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ABSTRACT: For solar-driven macroscopic motions, we assert that there
is a local heating that facilitates large-scale deformations in anisotropic
morphologic materials caused by thermal gradients. This report
specifically identifies the fate of heat generation in photonastic materials
and demonstrates how heat can perform work following excitation of a
nonisomerizing dye. Utilizing the electrospinning technique, we have
created a series of anisotropic nanofibrous polymer mats that comprise
nonisomerizing dyes. Polymers are chosen because of their relative glass
transition temperatures, elastic moduli, and melting temperatures. Light
irradiation of these polymer mats with an excitation wavelength matching
the absorption characteristics of the dye leads to macroscopic deformation
of the mat. Analysis of still images extracted from digital videos provides
plots of angular displacement vs power. The data were analyzed in terms
of a photothermal model. Analyses of scanning electron microscopy

micrographs for all samples are consistent to local melting in low T, polymers and softening in high T, polymers. Dynamic
mechanical analysis allowed for quantification of the modulus change under a given light fluence. We employ these data to
calculate a energy conversion efficiency. These efficiencies for the polymer mats are compared to other nonmuscular systems,

including a few natural, biological samples.
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B INTRODUCTION

Macroscale motion is a fundamental property of all living
systems and helps to determine their survival in local
environments. In plants, nonmuscular macroscale motion is
used in many ways from optimizing sun exposure for
photosynthetic endeavors to opening and closing petals to
guard the ovule.' Plants motions are classified as either
photonastic or phototropic. Photonastic motion is regular,
repeatable macroscale movement in a preprogrammed
direction.” In contrast, phototropic movements are irreversible
single occurrence events.” In all cases of macroscale plant
motion, a thermal or photochemical stimulus is applied that
triggers a series of biological reactions ending in the plant
adjusting and monitoring turgor (rigidity from osmotic
pressure) in cells to generate stress, thus enabling shape
change.*”® There are few organisms that utilize light as a
means of propulsion, translocation, or displacement (photo-
taxis) because on a small scale these detectors are unable to
distinguish a single light vector. These detectors are all based
on rhodopsin.”
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Nonmuscular macroscale motion, which mimics biological
functionality, is of current interest in the material science and
biomedical communities for the development of smart,
mechanically adaptable materials that can be stimulated by
light.*~"" Light-induced macroscale bending has been observed
in a number of different molecule-based materials consisting of
azo containing liquid crystal elastomers,"”~"* single and co-
crystals of photochromic compounds,™** and the growing
family of photosalient compounds.”>~>* These examples
explicitly highlight the importance of molecular isomerization
or photochemistry as a critical design element in the
generation of macroscopic shape change or stress of the
material. Bending requires an elastic gradient, often associated
to a concentration gradient, through the material thus
establishing a bimorph or bilayer structure. This bilayer
structure permits contraction on one side and expansion on
the other to permit bending. For example, in shape memory
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materials bending is a result of differing thermal properties
between two crystalline phases.”®”” In plants, differential
turgor pressure leads to stem bending or twisting.”® Although
molecular motion is important, it is the formation of
concentration gradients that actually leads to bending in
many cases.

For solar-driven macroscopic actuation, we assert that there
is necessarily a local heating of the sample that facilitates large-
scale deformations by accentuating material property differ-
ences caused by these anisotropic gradients. Specifically, the
origin of the gradient is molecular and photophysical heating.
Irradiation of a solid sample results in approximately 4%
reflection due to differences in the refractive index between air
and the solid sample, as predicted by Snell’s law. Light that
penetrates the sample and triggers a photochemical event
dissipates some of this energies as heat through a variety of
photophysical processes. Moreover, unless there is quantitative
conversion of light energy to work (macroscopic deformation),
the absorbed light energy must be lost as heat.””” This heat is
generated from excited state relaxation from the initial Franck
Condon state(s) and leads to the observed Stokes’ shift in
emission. In the absence of emission, excited state deactivation
is also a source of heat. For photochromic compounds that
undergo a change in molecular structure, some of this excited
state energies are lost in the form of work to physically move
these molecular components. However, as these processes are
exothermic (energetically downhill), they release heat. In
solution, heat loss is trivial as it is dissipated into solvent
vibrational modes. In solid samples, however, heat transfer to
air is notoriously inefficient, and thus the heat generated from
molecular light excitation is trapped within the material. We
show in this manuscript that heat generated from excited state
deactivation (following electronic absorption) can have a
substantial effect on the mechanical properties of a soft
material (polymer) and even do work in the form of
macroscopic photonastic motion.

