mechanical properties and toughening mechanism of PU-PM. a) Engineering stress-strain curves of PU-PM. b) Toughness comparison of
different PU films. c) True stress-strain curves of PU-PM. d) Comparison between PU-PFe/PU-PEu and previously reported functional polymers or
composites in terms of stress and strain. ) WAXD and f) 2D-SAXS patterns of PU-PFe at different strains. g) Schematic of the mechanism of enhanced

mechanical properties of PU-PFe with metal-phenolic crosslinking.

PCL increased significantly in the WAXD patterns. Meanwhile,
the 2D-SAXS pattern had no obvious change compared with the
previous stage. The intensity of the scattering peak in the 1D-
SAXS profiles decreased slightly (Figure S7, Supporting Infor-
mation). This confirmed that the structure of phase-separated do-
main still remained relatively intact. However, the strain process
induced the elongation, arrangement, and alignment of molec-
ular chains, which led to a high degree of SIC. When stretched
to 500% strain or even higher, the intensity of scattering pattern
in SAXS decreased greatly. This moment, the coordination bond
and hydrogen bond were rapidly destroyed, indicating that the
structure of phase separation domains gradually collapsed. The
dissociation energy of the Fe (III)-phenolic coordination bond
was much higher than that of the hydrogen bond.[?! As shown
in Figure 2g. when stretched to small strains, hydrogen bonds
with lower dissociation energy dissociated first. As the strain in-
creased further, Fe (III)-phenolic coordination bonds dissociated.
The external mechanical stress caused the non-covalent bonds to
dissociate and reorganize at newly accessible segments, resulting
in superior energy dissipation. Combining the above, the remark-
able mechanical properties of PU-PFe can be attributed to sev-
eral factors: i) the microphase separation domain acted as a rigid
nanofiller; ii) the Fe (III)-phenolic coordination bond strength-
ened the energy barrier for chain separation from the domain; iii)
the dissociation-recombination behavior of hierarchical dynamic
non-covalent bonds greatly improved the energy dissipation.
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2.3. Photoweldability and Light-Triggered Shape Memory Based
on Intrinsic Photothermal Effect

The intrinsic photothermal effect was of great significance for
photo-welding and light-triggered shape memory. The photother-
mal conversion mechanism of MPS-based PU-PM adhered to the
fundamental principle of “light absorption — electronic transition
—vibrational relaxation (heat generation)” (Figure S9, Supporting
Information).1?) Superior light absorption will lay the foundation
for the intrinsic photothermal effect of PU films.[3*) As shown
in Figure 3a, the UV-vis-near infrared (UV-vis-NIR) absorption
spectra were used to investigate the light absorption of various
PU films. The PU-PFe and PU-PEu films exhibited stronger light
absorption over the pure PCL and uncoordinated PU-PA films in
the short-wavelength near-infrared region. The absorption of PU-
PFe and PU-PEu at 808 nm were 96.1% and 75.5%, respectively.
Note that the light absorption of PU-PFe was much higher than
that of PU-PEu. The changing trend of the light absorption of the
PU films matched their color change trend (Figure 1a, insets).
This can be attributed to the following factors: Fe** with partially
filled d orbitals formed deep black Fe (III)-phenolic crosslink with
strong light absorption due to the d—d transition; conversely, due
to the subtle bandgap changes of the {—f transition, Eu** formed
light-colored Eu (I1I)-phenolic crosslink.?!] These unique prop-
erties of MPS also provided the possibility to customize PU films
with different colors and optical properties.
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Figure 3. Intrinsic photothermal performance, photo-welding, and light-triggered shape memory. a) UV-vis-NIR absorption spectra of different PU
films. b) Surface equilibrium temperature of various PU films with different NIR intensities. c) IR images of various PU films irradiated with various NIR
intensities. d) Time-dependent temperature profiles of PU-PFe recorded under NIR on-off of various intensities. e) Dynamic mechanical analysis curve
of PU-PFe film in shape memory behavior. f) Photographs of stretching PU-PFe/PEu welded for 15 min to various strains (ca. 0%, 500%, 1100%). g)
SEM images of PU-PFe/PEu after welding (The scale bar was 100 um). h) Stress-strain curves of PU-PFe/PEu samples at different times of welding (5,
10, 15, and 30 min). i) Swelling experiments in THF of photo-weld PU-PFe/PEu. j) Process of multistage NIR-triggered shape memory behavior and
permanent shape reconfiguration properties of welded PU-PFe/PEu/PFe film. k) The applications of PU-PEu film used for information identification.

