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ABSTRACT: We investigate the influence of the host matrix on the photothermally driven actuation performance of negatively
photochromic, donor−acceptor Stenhouse adduct (DASA)-based polymers. Using a modular Diels−Alder “click” platform, we
designed polymeric materials with varying DASA incorporation and investigated the relationships between the material composition
and the resulting physical, mechanical, and photoswitching properties. We demonstrate that increasing the DASA concentration in
polymer conjugates has a dramatic effect on the material’s physical and mechanical properties, such as the glass transition
temperature (Tg) and elastic modulus, as well as the photoswitching properties, which are found to be highly dependent on Tg. We
establish using a simple photoresponsive bilayer that actuation performance is controlled by the bilayer stiffness rather than the
photochrome incorporation of DASA. Finally, we report and compare the light-induced property changes in Tg and the elastic
modulus between the materials comprising the open or closed forms of DASAs. Our results demonstrate the importance of designing
a material that is stiff enough to provide the mechanical strength required for actuation under load, but soft enough to reversibly
switch at the operational temperature and provide key considerations for the development of application-geared photoswitchable
materials.
KEYWORDS: donor−acceptor Stenhouse adducts, photothermal actuation, photo-induced property changes, negative photochromism,
glass transition temperature

■ INTRODUCTION

Light-responsive materials have garnered significant attention
for their abilities to form soft actuators, for example, as
locomotive robots,1−5 artificial muscles,6,7 grippers,8,9 and
oscillators.10,11 Light offers numerous advantages: it is readily
available by solar or artificial sources, does not require physical
contact for delivery of power or signals, and has non-
interacting internal degrees of freedom (wavelength, mode,
and polarization). In one straightforward realization, light-
responsive bilayer actuators exploit the differential volumetric
expansion between two material layers to generate motion and
mechanical work under light stimulus via combined photo-
thermal and photomechanical mechanisms.9,11−13 Under
illumination, the photoactive layer is rapidly heated and the
material property mismatch between the two layers causes the
development of mechanical stress at the interface, which leads
to rapid and easily observed bending of the cantilever, with an
amplitude that is highly sensitive to the bilayer stiffness. The

stiffness in turn depends on the glass transition temperature Tg

and elastic modulus.14,15

To boost the actuation potential of the active layer, additives
including carbon-based materials,16,17 gold nanoparticles,18,19

and organic dyes20 are often added to enhance the conversion
of light energy into heat. Among additives, photoswitches offer
particular benefits in energy conversion, tunability, and high
compatibility in soft materials.21,22 A visible-light-responsive
bilayer actuator system driven by the photothermal properties
of a unique molecular photoswitch: donor−acceptor Sten-
house adduct (DASA; Figure 1a) was recently developed by
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our groups. This system demonstrates rapid and repeatable
actuation capabilities, and the ability of the cantilever to lift
more than ten times its own weight.23 Moreover, by leveraging
the negative photochromism of DASAs, in which the
photoproduct absorption shifts to a shorter wavelength with
respect to the reactant absorption (blue shift) and thus does
not absorb the exciting light, we demonstrated tunable
actuation performance of DASA−poly (hexyl methacrylate)
(PHMA) under constant light intensity.
Further use of DASA photoswitches in soft material

applications requires a deeper understanding of the effects of
DASAs on the physical and mechanical properties of materials
so that the material composition can be optimally designed.
DASAs are known to be highly sensitive to their local
environment,24−26 and while the complicated and concen-
tration-dependent mechanisms of DASA switching in solution
have gained considerable attention,27−31 the effects of DASA
incorporation on polymeric material properties including the
glass transition temperature (Tg), coefficient of thermal
expansion (CTE), and elastic modulus have not been
thoroughly explored. Prior studies have shown that photo-
switching of DASAs32,33 and other photochromes34−37 is
highly influenced by the glass transition temperature as thermal
reversion is inhibited in a glassy matrix that possesses a high
modulus. We anticipate that there will be an inherent trade-off
between having a system that is stiff enough to actuate and
perform work, but soft enough to enable photoswitching at the
operational temperature.

