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Abstract: This work studies the effect of azobenzene dye Disperse Red 1 (DR1) doping and annealing
on the thermomechanical and photomechanical properties of poly(methyl methacrylate) (PMMA)
fibers. The mechanical properties are measured as a function of temperature, pump light intensity,
and polarization. We find that doping with DR1 increases the stiffness and the glass transition
temperature (Tg) of the PMMA fibers. Moreover, annealing below T, decreases Young’s modulus and
increases Ty . Finally, the photothermal heating contribution to the photomechanical response and the
length change during laser exposure are determined in both unannealed and annealed plain PMMA
and DR1-doped PMMA fibers. We find that photothermal heating is the dominant mechanism
and the effect of photoisomerization is negligible. The temperature-dependent photomechanical
efficiencies are also determined.

Keywords: photomechanics; dye-doped polymers; polymer fibers; photoisomerization; photothermal
heating; thermal expansion; anthraquinones; cis and trans isomers; molecular reorientation; angular
hole burning; stress; strain

1. Introduction

Poly(methyl methacrylate) (PMMA) is commonly used in fabricating polymer optical
fibers (POF). POFs are desirable for their potential in telecommunications applications [1,2],
all-optical switches [3-15], light-driven actuators [16], and sensors [11,17]. Environmental
factors such as temperature, humidity, and sunlight strongly change the polymer’s physical
and mechanical properties [18,19]. The operational lifetime of a material depends on
interactions with its surroundings. Characterizing their mechanical properties such as
Young’s modulus under various conditions can be used to model their stability and to
determine the proper time for their replacement [19].

Adding dye to the polymer matrix changes its refractive index and enables the fab-
rication of fiber cores that act as optical waveguides while also imparting a nonlinear
optical susceptibility to the material, making it an attractive candidate for fiber-optic-based
all-optical device applications [2,20]. These materials also potentially act as light-actuated
shape-shifters due to the DR1 dopant, which is an azobenzene dye with two phenyl rings
separated by an azo bond (—N=N—) with two isomer states [21]—the elongated trans form
and a bent cis form. Upon irradiating with specific wavelengths of light, DR1 undergoes
trans—cis and/or cis-trans photoisomerization. The cis—trans transition can also be driven
through thermal excitation [16,21-23]. Therefore, the dopants can induce photomechan-
ical effects in the host material through a photothermal change in isomer population or
direct photoisomerization, which can be used for photoswitching [21,22]. Heat and light
can induce both thermomechanical and photomechanical responses in azobenzene-doped
materials that lead to a change in their mechanical properties [16,23]. In contrast, crystals
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can have a larger photomechanical response due to their high molecular density [24], but
crystals cannot be fabricated into long lengths of optical fiber.

Adding a low-molecular-weight dopant dye to PMMA influences the thermomechan-
ical and photomechanical properties. The addition of dye with sufficient concentration is
observed to plasticize the polymer by increasing the free volume of the system [2]. The plas-
ticization decreases the glass transition temperature [25,26] and Young’s modulus [2,25,26]
of the polymer. However, depending on the conditions, the interaction of dye and host
polymer inhibits chain mobility and the free volume while increasing its packing efficiency,
which leads to a higher Young’s modulus but with lower T;. This behavior is known as
antiplasticization [2,25-29]. DR1 is a low-molecular-weight molecule; so, it is expected to
plasticize the polymer by decreasing its T, [30] and stiffness [2]. However, as we will show
below, we see evidence of antiplasticization.

Abdel-Wahab et al. studied the mechanical properties of PMMA such as elastic
modulus, yield stress, ultimate tensile stress, and strain at fracture at 20-80 °C in 20 °C
increments using uniaxial tension and three-point bending tests. They also presented a
numerical analysis for identifying the material parameters for elastoplastic and two-layer
viscoplasticity constitutive material models. Both tests demonstrated that all parameters
were affected by increasing temperature and, at high temperature, (80 °C) PMMA shows
superplastic behavior [31].

Amalia et al. demonstrated a method for measuring Young’s modulus of materials,
including polymers, by processing the image of a bending cantilever beam. To measure the
temperature-dependent Young’s modulus, they used a controllable oven and estimated
the glass transition temperature (Ty) of polymer samples by presenting an equation that
explains the behavior of the elastic modulus near Ty [32]. Sorelli et al. studied the me-
chanical properties of PMMA thin films containing DR1 that are grafted as side-chains in
the dark and under illumination with 532 nm-wavelength laser light by nanoindentation
experiments. Three experiments were performed to measure and study the viscoelastic
properties of the thin film before, during, and after illumination; the creep recovery before
and during illumination and constant load; and the transitory behavior of the thin film dur-
ing indentation under constant load and light modulation. They observed a slight decrease
in the elastic modulus, the hardness, and the irreversible viscosity but an increase in the
creep coefficient of films upon illumination. They concluded that the transient behavior is
related to the population change of the trans and cis isomers in DR1 [33].

In our work, we study the effect of DR1 doping and annealing on the thermome-
chanical and photomechanical properties of PMMA fibers. Specifically, we measure the
temperature, pump light intensity, and polarization dependence of Young’s modulus and
stress in both unannealed and annealed plain PMMA and DR1/PMMA fibers. Annealing
causes stress and polymer chain alignment to relax and is accompanied by observable
changes in the fiber’s shape. As such, the annealed samples should be closer to an isotropic
state than the unannealed ones. Neat PMMA fiber is used as a control that has no contribu-
tions from the presence of a dopant. This allows the contributions of photothermal heating
and photoisomerization to the photomechanical response to be isolated. Theoretical models
are developed to determine the heating contribution. Coupling the experimental results
and the theoretical models isolates the dominant mechanism. Finally, the temperature-
dependent photomechanical efficiency of the fibers are determined to assess their promise
for device applications. Such work complements studies of the photomechanical response
of materials due to photoisomerization and their applications [34-38].