Subsequently, the photothermal performance of these PU
films was surveyed in detail. Under the vertical 808 nm NIR
irradiation with the same power density, uncoordinated PU-PA
displayed the lowest equilibrium temperature, while PU-PFe ex-
hibited the highest equilibrium temperature (Figure 3b,c). When
the NIR irradiation intensity was 0.05, 0.1, 0.2, and 0.3 W cm 2,
the maximum steady-state temperatures of PU-PFe reached 58.3,
77.8, 105.5, and 149.3 °C within 180 s, respectively. Notably,
the photothermal equilibrium temperatures of various PU films
were positively correlated with the NIR power density, which
meant that the surface temperature could be regulated remotely
by changing the NIR power. This laid a good foundation for suc-
ceeding photo-welding and light-triggered shape memory effects.
The surface temperature of PU-PEu with relatively low light ab-
sorption reached 75 °C under the NIR irradiation (0.3 W cm™2),
which was higher than the shape memory transition temper-
atures (T, (ca. 47.5 °C). When exposed to NIR irradiation,
the U-shaped PU-PEu film could recover to its original linear
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shape (Figure S10, Supporting Information). Besides, the sur-
face temperature would gradually return to room temperature
within 3 min after the highly focused NIR irradiation was stopped
(Figure 3d). This rapid natural cooling property can facilitate
shape fixation in shape memory and maneuverability during
photo-welding.

The metal-phenolic crosslinking and melting-crystallization
behavior endowed PU films with a satisfactory shape memory
effect. Taking PU-PFe as an example, the one-way shape mem-
ory effect of PU-PFe was investigated. When the temperature
exceeded T, ., melting of the crystallized PCL resulted in a re-
markable increase in the mobility of the PU chains. At this mo-
ment, programming the temporary shape can be accomplished
by applying external loads. After cooling to room temperature
and removing external loads, recrystallization of PCL resulted
in a significant decrease in chain mobility, and the temporary
shape was fixed. Driven by entropic elasticity, the deformed sam-
ple would return to its original shape when the temperature was
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reheated above T, . without external loads. (Figure S11, Sup-
porting Information). DMA in controlled force mode was used
to record the single shape memory process of PU-PFe, includ-
ing shape programming, cooling, shape fixation, and shape re-
covery (Figure 3e). Note that PU-PFe underwent strain elonga-
tion during cooling caused by the crystallization-induced elonga-
tion (CIE) effect. The shape fixation rate (R;) and shape recovery
rate (R,) of PU-PFe were calculated from Equations S1 and S2
(Supporting Information) (See detailed in Figures S1-S6, Sup-
porting Information) to be 98% and 93%, respectively. The shape
memory curves of PU-PEu and PU-PEu/TTA showed that their
R; were both higher than 98%, and their R, were both higher
than 94% (Figure S12, Supporting Information). These results
revealed that the prepared photoresponsive PUs had superior
shape memory properties.