In order to establish the relationships between material
composition and actuation performance, we developed robust
and scalable synthetic methods to access a range of DASA-
based materials. Specifically, using a modular Diels−Alder
“click” approach,23,38 shown in Figure 1b, we elucidate the role
of Tg and elastic modulus in photothermal actuation by tuning
the polymer host matrix and DASA incorporation. By
synthesizing materials with increasing DASA content and
constant Tg, we can decouple the effects of DASA
incorporation and Tg on material performance metrics. We
show that the effect of the performance of actuation is directly
related to the material stiffness, which depends on the polymer
host matrix, rather than photochrome incorporation of DASA
alone. However, in a given polymer host matrix, increasing the
DASA incorporation increases the elastic modulus and Tg of
polymer conjugates, leading to an improved actuation
performance. The increase in glass transition temperature
with increasing DASA incorporation also affects the forward
and backward switching kinetics. The forward kinetics
becomes slow with increasing Tg, while thermal reversion is
essentially shut down at temperatures below Tg. When
materials are held at a temperature above Tg, regardless of
incorporation or comonomers, there is increased recovery.
The molecular origins of these effects likely arise from

changes in the molecular volume, polarity, and molecular
interactions between isomers and polymer chains as the
photoswitches reversibly switch between two different isomers.
Understanding how these molecular-level changes allow for

Figure 1. (a) Upon irradiation with visible light, DASAs undergo a conformational change from a highly colored, open-form to a colorless, closed-
form. (b) Schematic and chemical structure of the modular cascading Diels−Alder “click” approach used to synthesize a range of DASA-based
materials that vary in incorporation of the photoresponsive unit and glass transition temperature.
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photo-induced mechanical property changes between a
photoreactant and a photoproduct would provide an additional
handle for actuator design.39 To better understand the light-
induced property changes in Tg and modulus, we compare the
properties of materials formed from open and closed forms of
DASA. We observed a decrease in the modulus and Tg upon
photoswitching from the highly colored, extended, open form
to the colorless, compact closed form, which can be further
leveraged in photothermal actuator design.

■ RESULTS AND DISCUSSION
Synthesis of DASA-Based Materials. To understand

how material properties, including the host matrix properties
and photochrome incorporation, influence photoswitching,
mechanics, and actuation performance, we need robust,
modular, scalable methods that enable access to a range of
DASA-based materials. Using a modular cascading Diels−
Alder “click” approach, we can easily tune the polymer host
matrix and incorporation of a photoresponsive unit as shown
in Figure 1b. We hypothesized that increasing the concen-
tration of DASA, which acts as a photothermal agent, would
increase the actuation performance due to higher heat
generation. To test this experimentally, we synthesized
copolymers containing PHMA and the functional monomer
norbornadiene methacrylate (NBD−MA) using reversible
addition fragmentation chain-transfer (RAFT) polymerization.
The incorporation of DASA was tuned by varying the
equivalence of NBD−MA. Deprotection of the NBD group
with tetrazine revealed the cyclopentadiene functional group
that spontaneously reacts in situ with the maleimide function-

alized DASA photoswitch. The mild and efficient nature of the
cascading Diels−Alder chemistry enables facile incorporation
of 1, 4, and 9 mol % DASA−PHMA (See Supporting
Information Table S1 for incorporation of NBD and DASA
based on 1H NMR spectroscopy). To control the glass
transition temperature, the host matrix was tuned by
incorporating methacrylates with different alkyl chain lengths,
such as hexyl, butyl, or propyl.
Incorporation of DASA was characterized by 1H NMR

spectroscopy, and the molecular weight and polydispersity
were characterized by advanced polymer chromatography
(APC). Molecular weights of norbornadiene copolymers were
targeted to exceed the molecular weight of entanglement of
poly (hexyl methacrylate) (Me = 33 K).40 The number average
molecular weight determined by APC ranged from Mn = 40−
70 K, with a dispersity of 1.3−1.7. Using materials designed
with varying DASA incorporation and matrix compositions, we
next investigated the role of the glass transition temperature in
photothermal actuation enabled by DASAs.