2. Theory
2.1. The Elastic Model of Photomechanics

Here, we show how the photomechanical response of a material can be characterized
by a change in its spring constant and change in equilibrium length upon absorption of
light. Other statistical models can be found in the literature [39] that are related to the ones
we use here [16,22]. These ideas hold on many length scales from a single molecule to a



Appl. Sci. 2022,12,7991

30f26

bulk chunk of material. We also show how the important parameters can be determined
from a measurement of the force needed to stretch a sample in the presence of light and in
the dark.

A tensile test of a solid material relates strain to stress. Our work uses samples in the
form of fibers. As such, we measure the uniaxial tensile force resulting when straining a
fiber along its axis [40]. The spring constant of the sample is defined as the Force F induced
by a change in the fiber’s length AL,

F
k=1 (1)

Young’s modulus E, a measure of the stiffness of a material, is a Hookian model in the
elastic reversible deformation region. It relates the stress ¢ to the strain € according to

E= @)

o
B

o has units of force per area, and ¢ is the length change per unit length; so, it is
dimensionless [16,22,40]. Young’s modulus can depend on temperature or intensity of light
exposure, a measurement that we later describe.

The fiber drawing process can induce a built-in stress due to polymer chain alignment
along the length of the fiber [2]. Annealing can cause the polymer chains to relax to their
isotropic state, causing the fiber length and free volume to decrease and curvature to
change—an indicator of stress release. As a result, the mechanical properties of an annealed
fiber will be different from those of the unannealed ones [2]. The dopant molecules may
align with the polymer chains, and only a small degree of alignment has been observed;
so, the effect of plasticization appears to be the dominant one affecting the mechanical
properties. The effect of molecular orientation is beyond the scope of this paper, but will be
the focus of future studies.

2.2. Photothermal Heating

This section models the dynamics of light-induced heating and how this effect can
be related to the photothermal contribution to the photomechanical effect. In short, light
energy is absorbed and converted to heat in the material, which increases the temperature
and leads to photothermal expansion. Here, we will consider the force required to keep the
length of the fiber fixed for the configuration used in our experiments.

We are interested in two material properties: (1) the stress in the material when the
sample length is kept constant as the temperature increases; (2) the response time of the
stress as a function of absorbed light intensity. These two properties determine the heating
contribution to the photomechanical response [23]. The model described here is based on
the work of Ghorbanishiadeh et al. [23].

The rate of temperature increase due to light intensity Ij that is turned on at time ¢t = 0
is given by the heat equation to be [23]

ar 1 LA
al Lt _Tmyy A
( a) + o 3)

where ty is the Newton cooling time constant, T is the elevated temperature due to heat-
ing, T, is the ambient temperature, Iy is the absorbed intensity, A is the area of illumination,
m is the mass of the illuminated part of the sample, and c is the specific heat. The last term
is the heating term.
At infinite time, the temperature increase above ambient temperature is reached when
dT/dt = 0; so, Equation (3) gives [23]
IhAtn

AT = (T —Tp) = = . (4)
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The mass of the illuminated part of the sample can be defined as the illuminated
volume v and polymer density p as m = pv [41,42]. Then, Equation (4) becomes [23]

AT = Div, 5)
pcw
where the volume is given by v = Aw with w being the sample thickness.
Next, we need the temperature-dependent stress to relate the temperature change
induced by the light to the photomechanical stress response. As we show later, dye-doped
polymers obey the empirically determined function [23]

%1
1+ ()M

Using Equation (6), the linear photomechanical stress response, defined by Ac/ I, due
to photothermal heating is given by [23]

O =0+

(6)

m_ _do AT
TTAT @)
Using Equations (5) and (6), the photothermal response is given by
K((fl) — | = 7’[(0' - 00) th (8)

e (3)))
where 0y and Tj will be determined from a fit of Equation (6) to the data.

2.3. Photomechanical Efficiency Figure of Merit

Young’s modulus and the linear photomechanical response constant can be used
to determine the efficiency of transferring mechanical energy to the material from the
absorbed light energy. In the configuration where the sample length is constrained to be
constant, the photomechanical Figure of Merit (FOM) is given by [16,22,23]

(1)y2
FOM = <K"E ) )

where «, is the photomechanical stress response and E is Young’s modulus. The FOM
can be used to compare materials. The temperature-dependent figure of merit due to
the heating mechanism can be determined using the temperature-dependence of Young’s
modulus and the heating model of the photomechanical response. As will be described
later, the temperature-dependent Young’s modulus for dye-doped polymers obeys the
empirically determined equation [23]

_ B
1+ (£)")’
where Ey, T,, and n’ are determined from a fit of the data to Equation (10).

The temperature-dependent figure of merit due to the heating mechanism using
Equations (8) and (10) is given by [23]

E= (10)

2
Lﬂo)” . tclw>
Fom(r) = (K(;)(%))Z - <T<H<T02)p . an
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The figure of merit can be determined either from a direct measurement of k@) (T) or
E(T). Alternatively, measurements of E(T) and ¢(T) at a few temperatures can be used
to obtain the parameters Ey, T, Ty, 0, 1, n’ from fits of the data to Equations (6) and (10).
These parameters, along with knowledge of the heat capacity c, the dimensions and density
of the sample, and the response time t; of the photomechanical effect for the specific
sample, can then be used to evaluate the temperature-dependent figure of merit given by
Equation (11). This analytical expression provides the figure of merit for a broad range of
temperatures and can be used in material models of the response.

3. Experiment
3.1. Sample Preparation

We study the influence of DR1 on the host polymer by comparing DR1-doped PMMA
and plain PMMA fibers. The first step to make a fiber is fabricating preforms. DR1 (purity
of 95%) and methyl(metacrylate) (MMA) monomer were purchased from Sigma Aldrich,
St. Louis, MO, USA. MMA contains <30 ppm MEHQ (4-methoxyphenol) inhibitor, which
we removed from the monomer solution by passing it through an alumina gravity column.

