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We use molecular dynamics simulations to unravel the physics underpinning the light-induced density changes caused
by the dynamic trans-cis-trans isomerization cycles of azo-mesogens embedded in a liquid crystal polymer network,
an intriguing experimental observation reported in the literature. We employ two approaches, cyclic and probabilistic
switching of isomers, to simulate dynamic isomerization. The cyclic switching of isomers confirms that dynamic
isomerization can lead to density changes at specific switch-time intervals. The probabilistic switching approach further
deciphers the physics behind the non-monotonous relation between density reduction and light intensities observed in
experiments. Light intensity variations in experiments are accounted for in simulations by varying the trans-to-cis and
cis-to-trans isomerization probabilities. The simulations show that an optimal combination of these two probabilities
results in a maximum density reduction corroborating the experimental observations. At such an optimal combination
of probabilities, the dynamic trans-cis-trans isomerization cycles occur at a specific frequency causing significant
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distortion in the polymer network, resulting in a maximum density reduction.

I. INTRODUCTION

Liquid crystal polymers are one of the highly sought-after
materials for developing soft actuators' ™. The ability to pro-
gram the alignment in liquid crystal polymers allows com-
plex and reversible shape deformations such as curls, twists
and cones.’~® Incorporating photo-responsive moieties such
as azobenzenes, spiropyrans, nano-particles etc., makes the
otherwise thermo-responsive liquid crystal polymers photo-
responsive.”'* A major advantage of photo-responsive sys-
tems is non-contact remote actuation, leading to their precise
spatial and temporal control.'>!® Azobenzene-modified lig-
uid crystal polymer networks (ALCNs) have been explored
extensively for applications in soft robotics, photonics, hap-
tics and microfluidics.>'7~!° The recent rise in the applica-
tions of ALCNs necessitates the need to understand the mech-
anisms underpinning the light-responsive actuation in greater
detail. The earlier consensus of the scientific community
was that the bending of the azobenzene as it isomerizes from
the straight rod-like frans state to bent shaped cis state (see
Fig. 1a) upon exposure to light creates a network pulling ef-
fect causing changes in the local orientational order of the
liquid crystal mesogens resulting in macroscopic mechanical
deformations (contraction in the direction parallel to the av-
erage orientation of mesogens and expansion in the other two
perpendicular directions).”*-?> The magnitude of the contrac-
tion/expansion was believed to be proportional to the average
mass-fraction of the cis isomers.23-28 However, recent works
suggest a new mode of generating deformations in liquid crys-
tal polymers.??° In particular, these studies demonstrate that
continuous, dynamic trans-cis-trans isomerizations collec-
tively generate significant deformations far greater than those
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caused solely by the statistical accumulation of cis isomers.?’

Furthermore, there is a considerable reduction in the density
of the polymer due to the free volume generated by the azo-
molecules undergoing dynamic trans-cis-trans isomerization
cycles.?3% Additionally, it is important to note that only 2
wt% of azo-molecules within the entire ALCN caused a sig-
nificant 12% reduction in density.>

The azo-mesogens usually occur in the stable trans state
and upon illuminating with Ultra-Violet wavelength (365 nm),
the trans isomers isomerize to a meta-stable cis state. The
cis isomers revert to trans state when illuminated with Visi-
ble wavelength (455 nm). Even without any illumination, the
cis isomers still revert to trans although slowly through ther-
mal back relaxation. It should be noted that, illuminating
with only 365 nm also promotes cis-to-trans isomerization,
the extent of the isomerization however pales in comparison
to 365 nm promoting frans-to-cis isomerization. However,
when the azo-mesogens are illuminated with both 365 nm and
455 nm illuminations, both the trans-to-cis and cis-to-trans re-
actions are promoted resulting in continuous dynamic frans-
cis-trans isomerization cycles. If the density reduction (or vol-
ume expansion) shown by ALCNs?® is due to such dynamic
isomerizations under the influence of a combined UV and
Visible illumination, then the density change should continu-
ously increase with intensities (/) of the two light sources (/365
and Iy55). To elucidate the aforementioned point, consider
the following simplified probabilistic approach. Let a fully
trans system be subjected to dual wavelength (365 nm and
455 nm) illumination of certain intensities. Such a system can
show both trans-to-cis and cis-to-trans isomerizations with
probabilities of P,_,. and P,_,;, respectively. Then the fraction
of cis isomers at step i + 1 (nit!) is the sum of the fractions
that isomerized from trans state at i (nl_,.) and the isomers

