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ABSTRACT: A red-light controllable soft actuator has been achieved, driven by low-power excited triplet—triplet annihilation
based upconversion luminescence (TTA-UCL). First of all, a red-to-blue TTA-based upconversion system with a high absolute
quantum yield of 9.3 + 0.5% was prepared by utilizing platinum(II) tetraphenyltetrabenzoporphyrin (PtTPBP) as the sensitizer and
9,10-bis(diphenylphosphoryl)anthracene (BDPPA) as the annihilator. In order to be employed as a highly effective phototrigger of
photodeformable cross-linked liquid-crystal polymers (CLCPs), the PtTPBP&BDPPA system was incorporated into a rubbery pol-
yurethane film and then assembled with an azotolane-containing CLCP film. The generating assembly film bent toward the light
source when irradiated with 635-nm laser at low power density of 200 mW cm™, because the TTA-UCL was effectively utilized by
the azotolane moieties in the CLCP film, inducing their trans-cis photoisomerization and an alignment change of the mesogens via
an emission-reabsorption process. It is the first example of a soft actuator in which the TTA-UCL is trapped and utilized to create
photomechanical effect. Such advantages of using this novel red-light controllable soft actuator in potential biological applications
have also been demonstrated as negligible thermal effect and its excellent penetration ability into tissues. This work not only pro-
vides a novel photomanipulated soft actuation material system based on the TTA-UCL technology but also introduces a new tech-

nological application of the TTA-based upconversion system in photonic devices.

INTRODUCTION

Light-driven soft actuators have a unique capacity to direct-
ly convert light energy into mechanical work and act by re-
mote, instant, and precise control.! Among these materials,
cross-linked liquid-crystal polymers (CLCPs) containing pho-
tochromic moieties such as azobenzene, may represent one of
the most studied systems.”” Upon irradiation of UV light,
trans-cis photoisomerization of the azobenzene moieties in the
CLCPs is triggered, which leads to the change on the align-
ment of the mesogens; subsequently, the significant macro-
scopic photodeformation of the whole materials in the form of
contraction® and bending™® was induced due to the cooperative
motion of mesogens and polymer segments. Furthermore,
these photodeformable CLCPs have been developed as various
soft actuators such as plastic motors,7 inchworm-like walkers,8
flexible microrobots,” high-frequency oscillators,” and artifi-
cial cilia."’

However, most of the reported photodeformable CLCP sys-
tems were manipulated by ultraviolet (UV) or short-
wavelength visible light. Such high-energy light is not ideal
for practical applications, due to considerations of safety,
power consumption and cost. In order to make CLCPs respon-
sive to longer-wavelength light, several groups had incorpo-
rated carbon nanotubes (CNTs) or infrared (IR)-absorbing
dyes into thermoresponsive CLCPs to obtain near-infrared

(NIR) or IR light induced deformation."" In this case, the
CNTs or IR-absorbing dyes served as a nanoscale heat source
to absorb and transform NIR or IR light energy into thermal
energy, which subsequently induce the LC-isotropic thermal
phase transition and thus the contraction or bending of the
thermoresponsive CLCPs.

As for the azobenzene-containing CLCPs, introducing the
upconversion materials which are capable of conversion of
low-energy photon into high-energy one,"">'* could represent
another effective and creative way to develop longer-
wavelength light-controllable CLCPs. For example, most re-
cently, we have incorporated lanthanide upconversion nano-
phosphors NaYF,:Yb,Tm (~70 nm) into the azotolane-
containing CLCP film and succeeded in generating bending of
the resulting composite film upon exposure to continuous-
wave (CW) NIR light at 980 nm."> However, a high excitation
power density of 15 W c¢m™ and resulting overheating effect
limit their potential applications. Therefore, it is required to
develop new upconversion materials with low power excita-
tion as well as little excitation light-induced thermal effect.