40 pL Tert-butyl peroxide initiator per 15 mL of MMA is added to the monomer to drive
the polymerization reaction and 40 pL per 15 mL of MMA of 1-Butanethiol chain transfer agent
is added to limit the chain length during the polymerization process. The liquid solution is
poured into a test tube and placed in an oven at 90 °C for two to three days to fully polymerize
the monomer into a solid cylinder. The test tube is shattered to recover the solid polymer
cylinder. To make dye-doped polymer, 0.5% DR1 dye by weight is added to the solution. The
dye/monomer solution is sonicated until the dye is fully dissolved, and the polymerization
process proceeds in the same way as for the undoped materials.

The preform is the resulting cylinder that is formed. It is cut into a rectangular shape,
which is then drawn into a fiber with a rectangular cross-section. Plain PMMA fibers are
made in the same way, sans dye. The fibers are drawn at a voltage setting of 56-57 V
corresponding to the oven temperature of 240 °C and drawing force between 4000 and
8000 dyn [2]. More details on making a preform and fiber drawing process can be found
in [2,43]. The polymer fiber tower and preform-making components were all developed
at Washington State University, specifically tailored to making polymer optical fibers for
telecommunications applications [20]. Figure 1 shows the chemical structures of DR1 trans
and cis isomers.

H,CH5C
N\
H,CH5C N N
\ / A\
N N H,CH,CHO N
/ A\
H,CH,CHO N NO,

(a) (b)

0,N
Figure 1. Chemical structures of Disperse Red 1 (DR1) (a) trans isomer and (b) cis isomer.

3.2. Apparatus

Figure 2 diagrams the force measurement apparatus. This custom apparatus, similar
in principle to the one demonstrated by Harvey and Terentjev [44], was designed and
built at Washington Sate University specifically to measure a variety of photorheological
properties in materials ranging from stiff dye-doped polymer fibers and thin films to soft
elastomers. An inexpensive version [45] of the apparatus was found to give the same
results as the more sophisticated one [16]. The 3D translational stage both centers the
fiber in the oven and is used to stretch the fiber. A software-controlled stepper motor
actuates the translation stage. The sample is mounted between two custom clamps and
the upper clamp is attached in series with a force sensor, which connects the translation
stage to the clamp. The oven chamber, clamps, and supporting hardware were custom
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made and machined from solid metal. The oven is heated with resistive heating rods and
controlled with an Omega Engineering Model CN7800 programmable PID using a k-type
thermocouple temperature sensor and interfaced with an Arduino for control and data
collection. The stress load cells are inexpensive generic models obtained from Amazon,
similar to the SaiDian 0-100 g Load Cell Sensor. The load cell is calibrated as described in
the literature [16,45].

Translation Stage
y Force Sensor

Vertical E
Clamp
Horizontal

| Optical Table |

Figure 2. Force measurement chamber.

Young’s modulus is determined by translating the translation stage at a constant rate
while recording the force sensor reading and the displacement with an Arduino interface as
the sample is stretched. Stress versus strain determined from these data and the sample’s
geometry is fit to a polynomial. The linear part yields Young’s modulus of the material,
while the tangent gives the stress-dependent Young’s modulus. An oven chamber placed
around the sample controls the temperature to determine Young’s modulus as a function
of temperature. These data are fit to the function given by Equation (10).

The temperature-induced stress at constant sample length is determined from the
measured stress as a function of temperature while the translation stage is kept stationary.
These data are fit to the function given by Equation (6). The parameters determined from
these two experiments are inputs to Equation (8).

The load cell measures the force exerted on its ends by the translation stage from above
and the sample clamp below. By Newton’s third law of action-reaction, each component
that is attached in series with the force load cell experiences the same uniaxial force. As such,
the stress on each component will result in a strain; so, the displacement of the translation
stage will equal the sum of the displacement of all of the components that are in series
with it.

The translation stage and clamps are made of massive metal components, which
deform negligibly compared with the sample. However, the force sensor is designed
to bend, which stretches the electrical wires that are glued to its sides. As such, the
deformation of the force sensor must be taken into account.

The contribution of the force sensor’s deformation to the displacement of the transla-
tion stage is taken into account by assigning it a spring constant K, which is in series with
the spring constant k of the sample. The experiment measures the force as a function of
displacement, whose ratio yields an effective spring constant k. ¢ given by

kK

keff = mr (12)
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which can be inverted to obtain the spring constant of the sample:

ke
k = ifkf . (13)
1-¢

Thus, we need to know the spring constant K of the force senor to determine the spring
constant k of the fiber sample.

The spring constant of the force sensor is measured by pushing together the upper
and lower clamps in the absence of a sample. In this configuration, the force sensor has
by far the lowest spring constant; so, it is responsible for most of the displacement of the
stepper motor. The slope of a plot of the force as a function of displacement gives the force
sensor’s spring constant [16].

After the spring constant is determined for a particular fiber using Equation (13), its
Young’s modulus is determined from

kL
Efiber =~ (14)

where L is the resting length of the part of the fiber between the clamps and A is the
cross-section area of the fiber. The spring constant of the fiber in its resting and excited
state can be each determined using Equation (13) by performing the measurement without
and with illumination, respectively.

Light-induced response measurements require uniform illumination across the entire
face of the sample between the mounting clamps. The 488 nm-wavelength krypton/argon
laser beam is imaged with a combination of lenses to uniformly illuminate the fiber samples
and then to collect the light transmitted through the sample. The resulting force along the
vertical axis of the fiber is measured with the force sensor. Figure 3 shows a schematic
diagram of the experiment.

Figure 3a shows the configuration used for the polarization-dependent Young’s mod-
ulus measurements and Figure 3b shows the configuration for polarization-dependent
photomechanical stress measurements. The pump polarization is varied between vertical
and horizontal for a range of pump intensities. The pump power is in the milliwatt range.

In Figure 3a, the polarizer is used to select the desired polarization axis and the
intensity is varied by rotating the half-wave plate. The beam splitter picks off a small
portion of the beam to monitor the incident power. The power of the picked-off light and
the light transmitted through the sample are measured with a power meter. A cylindrical
lens images the beam onto the length of the fiber sample. The transmitted beams are focused
onto the power meters with convex lenses to ensure that all of the light is collected. The
force is measured as a function of translation stage displacement for a range of intensities
for the two orthogonal polarizations at each intensity. These data, when corrected for the
effects of the force sensor’s elasticity, determine Young’s modulus as a function of absorbed
light intensity at each pump polarization.