Merging heterogeneous polymers based on photo-welding was
of great significance for realizing flexible morphological design,
multifunctional integration, and independent control of different
modules of exquisite 3D structures.®!l The intrinsic photother-
mal effect and dynamic crosslinking of PU-PM made it possi-
ble to manufacture ingenious devices constructed of heteroge-
neous functional interfaces through photo-welding. Stress relax-
ation curves indicated that PU-PM had good dynamic properties
(Figure S13, Supporting Information). Attributed to the rapid ex-
change of metal-phenolic coordinate bonds at high temperatures,
the stress relaxation of the PU-PM became more rapid with in-
creasing temperature. 808 nm NIR light irradiation (input power:
2 W) was used to weld the overlapping regions of PU-PFe and
PU-PEu to obtain PU-PEu/PFe film. Note that all types of PU
films showed good thermal stability, which provided a guaran-
tee for the stable implementation of photo-welding (Figure S14,
Supporting Information). As expected, the PU-PEu/PFe film ex-
hibited superior stability after undergoing NIR welding. There
was no separation observed in the weld region during stretch-
ing (Figure 3f). The scanning electron microscopy (SEM) im-
age showed an overall and unified shape at the weld region
(Figure 3g). When stretching to fracture, the breaks occurred on a
single film or at the edge of the welding region (Figure S15, Sup-
porting Information). These indicated that there was robust inter-
face bonding at the welding region of PU-PEu/PFe film. To quan-
titatively investigate the photo-welding efficiency, the mechanical
properties of the welded PU-PEu/PFe were measured through
tensile testing (Figure 3h). The results displayed that the mechan-
ical properties of the welded PU-PEu/PFe gradually increased
with the increase of photo-welding time. The raised temperature
greatly enhanced the mobility of PU molecular chains, providing
the driving force to bypass kinetic traps. Consequently, the over-
lapping heterogeneous PU interfaces snugly aligned and firmly
merged through the dissociation-hybrid association of metal-
phenolic coordination bonds (Figure S16, Supporting Informa-
tion). The weld region was bent after swelling in tetrahydrofuran
(THF) for 24 h, which may be caused by the difference in swelling
ratio between heterogeneous PU films (Figure 3i). The weld re-
gion did not collapse due to interfacial stress, further indicating
the formation of stable hybrid coordination bonds between het-
erogeneous films.

The practical applications of 3D deformable devices composed
of SMPs inevitably required precise shape control in specific ar-
eas, which was difficult to achieve by activating shape recovery
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by direct heating. The good photothermal performance of PU-
PM laid the foundation for precise shape control. Two pieces of
PU-PFe and one piece of PU-PEu films were merged sequentially
by photo-welding, and the obtained photo-welded sample was
named PU-PFe/PEu/PFe (Figure 3j; Figures S1-S7, Supporting
Information). For the shape programming process, the NIR laser
was used to irradiate the three target sites (sites “a”, “b”, and “c”)
of the PU-PFe/PEu/PFe film sequentially to increase the mobility
of molecular chains. Note that due to differences in photothermal
performance, the NIR light power density to irradiate PU-PFe
(sites “a” and “b”, 0.2 W cm™2) and PU-PEu (site “c”, 0.4 W cm™?)
was different. Meanwhile, an external load was applied to bend
this film. Subsequently, the welded film was naturally cooled
to room temperature under external load to fix the temporary
shape. After programming the three deformation sites, an M-
shaped PU-PFe/PEu/PFe film was obtained. Photo-welded PU-
PFe/PEu/PFe film exhibited great advantages in controlled shape
recovery. By defining the irradiation regions, the film with the
temporary shape M can achieve precise control of shape recovery
at various positions at specified time nodes (Figure 3j—i). Specif-
ically, under NIR light irradiation (0.2 W cm™2), sites “a” and “b”
located on the PU-PFe film recovered their permanent shapes
within 25 s; site “c” (0.4 W cm™2) located on the PU-PEu film
recovered original linear shape after being irradiated with NIR
light for 40 s. Note that the difference in the photothermal per-
formance of the two films led to differences in the shape recovery
rates at different deformation sites.