Dual-dyes upconversion system based on triplet—triplet an-
nihilation (TTA) is a potential candidate as low-power excited,
long-wavelength phototrigger of the azotolane CLCPs. This
TTA-based upconversion luminescence (TTA-UCL) process
shows several advantages over the lanthanide upconversion
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techniques, such as higher quantum efficiency, larger absorp-
tion efficiency, and low excitation power density.'”'** To
date, the reported highly effective TTA-UCL emissive systems,
such as green-to-blue emissive PAOEP&DPA 7475178212 4y g
red-to-green/yellow emissive PtTPBP&BODIPY (See Sup-
porting Information, Scheme Sl),”a‘18b exhibit relatively small
anti-Stokes shift of ~100 nm. Therefore, when used as the
phototrigger of the azotolane CLCP, the green/yellow UCL
emission of PtTPBP&BODIPY cannot match the strong ab-
sorption band between 400 and 500 nm of the azotolane-
containing CLCP well ** and the excitation of PAOEP&DPA
is green light, whose wavelength is not long enough to avoid
the direct absorption by the azotolane CLCP.

To achieve effective UCL-triggered photodeformable CLCP
materials, it is necessary to obtain a UCL emissive system
with low-energy excitation light source (such as red laser, A,
= 635 nm), large anti-Stokes shift of >150 nm, and high UCL
efficiency. In the present study, we demonstrated a fluorescent
dye 9,10-bis(diphenylphosphoryl)anthracene (BDPPA) as the
annihilator to fabricate a highly effective red-to-blue TTA-
based upconversion system with Pt(I[) complex tetraphenyl-
tetrabenzoporphyrin (PtTPBP) as the sensitizer (Scheme 1a).
Upon excitation at 635 nm, the PtTPBP&BDPPA system dis-
played an intense upconversion emission with a large anti-
Stokes shift of 165 nm and a high absolute UCL quantum
yield (QYuycL) of 9.3 =+ 0.5%. Furthermore, when
PtTPBP&BDPPA was incorporated into a soft polyurethane
film and then assembled with an azotolane-containing CLCP
film, a new upconversion photoactuated soft material system
with low-power, long-wavelength excitation was achieved.
Importantly, we also demonstrated the advantages of using
this novel red-light-controllable soft actuator in potential bio-
logical applications, such as negligible thermal effect and ex-
cellent penetration ability of 635-nm light through biological
samples.

Scheme 1. (a) Schematic illustration of TTA-UCL emission of
the system composed of PtTPBP (sensitizer) and BDPPA (an-
nihilator) under 635-nm excitation. The chemical structures of
PtTPBP and BDPPA are also shown. (b) Chemical structures
and properties of LC monomer 1 and crosslinker 2 used in this
study. K, crystal; N, nematic; I, isotropic.
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EXPERIMENTAL SECTION

Materials. All reagents and solvents were used as received
without further purification unless otherwise indicated.
PtTPBP was purchased from Luminescence Technology Crop..
Analytical grade toluene, methanol, CHCl;, CH,Cl,, tetrahy-
drofuran (THF) and dimethylformamide (DMF) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. Deion-
ized water was used in the experiments throughout. BDPPA
was synthesized according to the previous literature (see Sup-
porting Information).”> The LC compounds 1 and 2 were pre-
pared according to our published work.® Polyurethane was
purchased from Aldrich. The thermal initiator (2,2’-azo-bis(-
N-cyclohexyl-2-methylpropionamide) was purchased from
Wako Pure Chemical.

Preparation of PtTPBP&BDPPA-containing polyure-
thane film. The preparation of PtTPBP&BDPPA-containing
polyurethane film followed a reported method with few modi-
fications.'”*"’* 2 g of polyurethane (10% in DMF) was mixed
with 10 pL PtTPBP (1.0x10” M) and 1 mL BDPPA (1.5x10”
M). The mixture solution was spin-coated onto a glass micros-
copy slide, followed by placed in an argon saturated oven at
90 °C for 5 min and then cooled to room temperature. Finally,
the film was dried under vacuum for 24 h to completely re-
move the solvent.