The configuration in Figure 3b is identical to that of Figure 3a, except that the beam
splitter is removed and a shutter is added in front of the sample to modulate the pump
light. There are two separate experiments as follows:

First, at the start of the experiment while the vertically polarized laser beam is blocked
by the shutter, the sample is mounted between the clamps and the data acquisition system
is turned on to record the reading of the power meter and the strain. The start of data
acquisition is marked as t = 0. At t = 5min, the shutter is open to illuminate the sample.
At t = 20 min, the beam is blocked again and the recording continues until ¢ = 25 min. The
above protocol is repeated for horizontally polarized pump light. These measurements are
used to assess long-term effects on samples under stress and light exposure.

In the second set of experiments, the pump light with fixed polarization and intensity
is turned on for 30 s and off for 30 s while the transmitted power and stress are recorded.
These provide the step photomechanical response. The intensity is then increased by a
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small increment and the on/off cycle repeated. The intensity is repeatedly incremented
to obtain the intensity-dependence of the photomechanical response. The experiment is
repeated for pump light of the orthogonal polarization.

@ Vertical Forci sensor
Horizontal Beam Clamp
Splitter
Laser a8 power
488 nm u 1. D r
Half-wave Polarizer Cylindrical Clamp Convex
plate Shutter Lens lenses
power
s meter
(b)
Vertical Force S@r‘ glpper
amp
Horizontal 7 -~

— meter
488 nm
Half-wave Polarizer 1.

plate Cylindrical Lower Cylindrical

Lens Shutter - T.oms

Figure 3. The optical path in the experiment to measure (a) Young’s modulus as a function of intensity
(b) stress as a function of time.

3.3. Experimental Procedure

We investigate the effect of annealing on the thermomechanical and photomechanical
properties of the fibers by comparing samples that are not annealed with those that are
annealed. Each sample fiber is cut into two equal pieces. One of them is annealed in
an oven at 90 °C (below the glass transition temperature T [2]) for 5 days. The Young’s
modulus of the two samples are then measured as a function of temperature in the sample
oven chamber in the range of 296.15 to 323.15 K in 3 K increments. The samples soak at each
temperature for about 12 min to assure that the fiber is uniformly heated and in thermal
equilibrium at the desired temperature. The oven heats the sample from all directions and
the small dimensions of the fiber sample ensure that the heat flow is sufficient to reach a
uniform temperature profile in far less time than the 12 min provided [46,47]. Then, the
sample is stretched at a uniform rate with the stepping motor while the strain is recorded.
At the start of each experiment, the sample is slightly prestressed to prevent buckling.

In a second experiment, the temperature-dependent induced stress is measured by
recording the stress as the temperature of the oven is increased. Typical temperature ranges
are from 293.15 K to 323.15 K over a ramp-up time of 4 min.

The intensity-dependent Young’s modulus is measured before, during, and after light
irradiation for both vertically and horizontally polarized light at a wavelength of 488 nm.
These measurements are repeated for a range of intensities. The light is blocked to measure
the elasticity before irradiation. Then, it is measured at different intensities, which are
selected by rotating the half-waveplate; finally, the elasticity is measured again when the
light is blocked following exposure to the maximum intensity. Moreover, the elasticity is
measured at the maximum intensity of both polarizations to double-check the results.

To measure the intensity-dependent stress, the sample is mounted between the clamps
and the stress before, during, and after irradiation of vertical and horizontal 488-nm visible
light is measured. The duration of illumination is 15 min, followed by 5 min of darkness
before and after illumination when the pump beam is blocked. The photomechanical
response of a sample is determined for pump light ranging from low to high intensities.
The shutter cycles from the off to on state every 30 s to determine the light-induced stress
response followed by relaxation of stress.
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The absorbance of visible light by PMMA is negligible. To measure photothermal
heating in PMMA, the surface of unannealed and of annealed plain PMMA fibers are
painted with a black marker to absorb the light followed by heat transfer to the interior of
the fiber [46].

4. Results and Discussion

To study the effect of adding DR1 and annealing on the response of the fibers, a
comparison is made between unannealed and annealed plain PMMA and DR1/PMMA
fibers. Dimensions and lengths of the samples were measured before and after annealing
and showed that there was a small built-in stress in the samples that decreased the length
and increased the thickness of the annealed fibers compared with the unannealed ones.
Table 1 shows the dimensions of the unannealed and annealed fibers.

Table 1. Dimensions and Young’s modulus at room temperature of unannealed and annealed PMMA
and DR1/PMMA fibers.

Sample A (mm?) E (GPa)
PMMA-Unannealed 0.25 x 0.14 2.84 (£0.1)
PMMA-Annealed 0.25 x 0.15 2.34 (£0.06)
DR1/PMMA-Unannealed 0.25 x 0.13 3.23 (£0.1)
DR1/PMMA-Annealed 0.25 x 0.14 2.92 (+0.09)

4.1. Temperature-Dependent Measurements

At the beginning, Young’s modulus (E) of unannealed and annealed PMMA and
DR1/PMMA fibers is measured at room temperature. The results in Table 1 show that
Young’s modulus E in DR1/PMMA fibers is greater than in PMMA fibers and is lower in
annealed fibers compared with the unannealed ones.

Young’s modulus as a function of temperature determines the effect of heating and
population changes on the stiffness of the samples. Samples are heated from 296.15 °K
to 323.15 K in 3 K increments and their elasticity is measured. Figure 4 shows Young’s
modulus as a function of temperature for unannealed and annealed plain PMMA and
DR1/PMMA fibers. The graphs are fitted to the Equation (10), where Ey, T, T, and n' are
Young’'s modulus at T = 0, the oven temperature, the characteristic temperature, and the
critical exponent, respectively. Table 2 summarizes the results of the parameters of the
fitting function.

Figure 4 shows that increasing temperature decreases the elasticity of the samples and
DR1/PMMA fibers have larger elasticity than plain PMMA fibers. Moreover, annealed
fibers show lower Young’s modulus compared with the unannealed ones.