Physical and Mechanical Properties of DASA-Based
Materials. For each material composition, differential
scanning calorimetry (DSC) and dynamic mechanical analysis
(DMA) experiments were performed to determine the glass
transition temperature. Based on the DSC analysis, 1, 4, and 9
mol % DASA−PHMA conjugates indicated an increase in Tg
with increasing DASA content, to 2, 23, and 62 °C,
respectively, as shown in Figure 2a, as compared to the Tg of
the PHMA homopolymer, which is −6 °C (Figure S1). To
compare the effect of DASA incorporation to that of a well-
studied photoswitch, we also synthesized and characterized an

Figure 2. (a) DSC of DASA−PHMA materials shows that Tg increases with increasing DASA incorporation. At 9 mol % incorporation of
photoswitch, there is a significantly larger increase in Tg after functionalization with DASA (blue) compared to azobenzene (Azo). (b) Tg of
increasing DASA incorporation with different methacrylate comonomers (blue, upper x-axis), and the corresponding methacrylate homopolymers
with no DASA showing the increase in Tg due to DASA incorporation (black). (c) DMA shows an increase in the elastic modulus of DASA−
PHMA with increasing DASA incorporation. (d) By using different methacrylate comonomers, it is possible to obtain materials with varying DASA
incorporation and a similar modulus, with vertical lines indicating the similar Tg values of each material.
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azobenzene (Azo)-conjugated polymer, 9 mol % Azo−PHMA.
The Azo-based material indicated Tg = 5 °C, only 11 °C above
that of the PHMA homopolymer, in contrast to the equivalent
DASA-based material, which indicated Tg = 62 °C, an
approximately 6-fold larger change (Figure S2). This result
highlights the large effect DASA incorporation has on material
properties. Presumably, the bulky conjugated groups on DASA
increase the Tg of the polymer due to restricted segmental
dynamics.41,42

With a better understanding of the effect of increasing DASA
incorporation on Tg, we next selected specific comonomers to
produce materials with differing DASA content but similar Tg
and compared their performance. This allowed us to decouple
the effects of DASA incorporation and Tg on material
properties. Materials with a Tg of approximately 60 °C were
targeted, to facilitate comparisons with the PHMA-based
material with the highest incorporation of DASA, 9 mol %
DASA−PHMA. To achieve a 1 mol % DASA-based material
with a target Tg of ∼60 °C, we selected copolymers containing
propyl methacrylate, for which the homopolymer Tg = 57 °C
(Figure S3). The resulting 1 mol % DASA−PPMA material has
a Tg of 67 °C. To achieve a 4 mol % DASA-based material,
butyl methacrylate was chosen, for which the homopolymer Tg
= 32 °C (Figure S4). The resulting 4 mol % DASA−PBMA
material has a Tg of 59 °C. While there is a slight variation
from the target value among the different compositions, the Tg
values of all materials were within a narrow range from 59−67
°C, enabling quantitative comparisons of materials with an
increasing incorporation of DASA and similar Tg, as shown in
Figure 2b.
With these materials in hand, we determined the mechanical

properties of the various material compositions using DMA.
Elastic moduli of DASA−PHMA exhibited an increase at all
temperatures as shown in Figure 2c. The modulus in the glassy
state increased with increasing DASA content. Each DASA−
PHMA showed a decrease in the modulus over its Tg and a
modulus plateau was not observed due to the relatively lowMn.
We found significantly different elastic moduli at 20 °C for
DASA−PHMAs, where 1, 4, and 9 mol % DASA−PHMA
showed 0.003, 0.495, and 1.608 GPa, respectively. When the
materials with increasing incorporation of DASA and similar Tg
were compared, we found them to have nearly identical
moduli, as shown in Figure 2d, at 20 °C with an average value
of 1.609 ± 0.004 GPa, as measured by 1 Hz oscillation in the
small strain regime. We next measured the linear CTE using
DMA. We found that DASA-based materials in a glassy state
(−50 °C + Tg to −10 °C + Tg) have similar CTE values (130−
160 × 10−6/°C) regardless of the DASA incorporation and the
matrix, as shown in Figures S5−S15. These values are only
based on the glassy region due to the significant creep behavior
observed over Tg.

Taken together, our results demonstrate that increasing the
DASA incorporation has a significant effect on the Tg and
modulus, but not the CTE, and that for a given matrix
composition, adding DASA increases the material’s stiffness as
summarized in Table 1. These structure−property relation-
ships can have a profound effect on the ability of the material
to bear loads. Through the use of strategic design, we were able
to access DASA-materials with a range of mechanical
properties. We expect that these properties will be reflected
in photoswitching and photoactuation performances as well.