Preparation of assembly film composed of
PtTPBP&BDPPA-containing polyurethane film and azoto-
lane-containing CLCP film. The azotolane-containing CLCP
film was prepared by thermal copolymerization of the mixture
of LC monomer 1 and LC monomer 2 (Scheme 1b) with a
molar ratio of 4:6 containing 4 mol% of a thermal initiator
(2,2’-azo-bis(-N-cyclohexyl-2-methylpropionamide). The mix-
ture and the initiator were injected into a glass cell at 115 °C
(a nematic phase) and the glass substrates were coated with
polyimide alignment layers that had been rubbed to align the
LC mesogens. The thermal polymerization was carried out in a
vacuum oven under nitrogen at 115 °C for 24 h. The free-
standing monodomain CLCP film was obtained by opening
the cell and separating the film from the glass substrates. In
addition, polydomain azotolane CLCP films were also pre-
pared with the same process by injecting the polymerizable
mixture into the glass cell whose polyimide layers had not
been rubbed.

The assembly film was prepared by combining the azoto-
lane-containing CLCP film and the PtTPBP&BDPPA-
containing polyurethane film with a transparent adhesive or by
directly spin-coating the DMF solution of polyurethane con-
taining PtTPBP&BDPPA on the surface of the CLCP film.

Characterization. UV—Vis absorption spectra were meas-
ured with an UV—Vis absorption spectrophotometer (HITACH,
U-4100). The UCL emission spectra were recorded with a
fluorescence spectrophotometer (Edinburgh, FLS-920) using
an external 0—500 mW adjustable 635-nm semiconductor laser
(Changchun fs-optics Co., China) as the excitation source,
instead of the xeon source in the spectrophotometer. The pho-
tos of UCL emission were obtained digitally on a multiple
CCD camera (Panasonic, DMC-LX5GK). The thermal effect
of CW 635-nm laser on the CLCP film was recorded by a
thermal imaging camera (FLIR, E40). The glass transition
temperature of polyurethane was determined by dynamic me-
chanical analysis (DMA; TA, Q800). Samples were prepared
by cutting rectangular pieces from compression molded films
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of polyurethane. Measurements were taken at a frequency of 1
Hz with heating and cooling rates of 3 °C/min. Thermodynam-
ic properties of the LC compounds 1 and 2 and the CLCP film
were determined by differential scanning calorimetry (DSC;
TA, Q2000) at heating and cooling rates of 3 °C/min for the
LC compounds and 10 °C/min for the CLCP film, respectively.
Three scans were applied to check the reproducibility. Visible
light at 470 nm was obtained from an LED irradiator (CCS,
PJ-1505-2CA). The optical anisotropy of the azotolane CLCP
film was studied using a polarizing optical microscope (POM;
Leika, DM2500p). The thickness of the films, photographs
and movie of the bending of the films as well as their bending
angle and time were taken by a super resolution digital micro-
scope (Keyence, VHX-1000C). The data of the time taken by
the assembly film to bend by 30° upon CW 635-nm laser irra-
diation is the average value of measured data of three samples
for three times in a certain power density. Detailed measure-
ments of the absolute and relevant UCL efficiencies are de-
scribed in the Supporting Information.

RESULTS AND DISCUSSION

UCL property of PtTPBP&BDPPA in toluene solution. It
is well known that 9,10-diphenylanthracene (DPA) is the fa-
mous annihilator exhibiting the highest upconversion efficien-
cy of >20% (measured based on equation (S2) in Supporting
Information with an additional multiplicative factor of 2)."7&""
As a derivative of DPA, the compound BDPPA (Scheme 1a)
also show high fluorescence quantum yield of 95% (measured
in toluene solution). Moreover, the replacement of diphenyl
with bisphenylphosphoryl oxide at 9,10-position causes a sig-
nificant red-shift in emission band of BDPPA. The maximal
fluorescence wavelengths of BDPPA are located at 470 and
485 nm, which are weakly overlapped between the Soret band
and Q-band of the sensitizer PtTPBP, as shown in Figure S1.
Therefore, it is expected that BDPPA is an ideal annihilator of
the PtTPBP sensitizer.