Furthermore, the permanent shape of the PU-PFe/PEu/PFe
can be reconFigure d relying on the rapid stress relaxation be-
havior (Figure 3j-ii). The permanent shape of the target region
can be rapidly reshaped using NIR irradiation. First, an external
load was applied to the target site to cause the film to bend. Sub-
sequently, NIR light was used to illuminate the stress concen-
tration region for a period of time to achieve the shape recon-
figuration under external load. The light-triggered shape recon-
figuration of both films was affected by the photothermal per-
formance. Under the NIR light irradiation with the same power
density (ca. 8 W cm™2), the PU-PFe film can achieve shape re-
construction within 10 s, while PU-PEu needed to achieve this
process within 30 s. The original linear PU-PFe/PEu/PFe can
be quickly reshaped into an M-shaped film and still maintained
shape memory properties. This ultrafast regioselectivity perma-
nent shape reconfiguration would facilitate the rapid manufac-
turing of complex 3D devices. The PU-PFe/PEu/PFe film with
a linear temporary shape after programming exhibited a better
shape recovery rate after being irradiated with NIR light at the
same power density as mentioned above. This phenomenon can
be attributed to the difference in stress concentration between an-
gular deformation and arc deformation. The shape recovery state
of PU-PFe and PU-PEu films under the same light intensity can
be predicted based on the photothermal performance. When the
NIR power density was higher than 0.05 W cm~2 and lower than
0.3 W cm™2, only the PU-PFe film underwent the shape recovery;
when the NIR power intensity was higher than 0.3 W cm~2, both
PU-PFe and PU-PEu films would recover their permanent shape.
Therefore, it was feasible to achieve independent control of dif-
ferent parts in the overall welded sample by adjusting the power
density of the large-area light source. Note that the NIR power
density driving the shape memory process needed to be much
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Figure 4. lllustration of the controllable deployment process of photo-welded stent and its cytocompatibility. a) Fabrication process and photographs
of 3D stent by photo-welding without a mold. b) Photographs of the shape memory process of photo-welded 3D stent (The scale bar was 5 mm).
c) Photographs of simulated stent implantation and NIR-triggered deployment. d) Fluorescent images of the fibroblast cells cultured in PU-PFe and
control for 24 h, living cells: green; dead cells: red (The scale bar was 200 um). e) Cell viability of fibroblasts cultured in control and PU-PFe for 24 h. f)
NIR-triggered shape recovery of photo-welded W-shaped structure composed of PU-PFe and PU-PEu under the gelatin skin.

lower than that used during photo-welding to avoid undesirable
interface merging during shape manipulation.

Given that PU-PEu was a semi-crystalline SMP at room tem-
perature, the crystallization and melting of PCL resulted in
changes in visible light absorption. The temperature-induced
change in light transmittance implied the potential of PU-PEu
in information recognition and hiding. Figure 3k demonstrated
the activation and hiding of QR code information by the PU-
PEu film relying on the photothermal effect. At room tempera-
ture, the presence of crystals reduced visible light transmittance,
thereby hiding the QR code information. After being NIR irra-
diated (power: 3 W) for 10 s, the crystals in PU-PEu melt and
the hidden QR code information can be identified by the mo-
bile phone. The mobile phone can scan the displayed QR code to
instantly decode the message “Harbin Institute of Technology’s
school badge image”.

Personalized customization of medical devices with complex
shapes in the biomedical field had profound significance for dis-
ease treatment.3?] 4D printing offered the opportunity to cre-
ate deformable medical devices. However, special printers and
tedious modeling made the rapid manufacturing of devices in
some emergency scenarios difficult. Excitingly, photo welding
with spatial selection capability provided a promising approach
to the rapid fabrication of non-precision 3D deformable struc-
tures. The combination of 3D photo-welding and light-triggered
shape memory offers the advantage of a time window com-
pared with 4D printing. As a demonstration, the implantation
and light-triggered deployment process of shape memory vascu-
lar stent based on photo-welding was demonstrated (Figure 4a).
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This vascular stent was welded from 17 pieces of pre-cut PU-
PFe films, which included 50 welding nodes. After heating, trans-
verse stretching caused the vascular stent to shrink in the radial
direction (Figure 4b). After cooling to room temperature and re-
moving external forces, the elongated temporary shape was fixed.
Figure 4c demonstrated that the intrinsic photothermal effect
provided a key operating window for the precise deployment of
vascular stents into the human body. Body temperature-triggered
shape memory stents can deploy prematurely during deployment
leading to implantation failure.**! In contrast, the 3D photore-
sponsive shape memory stent prepared based on photo-welding
could be deployed regionally through NIR irradiation after im-
plantation and had flexible maneuverability.