This report specifically addresses the fate of heat generation
in photonastic materials and demonstrates how heat can
perform work following excitation of a nonisomerizing dye. We
previously published results illustrating light-induced macro-
scopic bending in a co-polymer of norbornene that was
ascribed to isomerization of a pendant photochromic
ruthenium sulfoxide unit.>'~** We noticed a nontrivial role
for photothermal bending in that study. Since then, we have
noted literature reports on photosoftening, etc., which appear
to imply a significant role for a photothermal or photoinduced
heating effect in macroscopic bending of polymer or crystalline
materials.’”****> Here, we preform the critical bilayer or
bimorph structure for bending by creating nanofibrous mats
from electrospinning techniques. The fibers comprise simple
dyes that generate heat following visible light excitation from
the excited state processes described above. We speculate that
the fibers allow for the formation of a thermal and elastic
gradient not possible in films. We propose that the heat
generated from dye excitation is confined within individual
nanofibers, whereas heat distribution from irradiation in films
is much more rapid preventing creation bilayer gradients. We
quantify the angular displacement of motion of the polymer
film as a function of incident power (Q) and relate this to
material properties of the polymer. We assign the macroscopic
bending of the sample as due to a photothermal effect, where
heat is generated from photophysical relaxation processes. In
this photothermal regime, one expects the amount of bending
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to be dependent upon light exposure, dye concentration, and
glass transition and melting temperatures of the polymer, and
this is what we observe.

B METHODOLOGY

Rhodamine 6G was purchased from Sigma-Aldrich and utilized
without further purification. Free base tetraphenylporphyrin
(H2TPP) was prepared according to previous literature
procedures.*® Poly(lactic acid) (PLA) and poly(caprolactone)
(PCL) are both commercially available under the trademarks
of Ingeo 4043D (NatureWorks LLC) and InstaMorph (Happy
Wire Dog, LLC), respectively. Both polymers are used without
any further purification.

Rhodamine 6G- and H2TPP-doped electrospun mats were
prepared by adding the dye to polymer (PLA and PCL) in
predetermined amounts. 1,2-Dichloroethane is added and left
to sit until the polymer is nicely solvated. The solution is spun
at ~10 kV over a 12 cm horizontal distance to the collection
plate. Once the polymer is spun, it is cut into 10 mm long X 1
mm wide 0.3—0.5 mm thick pieces. The plain polymer
reference mats are prepared under the same conditions without
the addition of dye. Rhodamine 6G- and H2TPP-doped
dropcast films were prepared by taking a similar solution and
pouring the mixture into a mold, which is left exposed to air for
slow solvent evaporation. Once dry, the film is removed from
the mold and cut into 10 mm long X 1 mm wide 0.5 mm thick
pieces. All electrospinning and video recording are conducted
on a homemade apparatus, whose description may be found in
the Supporting Information. The reflectance, scanning electron
microscopy (SEM), and dynamic mechanical analysis (DMA)
instrumentation and protocols are also found in the Supporting
Information.

B RESULTS AND DISCUSSION

Shown in Scheme 1 are the dyes and polymers employed in
this study. These dyes were chosen because they exhibit

Scheme 1. Structure of Rhodamine 6G (Upper Left), Free
Base Tetraphenylporphyrin (Upper Right), Poly(lactic acid)
(Bottom Left), and Poly(caprolactone) (Bottom Right)

Employed in This Study

)

moderate to high emission quantum yields.”” For this study,
we required that most of the absorbed light would be lost
radiatively through emission and that only a small amount of
absorbed photonic energy would be lost nonradiatively as heat.
It is important to note that these are simple, commercially
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available dyes that do not undergo substantial molecular or
electronic structural change upon excitation, unlike photo-
chromic compounds that are often employed for these types of
studies.