Furthermore, the UCL property of PtTPBP&BDPPA in de-
aerated toluene was investigated before the preparation of the
upconversion polymer film. Under excitation at 635 nm,
PtTPBP&BDPPA displays intense blue UCL emission peaked
at 470 nm and 485 nm and the UCL intensity is enhanced as
the incident laser power increases (Figure 1a). Moreover, the
UCL intensity shows quadratic dependence on the incident
power in a lower power density region and linear dependence
in a higher power density region. In the log-log plot, two line-
ar fitting has been achieved with the slopes of 1.99 and 1.16,
respectively (Figure 1b). Such a relationship between the UCL
emission intensity and the excitation power density confirms
the photochemical nature of the TTA process.***® The
qualitative Jablonski diagram of the TTA process is illustrated
in Scheme S3. The absolute QY. in deaerated toluene was
measured to be 9.3 = 0.5%, which is the highest value reported
for red-to-blue upconversion materials so far.”'>** Moreover,
the anti-Stokes shift is as high as 165 nm. PtTPBP&BDPPA
also displayed high photostability as well as chemical stability
as shown in Figure S4 and Figure S5. Therefore, this excellent
red-to-blue upconversion system PtTPBP&BDPPA is ex-
pected to be used as an alternative candidate of highly effec-
tive phototrigger to induce the deformation of the azotolane
CLCP film.
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Figure 1. (a) UCL spectra of PtTPBP&BDPPA ([Pt{TPBP]: 1.0
x10°M and [BDPPA]: 1.5 x 107 M) upon excitation of CW 635-
nm laser with different incident power densities. Inset: photos of
bright-field and photoluminescence emission (without any filter)
of PtTPBP&BDPPA inside the 1 cm cuvette (A, = 635 nm). UCL
spectra of the toluene solution of PtTPBP&BDPPA at different
concentration ratios of PtTPBP to BDPPA were shown in Figure
S2 of Supporting Information. (b) Integrated UCL intensity data
from part (a) plotted as a function of incident power density. All
spectra are measured in deaerated toluene.

Photoisomerization of the azotolane moieties induced by
TTA-UCL. As shown in Figure 2, the azotolane-containing
CLCP film exhibits a broad and strong absorption band be-
tween 400 and 500 nm, which matches well with upconversion
emission peaks of PtTPBP&BDPPA in toluene, suggesting the
rationale behind our choice of the azotolane-containing CLCP
and the TTA-UCL system of PtTPBP&BDPPA. Therefore, it
is assumed that the blue upconversion emission from
PtTPBP&BDPPA could be absorbed by the azololane moieties
and subsequently triggers their trans-cis photoisomerization.

Moreover, two experiments were carried out to verify our
hypothesis and provide the spectroscopic proof for the subse-
quent design of the soft actuators. In both of the experiments,
the PtTPBP&BDPPA system and LC monomer 1 were filled
in two separated quartz cells that were placed in close prox-
imity. Figure 3a illustrates the layout of an experimental setup
for the upconversion emission measurement. Interestingly, as
Figure 3b shows, the intensity of transmitted UCL emission
peaked at 470 nm gradually decreases with the increase of the
concentration of LC monomer 1 in cell 2, which is attributed
to the reabsorption of the UCL emission by monomer 1. This
result indicates that the UCL emission can be effectively
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Figure 2. UCL emission spectrum (blue line) of the toluene solu- . . . o . .
tion of PtITPBP&BDPPA (A = 635 nm, power density =200 mW 400 450 500 550 600 300 400 500 600

em) and the UV-Vis absorption spectrum (red line) of the azoto-
lane CLCP film.

absorbed by the azotolane compounds through the emission-
reabsorption process.