The glass transition temperature Ty of the fiber material is measured using differential
scanning calorimetry (DSC) with a scanning rate of 10 °C/min. The DSC unit is manu-
factured by Mettler Toledo and has a temperature accuracy of +0.2 K and precision of
£0.02 K based on metal standards. The samples” masses are between 2 and 3 mg. The
results show that adding DR1 decreases Tg. Moreover, annealing the samples increases their
T,. This is consistent with the results of the characteristic temperature T. that is derived
using the fitting function, which shows that T in annealed PMMA and DR1/PMMA is
greater than in unannealed ones. However, T, is unchanged between plain PMMA and
DR1/PMMA fibers, implying that adding DR1 did not affect the characteristic temperature.
T values of the unannealed fibers are the same within experimental uncertainties, as are
the annealed ones. Figure 5 shows the derivative of the heating flow as determined from
DSC measurements used to determine T.
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Figure 4. Young’s modulus as a function of temperature for unannealed and annealed PMMA and
DR1/PMMA fibers.

Table 2. Parameters of Young’s modulus as a function of temperature fitting function for unannealed
and annealed PMMA and DR1/PMMA fibers.

Sample Ey (GPa) T. (K) n'
PMMA-Unannealed 2.80 (+0.03) 343.56 (+1.81) 24.29 (+2.54)
PMMA-Annealed 2.45 (+0.14) 377.26 (48.99) 9.09 (+3.19)
DR1/PMMA-Unannealed 3.03 (£0.03) 344.23 (£2.93) 28.79 (+4.17)
DR1/PMMA-Annealed 3.06 (+0.25) 361.35 (+£8.42) 11.43 (+5.39)

Table 3 shows the correlations between various combinations of samples using the data
in Table 2. The first row shows that there is a significant difference between annealed and
unannealed PMMA polymer, as determined from the parameter Ey—the low temperature
limit of Young’s modulus, and T,—the critical temperature parameter. The difference is not
as dramatic for DR1/PMMA. However, adding dye to PMMA has a statistically significant
effect on increasing the parameter Ej. The effect of annealing and dye doping on critical
temperature is less obvious, partially due to the fact that the uncertainties are large in the
critical exponent n’, which affects the accuracy in the determination of T..

Table 3. T-test results (and confidence levels) for Ey and T from Table 2.

Correlations tg, (Confidence) 7, (Confidence)
PMMA Annealed vs. Unannealed 2.50 (0.9876) 3.67 (0.9998)
DR1/PMMA Annealed vs. Unannealed 0.119 (0.0947) 1.92 (0.9451)
PMMA vs. DR1/PMMA, Both Unannealed 5.42 (0.99999994) 0.194 (0.1538)
PMMA vs. DR1/PMMA, Both Annealed 2.13 (0.9668) 1.29 (0.8029)

In summary, Young’s modulus at room temperature results

EArmealed PMMA < EUnarmealed PMMA <

EAnnealed DR1 < EUnannealed DR1

The temperature-dependent Young’s modulus of the unannealed fibers are given by

EUnannealed PMMA < EUnarmealed DR1
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and

TUnarmealed PMMA __ TUnarmealed DR1
c = ‘¢

The annealed fibers give

EAnnealed PMMA < EArmealed DR1

and

TArmealed PMMA __ TAnnealed DR1
c — 4c

We observe that adding DR1 to PMMA decreases the glass transition temperature Tg,
while Young’s modulus E increases. Annealed samples have a measured T, in DR1/PMMA
fiber that is lower than annealed PMMA fiber, while its E is greater. Moreover, in both
fibers, annealing increases Ty and decreases E.

Unannealed PMMA e Unannealed DR/PMMA .
e Anneaded PMMA e Anneaed DRI/PMMA

0.006

0.003

0.000

-0.006

First derivative of heat flow

-0.009

-0.012 ; 1 . 1 . 1 . 1 . 1 . 1 . 1
70 80 90 100 110 120 130 140

Figure 5. First derivative of heat flow from differential scanning calorimeter measurements of
unannealed and annealed PMMA and DR1/PMMA fibers used to estimate the glass transition.

Adding DR1 to PMMA is expected to decrease its Ty due to DR1’s plasticizing effect
on PMMA [30] and to reduce the stiffness of the polymer compared with the plain PMMA
fibers. However, these fibers show that while Ty in DR1-doped samples decreases, their E
increases. This phenomenon is known as antiplasticization [2,25-29]. Here, it is observed
that DR1 molecules can induce an antiplasticization effect that can decreases the mobility of
the chains and their free volume and increases the packing efficiency of the sample, which
increases the modulus [2,25-29]. Moreover, annealing decreases polymer chain alignment,
which reduces their stiffness and increases their entropy [2]. This process decreases the free
volume, thus, yielding a higher T, compared with unannealed fibers.

Stress as a function of temperature is measured for unannealed and preannealed
DR1-doped and undoped PMMA fibers. The results for the samples that are heated from
293.15 K to 323.15 K over 4 min are shown in Figure 6. Stress as a function of temperature
data is fit to the function

I
A+

where T is the sample temperature and the fit parameters are oy, 7, Tp, and n.

=09+ (15)
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These parameters have physical meaning. o is the temperature-dependent stress
contribution in the limit of zero temperature while oy is a stress offset due to the stress
applied by the clamps when the sample is mounted. T is the temperature at which the
temperature-dependent stress falls to half its value. 7 is an exponent that quantifies the
rate at which the stress changes as a function of temperature at Ty. For samples that have
multiple phase transitions, the stress would be a sum over expressions of the form given by
Equation (15)—one for each phase transition. The stress for the temperature range in the
present studies is described well by a single transition.

The analytical form of Equation (15) with the fitting parameters determined from a fit
to the data is used to determine do/dT for each fiber for a range of temperatures. Using
an analytical fit function provides a cleaner determination of the derivative than would
the raw data. The derivative do/dT is related to the thermal expansion coefficient. As the
fiber is slightly stretched when mounted to prevent buckling when its length increases,
an expanding fiber will result in a decrease of the stress; so, do/dT < 0. This can be
understood from the fact that the fiber’s resting length is less than its stretched length at
the start of the experiment. If the fiber’s resting length increases due to light actuation, the
force read by the sensor decreases as the resting length grows closer to the stretched length,
which is fixed by the distance between the clamps.