Polymers are chosen because of their relative glass transition
temperatures (T,), elastic moduli (E), and melting temper-
atures (T,,). Moreover, it is important that the polymers have a
long shelf live as well as stability and suitability for
electrospinning. The nanofibrous mats were produced from
electrospinning solutions containing a polymer and a dye. In
the absence of dye solute, the electrospinning technique
generated a relatively uniform fiber distribution (Figure $23)
that was laterally aligned from a low-magnification perspective
with our instrumentation (Scheme S1). In the presence of dye,
the uniform fiber dimension was strongly perturbed, producing
relatively large clusters as well as relatively small diameter
fibers (Figure 1). On the basis of our experience, we assume

Figure 1. SEM micrographs of an unirradiated 0.0025 mM rhodamine
PLA electrospun mat at two different magnifications. The red square
in the left image is an outline of the higher-resolution right image.

that these structures formed during the electrospinning process
and are due to the polymer wrapping or folding itself around
the dye during solvent ionization. We want to reiterate that the
no clumping is observed in the polymer mats without the dye
molecules. Views of smaller areas reveal structural anisotropy
in the lateral arrangement as well as in the diameter of the
fibers (Figure 1). Indeed, the high surface area and high
concentration of fibers do not permit light to transmit through
the sample, indicating that all light that impinge upon the
sample are either scattered or absorbed.

Light irradiation of the nanofibrous polymer mats with an
excitation wavelength (color) matching the absorption
characteristics (Figure S1) of the dye leads to macroscopic
deformation (bending) of the mat. The nanofibrous mats are
typically 10 mm long X 1 mm wide X 0.3—0.5 mm thick.
Digital videos of the deformation of each representative sample
can be found in the Supporting Information. Consistent to a
photothermal model where heat is generated following
absorption (nonradiative relaxation), the amount of light
directed onto the sample and the dye concentration led to
different levels of bending. Again, it is important to note that
these compounds do not feature a change in a molecular
structure following electronic excitation. Normally, much of
the incoming light is scattered from the top of the sample
resulting in only a small fraction absorbed. Reflectance
measurements show that 2—6% of the incident light is
absorbed for the samples investigated here (Figure S2).

As described in detail in the Methodology Section, we
extracted still images from the digital video utilizing Image]
(Figure 2).%® In these videos, the end of the mat was marked
with a black dot to enable tracking (Figure 2). Thus, we were
able to apply the distance formula to generate a plot of angular
position vs time. Shown in Figure 2 are representative data of
0.0025 mM rhodamine 6G in PLA (poly(lactic acid); T, = 60
°C; T, = 165 °C; E = ~3400 MPa; 1 mg rhodamine/1 g PLA
0.001 wt %)*” irradiated with 75 mW of green light (532 nm).
As seen in the videos, deformation of sample is a simple
bending of the nanofibrous mat in which the sample forms a
90° angle. Thus, data collection concludes when the sample
mat is coincident to the direction of the laser beam. Shown in
Figure 3 are a series of these same 0.0025 mM rhodamine 6G
in PLA mats irradiated with different incoming powers ranging
from 10 to 75 mW. As would be expected, for a photothermal
model, greater the light intensity directed onto the sample, led
to more rapid deformation. As seen in the 75 and 50 mW
traces (Figure 3B), the total time of the experiment (time
needed to bend the sample to 90°) was complete within 6 s,
where with an intensity of 25 mW directed onto the sample,
the time required to bend the sample is greater than 20 s. If too
low of light intensity (10 mW) was directed upon the sample,
then the sample not only did not bend to 90°, but also the
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Figure 2. Five still images extracted from the photobending analysis of a 0.0025 mM PLA electrospun polymer mat irradiated with 75 mW, 532 nm
light. Below the still images are the calculated angular displacement (left), velocity (middle), and acceleration (right) of the photobending
experiment. The five images shown are highlighted with the five black points on each plot for clarity.
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Figure 3. (A) Angular displacement for a 0.0025 mM rhodamine PLA
mat irradiated with 10 mW (black), 25 mW (red), SO mW (blue), and
75 mW (brown) of 532 nm light plotted for the first S s. (B) Angular
Displacement of the 0.0025 mM rhodamine PLA mat plotted over 20
s.

amount of time to bend the sample was much longer (Figure
3).