Furthermore, we also explored whether the frans-cis pho-
toisomerization of the azotolane moieties can be triggered by
the blue UCL emission of PtTPBP&BDPPA via the emission-
reabsorption process by using the experimental setup which is
analogous to that in Figure 3a (Figure S6). The
PtTPBP&BDPPA solution in cell 3 was firstly excited with
635-nm laser to generate TTA-UCL emission, which was em-
ployed to irradiate the toluene solution of LC monomer 1 in
cell 4. Importantly, after irradiated with different time, the
absorbance of maximal absorption band at 385 nm of LC
monomer 1 obviously decreased, corresponding to the trans-
cis photoisomerization of the azotolane moieties (Figure 3c).
However, in contrast, the direct irradiation of LC monomer 1
with 635-nm laser induced very weak frans-cis photoisomeri-
zation of the azotolane moieties (Figure S7). These results
confirm that the red-to-blue TTA-UCL emission of
PtTPBP&BDPPA actually causes the trans-cis photoisomeri-
zation of the azotolane moieties in LC monomer 1.

UCL property of PtTPBP&BDPPA in solid-state films.
In the previous studies, the majority of efficient TTA-based
upconversion systems have been carried out in liquid systems.
However, to fully harness the potential of sensitized low pow-
er upconversion in practical applications, it is highly desirable
that appropriate sensitizer/annihilator are embedded in solid
materials for potential solid device integration,17“’”“"17i because
their processability and mechanical characteristics are more
suitable for many practical applications than liquid solutions.

In the present study, to achieve the integration of this TTA-
based upconversion system with the CLCP, first of all, the
PtTPBP&BDPPA was incorporated into polyurethane with
low glass transition temperature (Figure S8), because the rub-
bery polymers have been proven to be very efficient solid plat-
form to implement TTA-UCL,” due to the high translational
molecular mobility of the chromophores molecules.'’*'"-****
Under selective excitation with 635-nm laser, the
PtTPBP&BDPPA-containing polyurethane film generated the
intense blue UCL emission implying that the excellent UCL

Wavelength (nm) Wavelength (nm)
Figure 3. (a) Schematic layout of the UCL emission measure-
ment system. CW 635-nm laser irradiated PtTPBP&BDPPA in
cell 1 to trigger TTA-UCL and the generated blue emission went
through cell 2 which was filled with the toluene solution of LC
monomer 1. The transmitted TTA-UCL emission then passed
through the grating instrument system and finally entered the
photomultiplier tube (PMT) detector. The excitation laser beam
path and the UCL emission pathway are shown in red and blue,
respectively. (b) Change in the UCL intensity of transmitted TTA-
UCL upon addition of different concentrations of toluene solution
of LC monomer 1 in cell 2 under excitation at 635 nm. (power
density =200 mW cm™) (c) Change in the absorption spectra of
the toluene solution of azotolane-containing LC monomer 1
(9.0x10° M) in cell 4 upon irradiation of blue TTA-UCL generat-
ed from excitation with CW 635-nm laser in cell 3 (power den-
sity =200 mW cm™) for different time. (The layout of this UV-Vis
absorption measurement system is shown in Figure S6).

performance is still retained in the solid polyurethane matrix.
Figure 4 also clearly demonstrates that the UCL intensity of
the polyurethane film concomitantly increases with increasing
the incident power. Moreover, in consistent with the solution
state, the dependence of the UCL intensity on the incident
power density exhibits the trend from quadratic to linear, giv-
ing two slopes of 2.05 and 1.20, respectively (Figure S11).
Moreover, the upconverting polyurethane film showed excel-
lent UCL stability upon exposure to CW 635-nm laser for 1h
(Figure S12), demonstrating potential applications of this up-
converting polyurethane film in practical photonic devices.