5.0)(105 T T T T T T
' 0=0, +0,/(1+(T/T)")

Unannealed PMMA Fiber (A=0.25x0.14 mm?)
| fme Anealed PMMA Fiber (A=0.25x0.15 mm?)
-3.5x10°8 Unannealed DRI/PMMA Fiber (A=0.25x0.13 mm?)
| e Aninealed DR1/PMMA Fiber (A=0.25%0.14 mm?)

-4.0x10° L 1 s 1 R 1 R 1 R 1 . 1 .
295 300 305 310 315 320 325

T(K)
Figure 6. Change in stress of a stretched fiber as a function of temperature for PMMA and

DR1/PMMA fibers. Note that the fiber is slightly stretched between the clamps to prevent buckling;
thus, when the fiber expands, the stress decreases as the stretching strain decreases. oy is an arbitrary

offset due to the nonzero reading of the sensor when no stress is applied.

Figure 7 shows that all dye-doped fibers have a positive thermal expansion coefficient.
For temperatures above 308.15 K, the temperature-induced stress change is larger for unan-
nealed DR1/PMMA fibers than for annealed ones. Similarly, the stress derivative do/dT in
annealed plain PMMA fiber is lower than in the unannealed ones. So, annealing is observed
to decrease the thermal expansion coefficient. Finally, dye-doped fibers show greater thermal
expansion than plain fiber, an effect that is most pronounced at the highest temperatures.
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Figure 7. The stress derivative as a function of temperature for PMMA and DR1/PMMA fibers that
are unannealed and annealed.

To understand the results, we consider two processes that lead to thermal expansion. First,
the polymer expands as the temperature increases due to the polymer chains getting excited
with thermal energy. Secondly, a change in temperature affects the relative populations of the
two isomers of the dopant molecules [16,23]. The competition between these two processes
determines the net response. Figure 7 shows that the thermal expansion coefficient of the dye-
doped fibers grows relative to the undoped fibers with temperature. The dye dopant appears
to enhance the thermal expansion coefficient. The cis isomer population increases at higher
temperatures and, given its larger volume, adds to thermal expansion in the DR1/PMMA fibers.
The glass transition temperature Ty is lower in DR1-doped fibers than in plain ones. Since
the thermal expansion coefficient increases as the temperature is increased, the larger stress
change in DR1/PMMA relative to plain PMMA at a fixed temperature might be explained by
this depression in the glass transition in doped polymers. Moreover, annealing the samples
increased their Ty by decreasing their free volume; so, the rearrangement of molecules in the
annealed samples is smaller than the unannealed ones, leading to a smaller thermal expansion
coefficient in the annealed samples.

Intensity-Dependent Measurements

Here, we characterize the mechanical properties of fibers that are exposed to 488 nm-
wavelength light produced by a krypton/argon laser as a function of intensity and polar-
ization. Young’s modulus is measured before, during, and after irradiation to determine
the immediate and persistent effects of the light. Figures 8 and 9 show typical stress—strain
curve data for unannealed PMMA and DR1/PMMA fibers illuminated with vertical and
horizontal pump light polarizations.

The flat part in Figures 8 and 9 is due to mechanical backlash in the mounts and is
excluded when determining Young’s modulus. The stress is observed to decrease during
irradiation and persists to varying degrees in both PMMA and DR1/PMMA fibers after
irradiation at the maximum intensity. In plain PMMA, the horizontally polarized pump
has a larger influence on the stress change than the vertically polarized pump. In both
cases, the stress persists when the pump is turned off at the same level as when the pump
is on at its maximum intensity.

In dye-doped fiber, the horizontal pump also has the largest influence on the stress
change. However, the level of persistent stress after the pump is turned off is less than at
its maximum value when the pump is on. These observations imply that the DR1 dopant
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contributes to the stress change in the presence of light but that its contribution is reversible,
while that of PMMA is not. Since these are unannealed samples, the irreversible part of
the stress change is most likely due to a light-induced relaxation of the polymer chains,
perhaps from photothermal heating.

To observe the process directly in real-time, the light-induced stress at fixed strain
is measured as a function of time as the fibers are irradiated with the maximum light
intensity in the mW range for 15 min for both horizontal and vertical pump polarizations.
Figure 10 shows the stress as a function of time for unannealed PMMA and DR1/PMMA
fibers for 5 min with the pump off, 15 min with the pump on, then 5 min with the pump
off. A slight monotonic decrease in stress over time is observed for unannealed PMMA.
Upon illumination with 488-nm light, the stress in the DR1/PMMA fiber decreases by
about 0.4 MPa. Blocking the pump light after 15 min returns the stress to a level about
0.1 MPa below the starting value. The behavior is the same for both polarizations and for
unannealed and annealed fibers.
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Figure 8. Stress versus Strain of unannealed PMMA fiber before, during, and after visible light
irradiation with vertical and horizontal polarization.
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Figure 9. Stress versus Strain of unannealed DR1/PMMA fiber before, during, and after visible light

irradiation with vertical and horizontal polarization.

Stress versus strain curves are used to determine Young’s modulus as a function of
absorbed pump intensity for both vertical and horizontal polarization in both plain and dye-
doped fibers. Figures 11 and 12 show that for both fibers, Young’s modulus is constant before,
during, and after irradiation and is not polarization dependent. So, while there is an offset in
the strain induced by light, it does not affect the slope of the stress versus strain curve.
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Figure 10. Stress as a function of time for unannealed PMMA and DR1/PMMA fibers when the

pump is on and off.
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Figure 11. Young’s Modulus of unannealed and annealed PMMA and DR1/PMMA fibers as a
function of horizontally polarized absorbed pump intensity. The lines are fits to the non-zero-intensity

data points.
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Figure 12. Young’s Modulus of unannealed and annealed PMMA and DR1/PMMA fibers as a
function of vertically polarized absorbed pump intensity. The lines are fits to the non-zero-intensity
data points.