Photoswitching Properties of DASA-Based Materials.
DASAs offer the unique advantage of negative photochromism,
switching from a highly colored, absorbing open-form to a
colorless, non-absorbing closed-form upon irradiation with
visible light (Figure 1a). Negative photochromism permits
deep penetration of the incident light, allowing photo-
conversion of the entire sample, and also allows for tunable
actuation based on absorbance, where the high absorbing open
form has increased photothermally driven actuation, compared
to the non-absorbing closed form.23,43 To investigate the
photoswitching kinetics of DASA-based polymer materials and
to establish the influence of the DASA content and material Tg,
we used time-dependent pump−probe UV/vis spectroscopy
(for experimental details, see Section 1.2.5 and Section 4 in the
Supporting Information). The wavelength of maximum
absorbance in all DASA materials was centered at ∼648 nm
as shown in Figure S16 and was used to monitor the rates of
the forward photoswitching and the thermal back reaction.
Using a two state model, we can quantify the forward reaction
rate under light (kf,light) and effective quantum yield (φeff)
during the transition from the open to closed form (Scheme
S19).24 In order to quantify the recovery rate constants kb
(s−1), we utilized a first order exponential recovery model
(kb,exp, s−1)24 and a dynamic equilibrium model (kb,dyn,
s−1).44,45 A detailed discussion on the two different kinetic
models is summarized in Section 4 of the Supporting
Information. For the kinetic studies, thin films were prepared
by drop casting and irradiated with a light source (halogen
lamp, EKE 150 W with a fiber optic illuminator, 172 mW/cm2)
for 140 s at room temperature. In order to achieve an
absorbance of ∼1, 1, 4, and 9 mol % DASA-based material thin
films were prepared with different thicknesses of 10, 2.5, and 1
μm, respectively, with the assumption that DASA has a molar
extinction coefficient in the solid state similar to what has been
experimentally determined in solution, ∼100,000 M−1

cm−1.43,46

With increasing DASA content and increasing Tg, we
observed a slowing of the forward and backward reaction
rates as shown in Figure 3a. The 1 mol % DASA−PHMA
material with the lowest Tg has significantly more recovery at
room temperature, at 71% of the initial absorbance, as
compared to the 9 mol % DASA−PHMA material with the

Table 1. Summary of Material Properties of DASA-Based Materials

material Tg (°C) modulusa (GPa) CTEb(× 10−6/°C) temp.c (°C) displacementc (mm)

1 mol % DASA−PHMA 2 0.003 142.8 ± 1.4 52.1 ± 3.6 0.65 ± 0.06
4 mol % DASA−PHMA 23 0.495 153.6 ± 0.9 57.9 ± 1.7 1.11 ± 0.06
9 mol % DASA−PHMA 62 1.608 148.4 ± 0.6 62.4 ± 0.9 7.0 ± 0.1
1 mol % DASA−PPMA 67 1.613 134.7 ± 1.1 58.0 ± 0.8 6.8 ± 0.4
4 mol % DASA−PBMA 59 1.604 140.2 ± 0.7 61.7 ± 1.4 6.73 ± 0.08

aMeasured at 20 °C by 1 Hz oscillation in the small strain regime. bMeasured in the glassy state from −50 °C + Tg to −10 °C + Tg.
cMeasured at

172 mW/cm2.
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highest Tg, which recovers only 20% after 15,000 s (>4 h).
Analysis of the forward rate constants of 1, 4, and 9 mol %
DASA−PHMA conjugates under illumination indicated a
decrease in rate constants (kf,light, s−1) with increasing DASA
content, 0.1350, 0.0660, and 0.0271 s−1, respectively (Figure
S19). While there is a slight variation between the two kinetic
models for recovery, they are both in agreement that the rate
constants decrease with increasing DASA incorporation and
increasing Tg as summarized in Table S4. Overall, the light-
driven forward reaction rate dominates the kinetics, while the
thermal back reaction rate occurs on a much slower time scale,
which does not affect the macroscopic properties. We repeated
the switching study with all DASA−PHMA materials at
temperatures above their Tg using a heating bath that can reach
a maximum sample temperature of 70 °C (for experimental
details, see Section 5 in the Supporting Information). When
each material is held over Tg, all materials recover to >70% as
shown in Figure S23.
We then repeated these experiments for 1 mol % DASA−