Photoinduced bending behavior of assembly film. Before
the preparation of the assembly film, the azotolane-containing
CLCP film used in this work was synthesized by thermal co-
polymerization of the mixture of azotolane-containing LC
monomer 1 and non-azotolane-containing LC crosslinker 2
(Scheme 1b), which is different from previously reported visi-
ble-light-driven CLCP films prepared from azotolane- contain-
ing monomer and crosslinker.®** There are two advantages on
this adjustment of the crosslinker: (1) the synthesis route of
crosslinker 2 is less tedious than that of previously used azoto-
lane-containing crosslinker™* (Scheme S2b); (2) the thermal
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Figure 4. UCL spectra of the upconverting polyurethane film
(containing 4 wt%o PtTPBP&BDPPA, molar ratio of PtTPBP and
BDPPA = 1:150) upon excitation of CW 635-nm laser with dif-
ferent incident power densities. Inset: emission photograph of
upconverting polyurethane film with short-pass filter (edge wave-
length at 628 nm). UCL spectra of the polyurethane films contain-
ing different concentrations of PtTPBP&BDPPA were shown in

Figure S9 of Supporting Information.

polymerization is easier to undergo with the addition of cross-
linker 2. As shown in Figure S13a, the mesogens in this pre-
pared azotolane-containing CLCP film showed anisotropic
alignment parallel to the rubbing direction. And it exhibited a
glass transition temperature around 20 °C and a stable LC
phase even when the temperature was higher than 180 °C
(Figure S13b).*

The assembly film was prepared by combining the
PtTPBP&BDPPA-containing polyurethane film and the azoto-
lane CLCP film with transparent adhesive (Figure 5a). As
shown in Figure 5b, upon irradiation of CW 635-nm laser with
the power density as low as 200 mW cm, the assembly film
bent toward the light source along the alignment direction of
the mesogens within 20 seconds.

Figure 5Sc illustrates our assumed mechanism for the pho-
toinduced deformation of the assembly film: first of all, the
PtTPBP&BDPPA-containing polyurethane film acts as an
antenna to trap the 635-nm light and upconvert it into the blue
TTA-UCL emission, then the TTA-UCL is absorbed by the
azotolane moieties in the CLCP film via the emission-
reabsorption process, which induces the trans-cis photoisom-
erization of the azotolane moieties and the subsequent align-
ment change of the mesogens. Due to the strong absorption of
blue light of the azotolane moieties, the trans-cis photoisomer-
ization and the alignment change of LC mesogens only occur
in the front surface region of the azotolane CLCP film, which
then leads to a contraction in this surface region, thus contrib-
uting to the photoinduced bending of the azotolane CLCP film
toward the light source (Figure 5¢). >*"

After switching off the laser, the bent state was still retained.

And the bent film reverted to the initial flat state within 60
seconds when heated to 80 °C (Figure S14), resulted from the
cis-trans back thermal isomerization of the azotolane chromo-
phores.*

To simplify the preparation process, another bilayer film
was also fabricated by spin-coating the DMF solution of poly-

(a) Upconverting polyurethane film

> Ay
N

Photodeformable

CLCP
(b) Alignment direction
e
635 nm
20s
{c) = irans-azoioiane W cis-azotolane

ﬁ 635 nm :
20s

Figure 5. (a) Schematic illustration of the preparation of the as-
sembly film composed of azotolane CLCP film and
PtTPBP&BDPPA-containing polyurethane film. (b) Photographs
of the as-prepared assembly film bending toward the light source
along the alignment direction of the mesogens in response to the
635-nm laser with the power density of 200 mW cm™ (Thickness
of each layer in the assembly film: 15 pm of upconverting film
and 27 pm of CLCP). (c) Schematic illustration demonstrating

plausible mechanism for the photoinduced deformation of the as-
prepared assembly film.

urethane containing PtTPBP&BDPPA on the surface of the
CLCP film. Importantly, this as-prepared assembly film also
exhibited similar photoinduecd bending behavior under expo-
sure to CW 635-nm laser, demonstrating the processing flexi-
bility of the photodeformable CLCP assembly materials.