that remained in cis state from i (n._, ) leading to

nt =i+ nl =P+ ni(1—Pesy). (1
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FIG. 1. (a) Schematic illustration of frans and cis states of the azobenzene mesogen. (b) Steady-state mass-fraction of cis (left ordinate)
and mass-fraction of isomers that are isomerizing from frans state to cis (right ordinate) for different probabilities of trans-to-cis and cis-
to-trans isomerizations. (c) Steady-state mass-fraction of cis (left ordinate) and mass-fraction of isomers that are isomerizing from trans to

cis state (right ordinate) for different intensities of 365 nm and 455 nm wavelength light sources following the photo-physical mode

Such an evolution of isomers leads to a steady state after s+ 1
steps when 5! = nS. The steady state values are given by,

VL?L] _ ni _ Pt—>c , ntﬁ] _ nts _ Pc—>t ) (2)

P+ Pet P+ Pest
However, note that some isomers still isomerize from
trans state to cis, while some from cis state to trans at such
a steady state resulting in a dynamic equilibrium. At this dy-
namic equilibrium, the fraction of molecules that are isomer-
izing from trans state to cis and from cis state to trans are
equal and given by,

Mo =My = M 3)
Pise+ P

Assuming that the probabilities are directly proportional to the
intensities of the corresponding wavelengths (i.e., P o< I365
and P._; o< Iyss), n. decreases with increase in P,_,; for a given
P_,. (see Fig. 1b). However, the fraction of isomers under-
going dynamic isomerization at steady-state (n;_,,) increases
with increasing I455. Even with the consideration of full iso-
merization kinetics and corresponding absorption coefficients
of the isomers,?! n¢ decreases with increase in Iyss/l35, while
n;_,, increases as shown in Fig. 1c (see Supplementary Note
S1 for details). Since the dynamic trans-cis-trans isomeriza-
tion cycles increase with I455, a more significant reduction in
density is expected for higher values of I;55. However, the
experimental observations®® suggest the existence of a max-
ima for the density decrease at a specific intensity ratio (see
Fig. S1). Specifically, the density reduction maximizes when
Iys5 is almost 10% of Izgs. That is, one must expect that at
higher intensities of both UV and Visible illuminations, trans-
to-cis and cis-to-trans reactions are both promoted leading to
more frequent trans-cis-trans conversions. Such a situation
must result in larger density decrease with increase in inten-
sities. However, it is observed that increasing I4s5 beyond a
certain limit reduced the decrease in density and the decrease
dropped to just 2% at 455 = I365. Consequently, the experi-

1.31

ments indicate a non-monotonous density reduction with in-
creasing intensity ratios. The constitutive equations proposed
by Liu and Onck 3! captures this effect through a phenomeno-
logical model and ascribes the non-monotonous relationship
between density decrease and intensity ratios to the interplay
between the oscillating azobenzenes and the distortion of the
viscoelastic polymer network. However, the molecular under-
pinnings on the origins of such a behaviour has still not been
explored.

Experimental quantification of the dynamic isomerization
and its influence on the polymer network is not feasible as it
requires tracking individual mesogens inside the network with
a very fine spatial and temporal resolution. However, molec-
ular simulations can bridge this gap by accounting for indi-
vidual atoms building the ALCN and simulating the distor-
tion of the polymer network as the azo-molecules isomerize.
Such simulations can reveal the underlying physics of photo-
induced density reduction. The existing computational studies
at the molecular level analyzed the contribution of static trans-
to-cis isomerization’>=* and photo-induced reorientation>-3
of the azo-mesogens to the deformation of the ALCN unit
cell. Moreover, the computational samples in most of these
studies consist of 100% azo-mesogens.>>¢ There have been
no computational studies at a molecular level to confirm the
contribution of dynamic trans-cis-trans isomerization cycles
to density changes of the ALCN, when the azo-mesogen con-
centration is just 2 wt%.%>’