PPMA and 4 mol % DASA−PBMA materials that have Tg
values of ∼60 °C. As shown in Figure 3b, the three materials
with similar Tg and initial absorbance all showed similar
forward rate constants (kf,light, s−1), with increasing DASA
contents, 0.0271, 0.0244, and 0.0271 s−1, respectively (Figure
S22). In addition, both kinetic models indicated similar rate

constants for the thermal recovery of the materials bearing
similar Tg, regardless of DASA incorporation, as summarized in
Table S4. The slight variation in recovery is likely due to the
slight differences in Tg. At 70 °C, above the Tg of all three
materials, there is a significant increase in thermal recovery, as
shown in Figure S24. Consistent with the results obtained
using the PHMA-based materials, recovery is roughly 70−80%
regardless of the matrix and DASA incorporation when the
operating temperature is held above Tg. Additional studies are
underway to better understand the 20−30% loss upon
switching, which we believe may arise either because the
material is reaching a new thermodynamic equilibrium or due
to decomposition. Based on these results, it is clear that DASA
incorporation and matrix selection dramatically influence the
Tg of the material, which in turn dramatically influences the
photoswitching properties.

Photothermal Actuation Performance. To demonstrate
the effect of material design on light-driven actuation
performance, we prepared bilayer actuators by drop casting
DASA-based materials onto a commercially obtained poly-
imide (PI) film (purchased from McMaster, Kapton polyimide
film, CTE ∼22.8 ± 0.1 × 10−6/°C and elastic modulus ∼3.4
GPa at 1 Hz). The resulting material has a responsive DASA-
based layer thickness of ∼10 μm and a passive layer thickness
of ∼25 μm (Figure S25), and the planar sheet is cut into thin
strips of 1.5 mm by 15 mm. Because stiffness increases by the
cube of the thickness, all cantilevers are prepared with the same
thickness of ∼10 μm, regardless of mol % DASA incorporation.
To evaluate the actuation performance of the different
materials, a light source (halogen lamp, EKE 150 W with a
fiber optic illuminator) located above the cantilever directly
illuminated the DASA−PHMA layer. For each experiment, the
displacement of the cantilever tip was continuously recorded
before, during, and after irradiation, as shown in Figure 4a. An
infrared camera (FLIR E60) was used to record the
temperature of the bilayer cantilever under illumination. The
actuation performance was measured under conditions of
short- or long-term irradiation. Short-term irradiation is
defined herein as ∼4 s of irradiation time, resulting in
negligible photoswitching in high Tg materials, as compared to
long-term irradiation defined herein as >2 min of irradiation
time, resulting in non-negligible photoswitching in all
materials.
To evaluate the short-term photothermal actuation of

responsive bilayer materials, we initially measured cantilever
tip displacement and temperature at different light intensities
using the DASA−PHMA-coated materials with 1, 4, and 9 mol
% incorporation of DASA (Figures 4b, S26a, and Table 1). At
a given light intensity, we observed a slight temperature
increase as the concentration of DASA increased. At the
maximum light intensity of 172 mW/cm2, for 1, 4, and 9 mol %
DASA−PHMA conjugates, we measured 52.1, 57.9, and 62.4
°C, respectively. We attribute the slight variation in maximum
measured temperature to (i) increasing DASA incorporation
and (ii) the increased forward switching kinetics in lower Tg
materials as shown in Figure 3a. The latter effectively lowers
the percentage of the photothermal agent within the low Tg
materials. The displacement versus measured temperature at
different light intensities is summarized in Figure 4c. Here, we
observed a significant increase in displacement as the
concentration of DASA increases at a given light intensity.
At the maximum light intensity of 172 mW/cm2, a cantilever
containing a 9 mol % DASA−PHMA active layer reached a