This angular displacement with light was investigated with a
variety of laser sources. A plot of angular displacement vs
power (mW s) for the 75 and 50 mW irradiation samples all
show deflection upon exposure to the same amount of total
power (~26 mW s) directed onto the sample regardless of the
intensity of the laser source (Figure SI4a). The effects of
increasing the dye loading in the mats as well as changing the
type of dye were explored. We tested samples comprising five
different loadings of rhodamine 6G dye (0.0025 mM (0.001 wt
%), 0.0048 mM (0.002 wt %), 0.0096 mM (0.004 wt %),
0.0143 mM (0.006 wt %), and 0.0191 mM (0.008 wt %)) and
a 0.006 mM (0.002 wt%) H2TPP dye sample in PLA and have
observed the same photonastic trend. All angular displacement
data as well as subsequent velocity data may be found in the
Supporting Information (Figures S3a—e, S4a—b, SSa—e, S9—
S11). These observations are consistent to a photothermal
mechanism for macroscopic bending of the polymer sample.
We note that for a polymer sample containing a larger amount
of thodamine 6G dye (up to 0.0191 mM; 8 mg dye/1 g PLA)
that the minimum power and initial energy needed to bend
these samples continues to lower, until occurring at ~10 mW s
for a 0.0191 mM loading.

A number of control experiments were further performed to
confirm the role of the polymer mat anisotropy and activity of
the dye. The first control consisted of utilizing a thermoelectric
nichrome wire as a heating source at two distances above the
polymer mat. Angular displacement generated from the
thermal irradiation (Figures S15 and S16) resembled that of
the photoirradiated experiment. A second control was to test
the role of thermal anisotropy by irradiating a dye-doped film
of equal mass to the polymer mat. No angular displacement of
the dye film was observed to reinforce the notion that a bilayer
or gradient is required to generate stress in a material. It should
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also be noted that thermal conductivity has been recently
studied though different nanofibers to reveal thermal transport
along the through plane backbone of the fiber and not through
free space.’*!

A photothermal macroscopic bending model where heat is
supplied from visible light irradiation of dye molecules and
transferred to the polymer should display distinct bending
patterns depending upon both the melting temperature and
glass transition temperature of the polymer. A second common
polymer for electrospinning is poly(caprolactone) (PCL; T, =
—60 °C; T, = 58 °C; E = ~250 MPa),*” which features lower
glass transition temperatures and melting temperatures (T, and
T,,) relative to PLA. When irradiating analogous 0.0025 mM
rhodamine 6G in PCL mats under the same conditions as the
PLA mats, the angular displacement of the PCL and PLA
analogous mats are clearly different, with an unexpected
observation that the PCL mats show a slower initial response
(Figure 4). Similar to PLA data, the tread that the PCL
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Figure 4. (A) Angular displacement for a 0.0025 mM rhodamine PCL
mat irradiated with 50, 75, 100, and 150 mW of 532 nm light plotted
for the first S s. (B) Angular displacement of the 0.0025 mM
rhodamine PCL mat plotted over 20 s.

exhibits a slower to comparable response is valid for the same
range of dye loadings as the PLA examples. Data for both the
thodamine and H2TPP for PCL polymer are found in the
Supporting Information (Figures S6a—e, S7a,b, S8a—e, S12—
S14).