A set of control experiments were further designed to test
the rationality of our assumed mechanism. Importantly, the
bending of a blank azotolane-containing CLCP film was trig-
gered when irradiated directly with the TTA-UCL generated
from a nearby, non-contacting PtTPBP&BDPPA-containing
polyurethane film (Figure 6a), which indicates that the thermal
effect of 635-nm light is not an issue here. When the blank
azotolane-containing CLCP film without PtTPBP&BDPPA-
containing polyurethane film was irradiated with CW 635-nm
laser, the CLCP film remained the flat state (Figure 6b).

Furthermore, an assembly film composed of the CLCP film
and the PtTPBP&BDPPA powder without polyurethane ex-
hibited no bending behavior upon irradiation of CW 635-nm
laser either, because the TTA-UCL emission is hardly gener-
ated from the mixed PtTPBP&BDPPA powder (Figure 6c¢).
However, in contrast, the CLCP film exhibited bending behav-
ior upon direct blue light irradiation at 470 nm, as a result of
the trans-cis photoisomerization of the azotolane moieties and
the alignment change of the mesogens in surface region of the
CLCP film (Figure 6d). ** These control experiments imply
that the introduction of the PtTPBP&BDPPA-containing poly-
urethane film is required to achieve the red light-induced
bending of the assembly film, for it is able to effectively uti-
lize the 635-nm light and produce the red-to-blue TTA-UCL
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Figure 6. (a-b) Photographs of the blank azotolane CLCP film
without  upconverting  polyurethane  film  containing
PtTPBP&BDPPA upon irradiation of (a) the TTA-UCL generated
from a nearby, non-contacting PtTPBP&BDPPA-containing pol-
yurethane film (The CLCP film and the upconversion film are
separated by a glass slab with the thickness of 150 um, and the
thickness of the CLCP film and the upconversion film is 27 um
and 100 pm, respectively) and (b) 635-nm light (200 mW cm™).
(c) The photograph of the composite film composed of the CLCP
film and the TTA-UCL chromophores powder without polyure-
thane upon irradiation of 635-nm light with a power density of
200 mW cm™. (d) Photographs of the blank azotolane CLCP film
upon irradiation of 470-nm light (25 mW cm). Thickness of the
CLCP film is 27 pm.

emission which subsequently triggers the bending of the
CLCP film. (In addition, the movies showing the bending of
the assembly film and unbending of the blank CLCP film upon
irradiation of CW 635-nm laser are available in Supporting
Information).

Moreover, experimental data of the anisotropic effect of
azotolane mesogens on the deformation of the assembly film
were obtained. When irradiated with CW 635-nm laser, the
square-shaped monodomain assembly film bent toward the
light source along the rubbing direction of the polyimide
alignment layers, whereas the bending direction of the square-
shaped polydomain assembly film is random, due to its inho-
mogeneous alignment of the mesogens in the macroscopic
scale (Figure S15). These results indicate that the bending
deformation is ascribed to the trans-cis photoisomerization of
the azotolane units and the following photochemically-induced
alignment change of the mesogens in the CLCP film driven by
the blue TTA-UCL from the PtTPBP&BDPPA-containing
polyurethane film. As far as we know, it is the first example
achieving the assembly of upconverting rubbery films based

on the TTA process into a photoresponsive solid device, in
which the TTA-UCL is trapped and utilized to create a photo-
mechanical effect.

The bending speed of the assembly film was measured upon
irradiation of CW 635-nm laser with different power intensi-
ties. Herein, the irradiation time taken by the film to bend by
30° was chosen as reference data. As increasing in the power
density of 635-nm laser, the bending time decreased signifi-
cantly (Figure S16).1t is noted that the assembly film can still
bend even with a low power density of 75 mW cm™ at 635 nm.
This indicates that the new assembly film prepared in this
work is able to be actuated by 635-nm laser within a range of
low power densities, illustrating great improvement compared
with our previously reported NIR-light-responsive CLCP
composite system driven by a high power 980-nm laser (15 W
cm_z).ls

Moreover, the thermal effect induced by 635-nm irradiation
with low power densities was also determined. As shown in
Figure 7, after 635-nm irradiation with a power density of 200
mW cm”, the maximum temperature of the assembly film
reached 23.0 °C with an increase of 3.1°C. It is noteworthy
that the temperature kept at around 23.0°C even prolonging
the irradiation time to 60 min. In addition, when the 635-nm
laser with a higher power density of 500 mW cm™ was used to
irradiate the assembly film for 60 min, the maximum tempera-
ture only reached 24.2 °C. Therefore, the thermal effect caused
by the 635-nm laser is minimal, which is distinct from the
overheating effect in our previous CLCP composite system
with lanthanide upconversion nanoparticles (A = 980 nm)."