In this work, we have developed a computational frame-
work using Materials Studio,’” LAMMPS3® and Python*” to
simulate the continuous trans-cis-trans isomerization cycles
of the azo-mesogen embedded in a polymer network at atom-
istic scale and study its influence on the distortion of the
surrounding polymer network. The developed computational
framework to simulate the dynamic isomerization of azoben-
zene embedded in LCNs is presented in the following section.
In the later sections, we show that this dynamic isomeriza-
tion is necessary for density reduction, and a mere statisti-
cal accumulation of cis isomers do not induce any changes to

This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP Publishing.
This article appeared in A. R. Peeketi et al., J. Chem. Phys. 160, 104902 (2024) and may be found at https://doi.org/10.1063/5.0187320

J. Chem. Phys. 160, 104902 (2024), DOI:https://doi.org/10.1063/5.0187320

Please cite the article as A. R. Peeketi et al.,


https://doi.org/10.1063/5.0187320

0]

—

O

o

\’H‘\Ow\o—O—NkN i : O/\/\

C O

A{"V\/\Ao@_{o O%Qow/oﬁ(\
O—f >—O ( 1 )

A(OM\O @—/{4@70\

O

(o}

) &

0]

L’( (3)

o\

~

FIG. 2. The chemical structure of the molecules (1) cross-linker (2) mono-acrylate, and (3) azo-diacrylate. The depiction of rod-like mesogens
as ellipsoids, the atoms as spheres, and the bonds as lines for visualization of the ALCN unit cell. The Hydrogen atoms are omitted in the
visualization. Note that the magenta-coloured N atoms are on either side of the red ellipsoid in between the two benzene rings in the azo-

diacrylate (3).

the density. We further use a probabilistic approach to simu-
late the influence of varying light intensities of the two wave-
lengths on the dynamic isomerization and the resulting den-
sity changes. Consequently, we demonstrate through molecu-
lar dynamic simulations the aforementioned counter-intuitive
relationship between the density change and the intensities of
the light sources. We then elucidate the underlying physics
for such a counter-intuitive relation by analyzing the dihedral
oscillation frequencies of the azo molecules.

II. COMPUTATIONAL METHOD
A. Preparation of ALCN computational sample

A cross-linked ALCN unit cell is created using Materials
Studio.’” We selected a mixture of 10 cross-linker molecules
(1), 100 mono-acrylate molecules (2) and 10 azo-diacrylate
molecules (3) (corresponding to 8 mol% azo-mesogens). The
chemical structure of the above-mentioned molecules is pre-
sented in Fig. 2. All 120 molecules were first packed in a cubic
unit cell of size 42.69 A with an average density of 1.1 gecm 3.
The mesogens’ average alignment was along the unit cell’s X-
axis. This uncross-linked sample is then equilibrated using

geometry optimization, followed by NVT and NPT dynam-
ics for 4 ns and 6 ns, respectively. The equilibrated assembly
is then cross-linked by artificially forming bonds between the
reactive sites of the acrylate end in the monomers if they are
within a set cutoff distance. The cutoff distance is initialized
to be 2.5 A and then increased in steps of 0.2 A until 25% of
the reactive sites are polymerized. The polymerization pro-
cedure in this work is adapted for free-radical polymerization
of acrylates from the existing methods in the literature.3%334!
The polymerized assembly is then transferred from Materials
Studio®” to LAMMPS?® and subjected to energy minimiza-
tion, followed by NVE of 1 ns to initialize the velocities, NVT
of 1 ns to reach a temperature of 300 K, NPT dynamics of 1 ns
to initialize pressure to 1 atm and then NVT, NPT and NVE
dynamics for 3ns, 10ns and 1 ns, respectively for complete
equilibration. The box dimensions are allowed to change in-
dependently of each other. The time step for the equilibrium
dynamics is 1 fs with a periodic boundary. The evolution of
temperature, dimensions of the simulation domain, density
and the scalar orientational order of the computational sam-
ple are presented in Fig. S2 during the equilibration. The
final ALCN sample consists of 7278 atoms. The equilibrated
sample had a density of 1.12 gecm™3. The scalar orientational
order parameter defined as Q = ((3cos?> 6 —1)/2) (with 6 be-
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TABLE I. The parameters of the dihedral energy of the C-N=N-C unit to simulate a photo-induced isomerization of the azo-mesogen.*