Closer comparison of the SEM micrographs for the 0.0025
mM rhodamine 6G sample in PLA and PCL depicted in Figure
S reveals an important morphology difference within the
irradiation zone. The SEM micrographs of the PCL mats from
the lowest to the highest irradiation power mat reveal melting
of surface nanofibrous architecture, which is required for the
photothermal bilayer bending model proposed here, in
contrast to the PLA mats, which show little degradation. In
the context of a photothermal bilayer bending model, melting
of the 0.0025 mM rhodamine 6G PCL mats at all
photoinduced temperatures makes it difficult to establish a
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PLA

0.0025 mM Rhodamine 6G mat

PCL

Figure 5. SEM micrographs of analogous 0.0025 mM rhodamine 6G PLA and PCL mats irradiated at two different powers. The left side of the
figure is a representation of the polymer mat where the blue area is the irradiation zone. The upper set images are taken from area A, which is
outside of the irradiation zone. The lower set of images is taken from area B, which is near the center of the irradiation zone.

Figure 6. SEM micrographs of the irradiation region for 0.0191 mM rhodamine 6G PLA mats. The micrographs are collected at 200X (first line)
and 6500 (second line). Three powers of 10 mW (A), 25 mW (B), and S0 mW (C) are utilized for comparison. Scale bar for (A,), (B;), and (C,)

is S00 gm and scale bar for (A,), (B,), and (C,) is 20 um.

thermal bilayer in contrast to the PLA mats, which show large
tolerance to temperature changes that would set up a thermal
gradient. We note that at higher dye loading and higher laser
power(s) we observe melting (volume change) of the PLA
mats since the radian displacement does not equal 1.57 (90°).

Analysis of the SEM micrographs in Figure 6 reveals a
volume change that occurs upon irradiation even when no
deformation of the polymer mat is observed. The observation
of a contraction in the polymer mat is atypical as a thermal
expansion is expected when heating a polymeric material that
has been previously observed by Agolini and Gay.”” Angolini
and Gay synthesized a series of azo-aromatic kapton polymers
to measure the stress generation while thermally heating and
photoirradiating the polymer mats. They report that when
thermally heating the kapton film, an initial expansion (10
min) is observed followed by a prolonged (>1 h) contraction
of the polymer mat. Irradiation of the kapton mats does not
show any expansion. The expansion and contraction are
ascribed to thermal expansion and volume change in the
trans—cis isomerization, respectively, by the authors even

though the conclusion of the study states that rate of
isomerization is not controlling the rate of expansion and
contraction. Here, we propose that the observed contraction is
due exclusively to a rearrangement of individual polymer
strands after a thermal expansion from nonradiative heating.

Linear dynamic mechanical analysis (DMA) was performed
on the polymer mats to quantify the changes in complex
modulus (E*) during irradiation of the polymer mats. The
polymer mats were irradiated with 100 mW cm™ 532 nm
continuous-wave (CW) laser light to observe softening, but
avoid melting and irreversible deformation of the mats.
Depicted in Figure 7 are the complex modulus changes for
0.0191 mM (8 mg rhodamine 6G/1 g of polymer) rhodamine
6G in PLA and in PCL irradiated with 532 nm light three
times.

As expected in a photothermal macroscopic bending model,
an immediate softening was observed in the polymer mat upon
irradiation of light. Conversely, the polymer mat hardened
when the light was removed. A small plastic deformation in the
polymer mat was observed in the DMA after the first cycle of

DOI: 10.1021/acsami.8b11294
ACS Appl. Mater. Interfaces 2018, 10, 37470—-37477


http://dx.doi.org/10.1021/acsami.8b11294

ACS Applied Materials & Interfaces

Research Article

§ o E*PLAonly e E*PLARhod8mg
] o E*PCLonly e E*PCL Rhod8mg
1 88888800000088280000098%8R0000RRRR
10° - °
g .
= ] ssssescsss obeeso YR
N i 05880geeeo coeep Raad
TS 3 - o L
| s D Soo
7 532 nm 532 nm 532 nm
10

— + 1 *r T T T T T ' T 7
0 100 200 300 400 500
time (sec)