After implantation, biocompatibility was necessary for safe im-
plantation of biomedical devices. The cytocompatibility of PU-
PFe was evaluated using in vitro fibroblast culture. The fluores-
cence image of fibroblasts cultured in a culture dish containing
PU leachate for 24 h was shown in Figure 4d. Live and dead cells
were stained green and red, respectively. After 24 h, there was no
significant difference in cell density between the control group
and the experimental group, indicating that the PU-PFe had no
significant effect on cell proliferation. Cell viability showed that
the cell survival rate was over 99% after 24 h, indicating that
the PU-PFe had good cytocompatibility and was expected to be
used in biomedicine (Figure 4e). Furthermore, using gelatin (ca.
5 mm) as a skin tissue analog, the NIR-triggered shape recov-
ery of PU-PM under skin-like tissue was investigated to eluci-
date its potential in biomedical applications (Figure 4f). NIR laser
(808 nm) can penetrate skin-like tissue and selectively activate
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samples in a linear shape (Temporary shape). It can be seen that
the “A/B/C” region in the metastable state sequentially recovered
its original shape (within 25 s for each node). These results indi-
cated that PU-PM was promising for biomedical applications.

Moreover, NIR-triggered shape memory and ultrafast shape
reconfiguration endowed deformable structures with the ability
to mimic biological behaviors. As shown in Figure S17 (Sup-
porting Information), based on NIR-triggered shape memory,
the photo-welded 2D planar tree structure (Permanent shape 1)
can be transformed into a temporary shape resembling a stand-
ing deer (Temporary shape 1). Next, the selective shape recov-
ery allowed the standing deer to switch to a half squatting state
(Temporary shape 2). Finally, relying on NIR-triggered reshaping
capabilities, the half squatting deer transformed into a crouch-
ing state (Permanent shape 2). Besides, a 3D morphing aircraft
composed of PU-PEu and PU-PFe was fabricated through photo-
welding (Figure S18, Supporting Information). Depending on
NIR-triggered shape memory, the wing of the morphing aircraft
can be adjusted to simulate the flexible flight attitude of bird.
Compared with directly heating merged regions with an elec-
tric soldering iron,®¥ photo-welding with heat localization en-
sured the overall orientation during the manufacturing process
of welded structures. Photo-welding heterogeneous functional
polymer interfaces paved the way for developing multifunctional
3D devices.

2.4. PU-PEu/TTA with Tunable Fluorescence Based on
Coordination Reconstruction

Smart fluorescent materials with shape configuration capa-
bility were significant for diverse applications, such as fluo-
rescent nanothermometers, information encryption, and anti-
counterfeiting.**) Whereas, most existing fluorescent materials
belonged to hydrogel or organo-gel systems, which were sus-
ceptible to external physical damage and dehydration, thus re-
stricting their lifespan and reliability. Metal-phenolic coordinate
polymers can be imparted with photoluminescence properties by
doping functional ligands. Fluorescent PU film was achieved by
swelling in a solution containing functional ligands. As shown
in Figure 5a and 2-thienoyltrifluoroacetone (TTA) was used as
a functional coligand to participate in coordination reconstruc-
tion to endow the film with fluorescent properties and to prove
that the target functions can be integrated into the polymer net-
works by introducing guest ligands. Specifically, due to the rapid
swelling behavior, the film was immersed in a solution contain-
ing the Eu-TTA ligand for swelling to doping the functional lig-
and (Figure S19, Supporting Information). The ligand molecule
was then anchored by a thermal-triggered metal-ligand bond re-
combination. The optimal excitation wavelength of the mate-
rial was fixed at 365 nm based on fluorescence spectrophotom-
etry (Figure S20, Supporting Information). The PU-PEu/TTA
(fluorescent PU doped with TTA) exhibited red fluorescence ex-
cited 365 nm UV light (Figure 5a, right). The incorporation of
TTA within PU-PEu backbones was investigated by FTIR spec-
tra (Figure 5b). The enhanced intensity of the C=0 stretching
vibration peak at 1621 cm™! revealed that TTA was successfully
bound through coordination. Figure 5c showed the fluorescence
spectra of the films before and after doping with TTA. The red
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fluorescence of PU-PEu/TTA film was mainly attributed to the
>D,—’F, transition near 619 nm.%>! The red fluorescence of PU-
PEu/TTA corresponded to the expected color of CIE coordinates
(0.655, 0.316) (Figure 5d).