From the viewpoint of negligible thermal effect of the low
power 635-nm laser on the CLCP film, this photodeformable
assembly system would serve as promising photomechanical
materials in potential bioapplications.”” For the purpose of
simply biological mimicking, a piece of pork with the thick-
ness of 3 mm was put between the light source and the assem-
bly film (Figure 8a). When the incident light at 635 nm

Irradiation time of CW 635-nm laser Power
0 min—1 min— 2 min—10 min—30 min—> 60 min _AX4S

b)
( )25
2 PP a el & - = P & )
1 e T ——
o 500 mW cm-2
S
e 24 L L L - =
2 200 mW cm?2
£ 224
§
21
20 -
L) 4 L] ) 3 1 L ) 5 ] L L)
0 10 20 30 40 50 60

Irradiation time (min)

Figure 7. (a) Thermal photographs and (b) temperature changes
date from part (a) of the assembly film upon exposure to CW 635-
nm laser with two different power densities as a function of irra-
diation time (Thickness of each layer in the assembly film: 15 um
of upconverting film and 27 pm of CLCP).
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(a)

‘ & Setting Devices
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1: CW 635-nm laser
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Figure 8. (a) Schematic illustration of the set-up layout of inves-
tigating the photoinduced bending behavior of assembly film
upon irradiation with CW 635-nm laser (power density=500 mW
cm®) when a pork with thickness of 3 mm was put between the
light source and the assembly film. (b) Photographs of assembly
film bending toward the light source in response to the incident
light transmitting through the pork (Thickness of each layer in
the assembly film: 15 pm of upconverting film and 27 um of
CLCP).

(powerdensity = 500 mW cm™) was transmitted through the
pork, the power density reduced to 86 mW c¢cm™; however, the
assembly film still bent towards the light source within 1 min
(Figure 8b). This demonstrates the possibility of using 635-nm
red light as an exciting source to induce the phtodeformation
of the CLCPs in biological systems, because it can penetrate
deeper in tissues and cause less harm to cells.”®

CONCLUSION

In this work, the strategy of utilizing the TTA-UCL tech-
nology as the low-power excited, long-wavelength phototrig-
ger of the light-sensitive CLCP has been demonstrated. Initial-
ly, we achieved a highly effective red-to-blue TTA-based up-
conversion system with low-energy excitation light source,
large anti-Stokes shift of 165 nm, and a high absolute quantum
yield of 9.3 + 0.5%. To employ it as the phototrigger of the
azotolane CLCP, this TTA-UCL system was incorporated into
a rubbery polyurethane film and then assembled with azoto-
lane-containing CLCP film. The resulting assembly film was
able to be actuated by 635-nm laser at a low power density due
to the trans-cis photoisomerization of the azotolane moieties
and the alignment change of the mesogens induced by low-
power excited blue TTA-UCL via emission-reabsorption pro-
cess. Moreover, the advantages of using this assembly film in
potential biological applications have also been investigated as
negligible thermal effect of 635-nm laser and its excellent
penetration ability into tissues.

In summary, we demonstrated the first example of the de-
formation of the CLCP triggered by red light at 635 nm, a
wavelength that is orders of magnitude more penetrating
through tissue than other parts of the short-wavelength visible
spectrum and is less detrimental to biological tissues. Im-
portantly, this work is not only a significant step forward to
develop a novel red-light controllable soft actuator based on

TTA-UCL but also represents a new strategy on the techno-
logical applications of TTA-UCL in solid photonic devices.
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