Figure 3. Influence of increasing DASA incorporation and Tg on the
switching kinetics was determined using time-dependent pump−
probe UV/vis spectroscopy. Thin films were irradiated (halogen lamp,
EKE 150 W with a fiber optic illuminator, 172 mW/cm2) starting at
time t = 60 s and ending at t = 200 s (indicated by the shaded box in
the time traces); the subsequent thermal recovery in the dark was
measured. (a) Time-dependent UV/vis analysis of DASA−PHMA
materials with Tg ranging from 2−62 °C due to increasing DASA
incorporation. In a polymer matrix of fixed monomer composition,
increasing DASA incorporation results in a decrease in the forward
and backward reaction rates, as well as lower recovery. (b) Time-
dependent UV/vis analysis of materials with increasing DASA
incorporation and different methacrylate comonomers resulting in
materials with Tg ranging from 59−67 °C. In materials with a high Tg
≫ room temperature, and with similar initial absorbance, increasing
DASA incorporation results in similar forward and backward reaction
rates, and similarly low recovery.
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maximum deflection of 7.0 ± 0.1 mm and a temperature of
62.4 °C. Identical cantilevers containing 1 and 4 mol %
DASA−PHMA demonstrated an approximate order-of-magni-
tude smaller displacement of 0.65 ± 0.06 and 1.11 ± 0.06 mm,
respectively. We attribute the large difference in actuation
performance to the differences in the stiffness of the materials,
reflected in the Tg and modulus values. The 1 and 4 mol %
DASA−PHMA materials have Tg at or below room temper-
ature, and elastic moduli of 0.495 and 0.003 GPa at 20 °C,
respectively. As a result, they do not provide enough bending
stiffness to actuate the system. By contrast, the stiffer 9 mol %
DASA−PHMA with a Tg = 62 °C significantly above room
temperature, and elastic modulus = 1.608 GPa, outperforms
the lower incorporation materials. While the role of the
increasing concentration of the photothermal agent cannot be
decoupled from the resulting change in mechanical properties
among these three materials, it is clear that for a given passive
bilayer, increasing the active layer stiffness improves actuation
performance.
In order to decouple the changes in thermal and mechanical

properties of DASA-based materials, we next tested the

materials with differing comonomer compositions, thereby
allowing us to increase the DASA incorporation without
changing the Tg or modulus values and evaluated their
actuation performance in our cantilever device. Now, despite
the significant differences in DASA incorporation, we
measured very similar temperatures for all three materials, as
shown in Figure 4d. Moreover, we observed similar displace-
ments and temperatures at the same light intensities as the
concentration of DASA increases (Figures 4e, S26b and Table
1). Initially, we were surprised by this result because one would
anticipate that a higher concentration of the photothermal
DASA agent would provide a better performance. However,
this result is consistent with the Beer−Lambert law, where
sample heating reaches an asymptotic limit when chromophore
absorbance values are greater than ∼1.43,47 Due to the high
molar extinction coefficient of DASA (∼100,000 M−1 cm−1),
even at the lowest incorporation of 1 mol % DASA, the
absorbance of the active layer has already reached this limit.
Given that these materials have higher Tg values (∼60 °C),
they will have reduced forward photoswitching rates compared
to the lower Tg materials. Together, these results establish that

Figure 4. Photothermally driven actuation of DASA-based materials. (a) Using a cantilevered actuator geometry, we demonstrate the ability of the
DASA-polymer to photothermally actuate upon irradiation with visible light. (b) Averaged peak temperature vs light intensity of DASA−PHMA
materials with increasing DASA incorporation, resulting in a slight increase in temperature with increasing DASA incorporation. (c) Averaged peak
displacement vs averaged measured temperature at different light intensities is plotted for DASA−PHMA materials, with significantly higher
actuation for 9 mol % DASA−PHMA compared to lower incorporations. (d) Averaged peak temperature vs light intensity of DASA materials with
increasing DASA incorporation and different methacrylate comonomers (PXMA). (e) Averaged peak displacement vs averaged measured
temperature at different light intensities is plotted for DASA−PXMA materials, with similar actuation and temperature for all three materials.
Averaged peak displacement is averaged over five total peak displacements and averaged peak temperature is averaged over three total
measurements.
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short-term actuation performance is not dependent on DASA
incorporation in the range of 1−9 mol %, and that the
actuation amplitude is primarily governed by the stiffness of
the material as reported by the Tg and modulus.
Photo-Induced Material Property Changes. Unlike

traditional photothermal agents or photoswitches, which
absorb light in both states, DASAs are colorless and non-
absorbing in the switched state. This negative photochromism
significantly impacts our photothermal material and provides a
unique opportunity to leverage the properties of DASA in
actuator design. To determine the relationship between
actuation and photoswitching, we measured the long-term
actuation performance. For these studies, we compared the 1
mol % DASA−PPMA, 4 mol % DASA−PBMA, and 9 mol %
DASA−PHMA, all with high Tg values of ∼60 °C and DASA-
layer with a thickness of 10 μm (for experimental details, see
Section 8 in the Supporting Information). Based on the studies
of bleaching front propagation in solution,43 we anticipate that
the bleaching front propagates faster in the case of lower DASA
incorporation, lowering the absorbance below the asymptotic
limit more quickly than for the case of higher DASA
incorporation. Experimentally, this was confirmed: as shown
in Figure S27, the 1 mol % DASA−PPMA decreases in
absorbance and maximum displacement more quickly than the
9 mol % DASA−PHMA. However, the 4 mol % DASA−
PBMA and 9 mol % DASA−PHMA had a surprisingly similar
long-term performance. Thus, while DASA incorporation does
not govern the initial displacement obtained under short-term
irradiation, it plays a role in how long the actuator has chemical
energy (in the form of the light-absorbing species) to sustain
the maximum (peak) performance.
The difference in performance under long irradiation times