Excitingly, the PU-PEu/TTA film exhibited thermal-responsive
tunable fluorescence intensity (Figure 5e). As shown in Figure 5f,
the fluorescence intensity of the PU-PEu/TTA gradually de-
creased with increasing temperature until it was quenched. After
the temperature dropped to room temperature, the fluorescence
intensity would return to its original state. Tunable fluorescence
was attributed to the fact that increasing temperature led to the
loss of the “antenna effect” and the enhancement of non-radiative
transitions.(*%)

Shape memory polymers inevitably needed to deform during
application, so it was extremely crucial to understand the sensitiv-
ity of fluorescence properties to external mechanical stress. The
PU-PEu/TTA film can still maintain its uniformly and red flu-
orescence when strained (Figure 5g). Sustaining excellent fluo-
rescence properties during the straining can provide a guarantee
for the shape programming. Furthermore, doping functional lig-
ands did not lead to a deterioration in the mechanical properties
(Figure 5h). The TTA with multi-coordination mode slowed down
the relaxation dynamics by interfering with the reorganization of
metal-ligand bonds, resulting in lower tensile strength, and bet-
ter stretchability.’”] As a result, based on the light-triggered shape
memory and fluorescence properties of PU-PEu/TTA, a fluores-
cent “flower” was fixed into a temporary “bud” via a heating-
cooling process, and then the flower was blooming again through
NIR irradiation. (Figure 5i; Movie S1, Supporting Information).

2.5. 3D Information Encryption Device & Light-Writing

Compared with the conventional 2D information encryption de-
vices with predictable readout processes, the 3D information en-
cryption devices with enhanced encryption complexity greatly in-
creased the difficulty of forging information.*¥] Whereas, the
fabrication of such devices with advanced encryption features
remained challenging. Relying on the customizable photother-
mal / fluorescence properties, light-triggered shape memory, and
photoweldability, the integrated 3D fluorescence encryption de-
vice constructed by PU-PFe and PU-PEu/TTA has been success-
fully manufactured, which performed spatial selective encryp-
tion (Figure 6a). The 3D fluorescent encryption device was based
on the “segment display font” principle (Figure S21, Support-
ing information). First, seven pieces of fluorescent PU-PEu/TTA
films were welded in parallel on the PU-PFe film to display the
number “8”. Subsequently, seven pieces of PU-PFe films were
welded to the side of each piece of PU-PEu film at an angle
perpendicular to the bottom PU-PFe to ensure that the corre-
sponding fluorescent film can be shielded through the deforma-
tion. Note that the seven fluorescent PU-PEu/TTA films were
marked “red/orange/yellow/green/cyan/blue/purple” to corre-
on the NIR-triggered shape memory, selective NIR exposure to
seven regions according to different input codes can display
different output codes, thus decryption. For instance, the in-
put code “[3-6]—1-[4-7]-2-5" can be used to decrypt the output