Next, we illuminate each sample with maximum light intensity for almost an hour
and its Young’s modulus is measured before, during, and after illumination with both
polarizations of light. Figures 13 and 14 show that visible light does not induce any
permanent changes to the Young’s modulus of all the fibers for both polarizations. Since
PMMA is transparent in the visible range, no change in its Young’s modulus is expected. It
was shown that the elastic modulus of PMMA thin films remains constant upon irradiation
with UV and visible light [48]. Adding an isomerizable dye does not result in a persistent
change of Young’s modulus after visible irradiation, but it does induce a persistent and
transient stress.

The photomechanical effect in DR1/PMMA fibers is known to be reversible; so, it
restores the stress to its initial value [16]. In contrast, a DR1/PMMA film in which the DR1
dye is grafted as a side chain pendent shows a persistent decrease in the elastic modulus
after irradiating the sample with 487-nm light [33]. In addition, azobenzene-containing films
showed that upon visible irradiation the elastic modulus can increase or decrease [49-52].
These differences can be due to differences in azobenzene molecules used, sample prepa-
ration methods, sample geometry, wavelength, the polarization of the pump light, and the
experimental protocols.

To measure the contribution of photothermal heating to the photomechanical stress
response, the PMMA fibers are painted with black markers that absorb all of the light,
converting all of the energy to heat. These fibers are irradiated with 488 nm-wavelength
light and the stress response as a function of time is measured for vertically and horizontally
polarized pump light. Figure 15 shows typical data for the stress versus time for one full
cycle of painted fiber. The black points are the smoothed data and the solid curve is a fit to
a single exponential. The fit is based on the model developed previously [16,23], given by

Oon = 00 4 oM (1 —e(-t/1)) (16)
and

Ooff = 0—(0) + 0—(1)(1 _ e(*to/tl))e*(t*to)/tgl (17)
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where o, t;, and t, are the amplitudes, turn-on time constant when the pump is on, and
turn-off time constant when the pump is off, respectively. ¢y = 30s is the time duration of
the beam being on and off.
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Figure 13. Young’s Modulus for unannealed and annealed PMMA and DR1/PMMA fibers as a
function of maximum horizontally polarized absorbed pump intensity.
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Figure 14. Young’s Modulus for unannealed and annealed PMMA and DR1/PMMA fibers as a
function of maximum vertically polarized absorbed pump intensity.
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Figure 15. Typical smoothed stress versus time data and a fit to Equations (16) and (17) for one full
On/OFF cycle.

1) represents the strength of the photomechanical stress response of the material.
This stress, when divided by the intensity of the light I that induces this stress, is the
definition of the photomechanical constant. Details of this definition can be found in the
literature [16,22].

If the sole mechanism is photothermal heating, as it should be in such painted fibers,
then t; and t; should be the same as the Newton heating and cooling time constants [23].
Figures 16 and 17 show the turn-on and turn-off time constants t; and f; as a function
of intensity that are derived using the fitting functions in Equations (16) and (17). We
will assume that these are the Newton heating/cooling time constants to determine the
photothermal heating contribution.

The photothermal heating contribution to the photomechanical response can be de-
termined from Equation (7). AT/Ij is determined using Equation (5). Table 4 lists the
independently determined values of p and ¢ for PMMA and w is measured with a caliper
for the fiber used in our measurements. do/dT is calculated from the values in Table 5,
which are determined from fits to the temperature-dependent stress as described above.
The heating contribution to the photomechanical response are shown in Figure 18. “|” and
“—" denote the response along and perpendicular to the long axis of the fibers, which are
mounted vertically [23].

The photomechanical response for PMMA fibers marked with black ink and DR1/PMMA
fibers as a function of temperature cluster at about Kl(fl) = 400 s/m for both polarizations as
well as for the painted and unpainted fibers. The response in painted PMMA fibers is only
due to heating. The fact that this is the same as the response in unpainted DR1/PMMA fibers
strongly suggests that the contribution of photoisomerization and/or molecular reorientation
in DR1/PMMA fibers to the photomechanical response is negligible. Furthermore, the fact
that the time constants of the response for both painted and unpainted fibers are the same also
suggests that the heating mechanism dominates.
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Figure 16. Time constant t;—light on—as a function of absorbed intensity for unannealed and
annealed PMMA and DR1/PMMA fibers for vertical and horizontal pump polarization. The insets
show the average time constants over all intensities as a function of the fiber’s composition. The

“marked” samples are those whose surfaces are painted black to prevent light from entering that
sample, resulting in surface heating only.



Appl. Sci. 2022,12,7991

21 of 26

T T T T T T T I
3.3 Pump Vertical t,/ Pump Vertical .
I Marked PMMA-Unannealed 12 Marked PMMA-Unannealed
307 | Marked PMMA-Annealed o 10| A M PUMA-Ameded ||
2.7 DRL/PMMA-Unannealed = 0 [ i
oal DR1Y/PMMA-Anneaed 06’ | vy A
: | : DR]JPMMA Annealed
1k AP A o]
21 A ' ?N\N\M) e P‘VG‘S\\P uﬁa“‘;l\ h““ed
,(-n\ 18 |- g\’sé3 N\'a\‘@ PAJ
~— L
N 15 F ' i
]
1.2 | ' ' ' ' ' i
09 | ' ' ' -
A Iy
03} ' -
0.0 | -
[ \ ] \ ] \ ] \ ] \ ]
0 500 1000 1500 2000 2500
Absorbed | (W/mz)
L 1 T 1 -
3.3 H Pump Horlzontal L t, / Pump Horizontal .
aol Marked PMMA-Unannealed T = Vakatouiaameas | ]
* [ Marked PMMA-Annealed M1 [ 2 oM Ames
2.7 |a® DR1/PMMA-Unannealed = o8 —+—+—+ 1]
"@E® DR1/PMMA-Annealed 06 |
2.4 S i
AR ea\ eaé‘
2.1+ el
[ N\a\@w&\a vN\ P R“‘N
A 18| -
(R
~ 15 i
H -
1.2 |
09 F
0.6 |-
0.3}
0.0 |- -
[ . ] . ] . ] . ] . ]
0 500 1000 1500 2000 2500

Absorbed | (W/m?)