led us to also investigate the light-induced changes in
mechanical properties between the photoreactant (open-
form) and photoproduct (closed-form), which we anticipate
may arise from the large change in the molecular volume,46

polarity,25,46 and molecular interactions between the isomers.
Using DSC, we determined the Tg of the closed-form 9 mol %
DASA−PHMA using the first heating cycle. This contrasts our
analysis of the open-form material, where three cooling cycles
were analyzed, as subsequent heating cycles will thermally
recover DASA to the open form as previously shown
(experimental details are given in Section 9 of the Supporting
Information). These results show there is a marked decrease in
Tg of ∼20 °C between the open (62 °C) and closed (42 °C)
DASA forms, as shown in Figure 5a. The glass transition step is
followed by a relaxation enthalpy due to the non-equilibrium

state. We suspect the decrease in Tg is due to the change in
volume between the extended, open-form and the compact,
closed-form. The photo-induced reduction in Tg is also
supported by DMA as shown in Figure 5b. In addition, we
observed a drop in the elastic modulus at 20 °C between the
open- and closed-forms by DMA from 1.608 to 1.130 GPa, as
measured by 1 Hz oscillation in the small strain regime as
shown in Figure 5b (experimental details are in the Supporting
Information in Sections 9 and 10). This suggests that the long-
term actuation behavior is much more complex than a simple
change in the absorbance/temperature change, and that there
is a simultaneous and coupled change in material properties
(modulus and Tg). To fully unlock the design potential of
DASA-based materials, it is imperative to consider how these
property changes may play a role in short- and long-term
actuation performance, as well as the photoswitching reaction
rates, which are highly dependent on these properties. To the
best of our knowledge, this is the first example of photo-
induced mechanical property changes of DASA-based
materials. Such property changes have been observed in
azobenzene-modified materials, although at near 100% photo-
chrome incorporation.39 The ability to access significant
property changes at relatively low (9%) DASA incorporation
shines light on the potential of DASAs to achieve more
complex photo-induced property changes, in addition to their
potential for applications in photoactuation.

■ CONCLUSIONS
Utilizing a modular Diels−Alder synthetic approach, we
designed five materials, which systematically vary in DASA
incorporation and glass transition temperature, as well as
properties governing actuation performance such as elastic
modulus. The results demonstrate important considerations
for the design of application-geared DASA-materials, which
address the trade-off of having a material that is stiff enough to
actuate, but soft enough to reversibly switch at the operating
temperature. Additionally, our results reveal light-induced
property changes in the Tg and modulus between the open and
closed forms of DASA-based materials. This work establishes
the foundational relationships between mechanical and
photoswitching properties and is critical to advancing the use
of DASA-based materials.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsapm.1c01108.

Figure 5. Photo-induced changes in mechanical properties between the open and closed-forms of DASA. (a) 9 mol % DASA−PHMA shows a
significant drop in Tg upon switching observed by DSC. (b) A decrease in the elastic modulus between open and closed-form DASA at all
temperatures is also observed using DMA. The vertical lines indicate the Tg.
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Experimental details; materials; characterization meth-
ods; optimized synthetic route to S1; glass transition
temperature measurement by DSC; CTE for PI and
DASA-based materials; DASA−PHMA thin film switch-
ing kinetics at room temperature; photoswitching of
DASA-materials above Tg; thickness measurement of 10
μm using SEM; displacement vs. light intensity of
DASA-based materials; long-term actuation of DASA-
PXMA materials; Tg of closed-form 9 mol % DASA-
PHMA (DMA and DSC); mechanical properties of
closed-form 9 mol % DASA-PHMA (DMA); third-
generation DASA used in this study; and 1H and 13C
NMR spectra of polymer building blocks and DASA-
based materials (PDF)
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