Figure 7. Reversible changes in complex modulus (E*) of PLA mats
(solid red circles) and PCL (solid blue circles) mats with 0.0191 mM
rhodamine 6G after light irradiation 532 nm CW radiation (120 s, 100
mW cm™2). Radiation of PLA (empty red circles) and PCL (empty
blue circles) with no dye added show no response to light stimulus.

the light irradiation (returns to slightly lower E’ than the
initial), but a complete recovery of modulus was observed for
subsequent cycles. The DMA also shows that the PCL mats
experienced a larger mechanical change during light irradiation
than the corresponding PLA mats, which is consistent to the
SEM images depicting the melting of the PCL mats. The PCL
mats also show a slower response to the light stimulus in
agreement to the angular displacement experiment. Namely, it
takes ~4—35 times longer for the PCL mats to reach a plateau
in the complex modulus E* value upon light radiation than for
the PLA mats (Figure 7). Irradiation of both plain PCL and
PLA polymer mats with no rhodamine 6G dye dispersed did
not lead to any observable softening.

With the DMA quantification of the modulus change under
a given light fluence, it is possible to compare the thermal
bending model to other nonmuscular mechanical systems.
Unfortunately, there is no current consensus on a benchmark
figure of merit for photobending materials, so herein we
propose two different approaches. The first analysis is taken
from Skotheim and Mahadevan, who analyzed a large set of
nonmuscular motions occurring in plants and fungi by relating
the duration of the bending event to the dimension of the
moving portion of the organism.’ The analysis reveals both an
inertial time constant as well as the velocity of the elastic wave
generated in the plant material. The analysis by Skotheim and
Mahadevan yields a theoretical upper limit for both inertial
response and velocity of the elastic wave to give an idea if

further optimization is possible in the material. It seems most
appropriate to compare the motions of photomechanical
materials to motions of plants since both classes of motions are
nonmuscular. The second analysis is a calculation of work
generated per photon fluence and represents an efficiency
benchmark for current materials that undergo nonmuscular
motion and displacement. Equations 1, 2, and 3 are for the
calculation of the physical limit of an initial elastic wave (7,),
velocity of the elastic wave, and work as a function of photon
fluence, respectively. Equation 1 is for the calculation of the
physical limit for initial elastic wave (z;) where p is the bulk
density, E is the modulus, and L is the thickness describing the
medium containing the elastic wave. For our experiments, we
estimate this as 0.4 um, which is determined from an average
diameter of electrospun fibers extracted from a selection of
SEM images (note that the energy travels down the backbone
to the fiber).*” The modulus is known precisely from the DMA
measurements.

7, =L X (ﬁ)
E (1)

Equation 2 is for the upper limit for the velocity (m s™*) of the
elastic wave, where p is the bulk density and E is the modulus.

in
velocity = || —

P @)

Equation 3 is a measure of modulus efficiency and describes
the amount of work performed by the change in modulus as a
function of photon fluence, where AE is the change in
modulus, ! is the optical penetration depth, I is the intensity
(W m™), and s is seconds. We have considered measuring the
efficiency as the amount of observed deformation divided by
input energy. Unfortunately, in many of our electospun mats,
the deformation is limited to 90° because of the
instrumentation and not inherent properties of the mats.
Again, the change in modulus is determined directly from the
DMA experiments, and the intensity and irradiation times are
known. The optical penetration depth establishes the bilayer
critical for bending. We estimate this from examination of the
polymer mats videos under irradiation conditions and simply
note the depth of observed dye emission radiating form the
mat into the charge-coupled device camera. We used the
thickness of a fiber as an internal ruler to approximate the
optical penetration depth. Moreover, as stated above, we note
that there is no observed transmission of light through the
electrospun polymer mat. This efficiency term is unitless and
represents the amount of work performed per energy input.