Figure 17. Time constant t,—light off—as a function of absorbed intensity for unannealed and
annealed PMMA and DR1/PMMA fibers for vertical and horizontal pump polarization. The insets
show the average time constants over all intensities as a function of the fiber’s composition. The

“marked” samples are those whose surfaces are painted black to prevent light from entering that

sample, resulting in surface heating only.
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Figure 18. The photothermal heating contribution to the photomechanical response as a function of
the static absorbed intensity Iy derived using Equation (7). The “marked” fibers are painted with
black marker ink. The inset shows the contribution of each fiber averaged over all intensities.

Table 4. Density p, the specific heat c, and thickness w of the fibers used in the models in this paper
are from the literature [23,41].

Sample p (kg/m?3) ¢ (J/kg K) w (mm)
PMMA-Unannealed 1.19 x 10° 1.42 x 10° 0.14
PMMA-Annealed 1.19 x 10° 1.42 x 103 0.15
DR1/PMMA-Unannealed 1.19 x 10° 1.42 x 10° 0.13
DR1/PMMA-Annealed 1.19 x 10° 1.42 x 10° 0.14

Table 5. The parameters determined from fitting the temperature-dependent stress data in Figure 6

to Equation (6).
Sample oo (MPa) o1 (MPa) To (K) n
PMMA-Unannealed —10 (£0) 12.25 (£0.01) 327.02 (£0.04) 13.99 (£0.04)
PMMA-Annealed —10 (£0) 11.86 (£0.01) 330.64 (+£0.03) 14.29 (£0.04)
DR1/PMMA-
Unannealed —10 (£0) 11.21 (£0.01) 327.91 (£0.01) 18.80 (£0.04)
DR1/PMMA-
Annealed —10 (£0) 11.36 (£0.01) 331.16 (£0.02) 15.83 (£0.04)

The inset of Figure 7 shows the photomechanical response for the dye-doped fiber
and the painted plain PMMA fiber, unannealed and annealed. There are several important
features of the data. First, in all of the fibers, the thermal contribution to the photomechan-
ical response is approximately independent of the polarization of the pump beam. The
difference between the two polarizations for each fiber is at most about +5% from the mean.
As such, the largest contribution from other mechanisms is bounded by £5%. Secondly,
the photothermal response is smaller when the fibers are annealed. This could be due to
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the fact that after annealing, the internal stress that adds to the photomechanical response
has been released. Further, the photomechanical response for pump beam polarization
perpendicular to the strain direction is consistently lower than for the parallel polariza-
tion. This effect, though small, could be from the broken symmetry by the uniaxial strain
direction. Finally, we find the plain PMMA fibers that are marked with ink have the same
photomechanical response as the dye-doped ones when comparing the unannealed ones as
well as the annealed ones.

The temperature-dependent figure of merit is also measured to determine if elevated
temperature can increase their efficiencies. It is derived using Equation (11) and is shown
in Figure 19. The result shows that increasing temperature increases the figure of merit and
indicates that controlling the temperature can improve the response of such materials. The
largest change is for unannealed DR1-doped PMMA, which shows a linear dependence
with a slope of 10% K~ !—a dramatic increase.

Marked PMMA-Unannealed / Vertical Marked PMMA-Unannealed / Horizontal
3.0 Marked PMMA-Anneded / Vertical @il Marked PMMA-Annealed / Horizontal
DRVUPMMA-Unannedled / Vertical @ DR1/PMMA-Unannealed / Horizontal
DRLUPMMA-Anneded / Vertica @ DR1/PMMA-Annealed / Horizontal

< Fump Vericd Linear Fit of Vertical Data
= = Linear Fit of Horizontal Data]

1 Pump Horizontal| |

Figure 19. Figure of merit as a function of temperature for PMMA and DR1/PMMA fibers derived
using Equation (11). The inset shows the average FOM over all intensities as a function of fiber
composition and processing. The lines are fits to each composition and processing condition.

5. Conclusions

We have investigated the effect of adding dye and annealing on the thermomechanical
and photomechanical properties of PMMA fibers by measuring the intensity-, polarization-,
and temperature-dependent Young’s modulus and stress. The results show that adding
DR1 to PMMA leads to antiplasticization by increasing the stiffness and lowering the T
in the fiber geometry. Moreover, annealing the fibers at 90 °C for several days decreases
their stiffness and increases their Tg since it reduces chain alignment and, thereby, increases
entropy. The change in stress in DR1-doped PMMA fibers is greater than in plain ones
because of their lower Ty, which leads to a more facile rearrangement of the polymer chains.

The fibers’ stiffness is not affected by light illumination at a wavelength of 488 nm,
independent of polarization, but the absolute stress changes in response to light. The
process is found to be reversible, returning the stress to its original value after the pump
light is turned off.

Models are proposed to fit the temperature-dependent Young’s modulus and stress.
The data fit the models well and are used to determine the critical temperatures, which, in
annealed fibers, is greater than in unannealed ones. This observation is consistent with the
decrease in Ty upon annealing and adding a dopant dye.
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A comparison of dye-doped fibers with plain fibers is used as a control. We find
that the dominant photomechanical mechanism in DR1/PMMA is photothermal heating.
The time response derived using stress versus time data fits a single exponential, which
suggests that only one mechanism is involved.

The measured temperature-dependence of Young’s modulus and the photomechanical
constant are used to determine the temperature-dependent figure of merit, which defines
the efficiency of a material in converting light energy to mechanical work. The results show
that increasing the temperature increases the FOM and suggest that higher temperatures
are desirable for having more efficient photomechanical materials.

This set of results suggest ways in which the thermomechanical and photomechanical
properties of a dye-doped polymer can be controlled to optimize it for a particular application.
The techniques introduced here can also be used to study the physics of the photomechanical
response and how it is affected by the rheological properties of the material.
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