message “1-7-3-9-8” (Figure 6¢). This output code can be de-
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Figure 5. Customized PU-PEu/TTA film with tunable fluorescence and light-triggered shape memory. a) Schematic of customized fluorescent PU-
PEu/TTA film based on coordination reconstruction involving functional ligands. Insets were photographs of the various PU films under natural light
and 365 nm UV light. b) FTIR spectra of PU-PEu and PU-PEu/TTA films. c) Fluorescence spectra of PU-PEu and PU-PEu/TTA films excited at 365 nm. d)
CIE chromaticity diagram of PU-PEu/TTA film. e) In situ fluorescence spectra of PU-PEu/TTA films at different temperatures. f) A demonstration of PU-
PEu/TTA film with thermal-responsive fluorescence under UV excitation. g) Photographs of PU-PEu/TTA film at various strains excited 365 nm UV light.
h) Engineering stress-strain curves of PU-PEu and PU-PEu/TTA films. i) Images of the fluorescent “blooming flower process” based on NIR-triggered

shape memory.

crypted in the following order: first, NIR ligt irradiated the re-
gions marked “yellow/blue”, then “red”, “green/violet”, “orange”,
and finally “cyan”. The photo-welded 3D information encryption
device exhibited a unique photomechanically modulated fluores-
cence mechanism and had the advantage of remote-control preci-
sion, which was expected to be applied to important data storage
in the economic and military fields.

Furthermore, smart rewritable display systems based on re-
versible stimulus-responsive materials were widely studied to
reduce the heavy consumption of electronic disposables in the
Internet of Things era.’?! The PU-PEu/TTA film with intrin-
sic photothermal and thermal-responsive fluorescence proper-
ties can be directly employed as a smart rewritable display sys-
tem without relying on a sophisticated designed multistage struc-
ture (Figure 6d). Based on the “light input-heat generation-
fluorescence output” process, various texts can be written on
the PU-PEu/TTA film by manually controlling the movement lo-
cus of the facula from the 808 nm laser. Subsequently, the letter
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“H” was written on the surface of the PU-PEu/TTA film using
an 808 nm laser pointer as the “pen”. After the NIR laser was
turned off, the temperature dropped rapidly causing the written
information to self-erasing after 30 s. Benefiting from the excel-
lent thermal stability of the PU-PEu/TTA film, this smart rewrit-
ing system exhibited superior “laser writing/self-erasing/laser
rewriting” capabilities. As shown in Figure 6e, the text of “H”,
“I”, and “T” could be written orderly using the laser at the same
position on the PU-PEu/TTA film.

3. Conclusion

This work demonstrated how to tailor multifunctional shape
memory polymers toward diverse shape-shifting-related intelli-
gent systems by exploiting MPS without to be restricted to the
polymer’s mechanical properties, manufacturability, and func-
tional integration strategies. Benefiting from the supramolecu-
lar properties, the MPS-cored polymer network exhibited cus-
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Figure 6. Photo-welding 3D information encryption device and direct light-writing display system. a) Schematic illustration showing the manufacturing
process of the 3D information encryption device based on photo-welding. b) The design of a corresponding encryption-decryption program. c) The
illustration showing the decryption process of the output code “1-7-3-9-8” based on NIR irradiation according to the input code “[3-6]—1-[4-7]—-2-5". d)
Schematic diagram of the NIR-writing. e) Photographs of the NIR-writing and rewriting process on the PU-PEu/TTA films.

tomizable intrinsic photothermal/tunable fluorescence, photo-
weldability, shape memory effect, and high toughness. Photo-
weldability provided convenience for processing multi-materials
in integrated architectures. Personalized 4D devices composed
of various functional polymers could be rapidly manufactured by
photo-welding instead of 4D printing and served complex appli-
cation scenarios. As proof-of-concept, the shape memory stent
made quickly by photo-welding provided a reference for the flex-
ible customization of medical devices in emergency rescue. The
photo-welded 3D information encryption device provided a tem-
plate for the construction of a high-security anti-counterfeiting
platform. This work not only provided a powerful solution to de-
velop multifunctional smart materials but also demonstrated a
flexible concept for the design and manufacture of personal 4D
devices. This function integration strategy based on assembled
MPS will also improve the adaptability of shape memory poly-
mers in diverse applications.
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