Table 1. Comparison of Benchmark Parameters for a Series of Materials

material L (um) E (Pa) AE (Pa)
PCL/0.0191 mM rhodamine 0.374 4x 108 3.8 X 10°
PLA/0.0191 mM rhodamine 0.4° 3 x 10° 7.4 % 10°
RuSO/NB 1:40° 2 5% 108 2.1 % 10°
azo-LCN? 10 1% 10° 22 % 10°
diarylethene co-crystal® 30 1.1 x 10" 44 x 10°
Venus flytrap” 500 0.1 x 10°

I (m) 7, (s) velocity efficiency
88 x 1076 % 6.3 x 1071° 5.9 x 10° 0.37
88 x 10767 2.6 x 10710 2.6 x 10° 0.72

2% 107° 2.8 x 1077 7.2 X 10° 0.010
2% 107° 9—11 x 10~ 1% 10° 0.16
3x107° 1x1078 2.5 X 10° 0.88
1x107* sx107* ~10°

“Average diameter of single fibers taken form SEM images. bEstimated effective “hot” bilayer thickness taken from emission of dye in polymer mat.
c . . . . . ) 31,33 d .

Mechanical parameters of polynorbornene-doped isomerizing ruthenium sulfoxide taken from Jin et al. Mechanical parameters of azobenzene
containing liquid crystal networks at 50 °C taken from Yu et al.'>** *Mechanical parameters of diarylethene co-crystal taken from Morimoto and
Irie.'” Mechanical parameters of the Venus flytrap taken form Mahadevan et al.’
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This number can be greater than 1, but this value primarily
reflects the AE exhibited by the material following irradiation
and includes release of strain formed during the fabrication of
the material. For the electrospun mats described here, one
expects this contribution to AE to relatively large when
compared to a thin film. For materials that show very little
plastic deformation following irradiation, one may expect
efficiency values less than unity. For example, for the PLA and
PCL electrospun polymer mats described here, there is very
little plastic deformation (<10%) as evidenced by the return to
nearly identical modulus even after many irradiation—
relaxation cycles (Figure 7). However, materials that feature
large deformations due to changes in modulus may exhibit
rather large efficiency values. We expect that many photo-
salient crystals will exhibit large efficiencies, as the AE values
expected from mechanical rupture (and failure) should be
quite large.

AE x|
IXs (3)

efficiency =

Shown in Table 1 are relevant data and benchmark quantities
for a series of materials available in the literature and the
materials presented in this work. The trend in the physical
limit of the inertial time associate to the elastic wave shows
that soft polymer materials are faster than the crystalline and
biological materials. For the photoactive materials described in
Table 1, these time constants are on the order of hundreds of
picoseconds to nanoseconds (Venus flytrap is much slower and
not phototriggered), and this response is likely a direct
consequence of the exothermic processes associated to excited
state decay of the chromophore in the material. Recalling eq 1,
7, is a primarily dependent upon the optical penetration depth.
Note that neither E nor p of the polymer is affected or
perturbed by the concentration of the dye in the polymer. This
realization explains why the velocity of the elastic wave is
relatively unchanged in these materials, since the velocity is
dependent upon intrinsic properties of the material and as such
any elastic wave (thermal, acoustic) will travel with the same
speed through the material regardless of how the wave is
initiated.

Although the range in efficiency for these materials is
relatively modest, it may very well be borne out that much
larger changes in efficiency will be observed once a larger set of
samples can be compared. As noted above, this particular
approach for measuring efficiency relies heavily upon the
change in modulus, and the fact remains that all of these
molecular materials are relatively soft. The inclusion of a wider
array of materials will help provide context to this measure of
efficiency in photonastic materials.

B CONCLUSIONS

We have demonstrated that electrospun nanofibrous polymer
mats that contain simple, nonisomerizing dyes when irradiated
generate rapid macroscale movements. We have found that a
photothermal mechanism is operative, where the time required
for bending and extent of bending are determined by dye
loading, light exposure, and nanofiber structure. The heat that
is absorbed by the dye and then subsequently released through
nonradiative decay leads to a change in the elastic modulus of
the material. Moreover, we suspect that this photothermal
heating also releases strain that is introduced during the
electrospinning preparation of these nanofibrous mats. Future

studies will continue to investigate this photothermal bending
mechanism in these materials.
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