0

Energy K; (kcalmol™!) Q) K> (kcalmol™!) 0 (°) Ks (kcalmol 1) 03 (°)
d

ES 5.2 180 12 0 0 0
EL,. 34 0 5.2 180 0 0
EZ ., 34 180 0 0 0 0

ing the angle between the nematic axis and the mesogen) is
0.54 for the equilibrated ALCN sample. The potential energy
of the constituent atoms is calculated using the Polymer Con-
sistent Force-Field (PCFF).*2

B. Numerical implementation of photo-induced isomerization

The photo-induced isomerization is simulated by modify-
ing the parameters (Kj, ¢;,i = 1,2,3 in Eq. (4)) governing the
torsion (dihedral terms) energy (EZ) of the C-N=N-C unit of
the azo-mesogen.*’

Ef = Ki(1—cos(¢ — ¢1)) + Ka(1 —cos(2¢ — ¢))
+K3(1 —cos(3¢ —¢3)). (4

Here ¢ is the C-N=N-C dihedral angle. The parameters that
correspond to thermal equilibrium (o = thermal), trans-to-
cis (o« =t — ¢) and cis-to-trans (&t = ¢ — t) isomerizations
are given in Table I. The literature shows that the method-
ology of simulating the isomerization by modifying the di-
hedral energy parameters is successful in simulating differ-
ent systems.’>33*3 Even though the isomerization pathway
induced by varying the dihedral energy parameters does not
replicate the rotation or inversion-based isomerization mech-
anism of azobenzene,** 0 the current method seems able to
simulate the essence of trans-cis-trans isomerization cycles.
We consider the azo-molecule to be in trans state for ¢ > 90°
and in cis state for ¢ < 90°.

1. Cyclic switching of isomerization

The ALCN computational sample is equilibrated in an NPT
ensemble for a time interval of 7; ps with the dihedral energy
parameters (K;, ¢;,i = 1,2,3 in Eq. (4)) of all the C-N=N-C
units set to EZ,. and then equilibrated again for 7, ps with
the dihedral energy parameters of all the C-N=N-C units set
to E4,,. The two equilibration steps are repeated till the
total simulation time reaches 100ps. The box shape is al-
lowed to change during the NPT ensemble to accommodate
the anisotropic changes to the unit cell dimensions. The time

step for the equilibration is taken to be 0.1 fs.

2. Probabilistic switching of isomerization

The flow chart shown in Fig. 3 illustrates the procedure
to simulate the probabilistic isomerization. The dihedral en-
ergy parameters (K;,¢;,i = 1,2,3 in Eq. (4)) of the individ-
ual C-N=N-C units are updated based on the probabilities of
trans-to-cis (P,_,.) and cis-to-trans (P._,;) isomerizations. The
ALCN computational sample is equilibrated for 1fs with a
time step of 0.01 fs in an NPT ensemble allowing for changes
to the shape of the simulation box with the set dihedral energy
parameters. Parameters of E¢ are updated at the beginning of
every equilibration step with ¢, = 90° and r being a random
number between 0 and 1.

Y
E¢= Eg—)c

€s
No
E‘=E¢

c—t

l

Time i+1 fs: NPT dynamics for 1 fs (LAMMPS)

4|7

FIG. 3. A flow chart illustrating the algorithm to simulate the influ-
ence of dynamic isomerization of azo-mesogens with different prob-
abilities for trans-to-cis (P—.) and cis-to-trans (P,—,) reactions on
the ALCN.

Ill. RESULTS

In order to verify the influence of isomerization on the poly-
mer network, the parameters of the torsional energy (E<) of all
the azo-molecules are modified to initiate trans-to-cis isomer-
ization, and then the ALCN unit cell is equilibrated for 200 ps
in the NPT ensemble. The final system with 100% cis popula-
tion did not show any significant change in density (Fig. S3).
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FIG. 4. (a) The ALCN computational sample before the start (left) and after 100 ps (right) of cyclic switching between trans and cis isomer
states with 7; = 0.5 ps illustrating the distortion of the unit cell. The dashed lines in the right figure indicate the dimensions of the original unit
cell (see Fig. 2 for details regarding the color coding and representation). The evolution of the ALCN sample during the first 20 ps of cyclic
isomerization is also available as Movie S1. (b) The reduction in density due to the repeated switching of the dihedral energy parameters to
induce trans-to-cis and cis-to-trans isomerizations at different time intervals (Ty).

However, a slight variation in the dimensions was observed.
Since only 8 mol% of azo-molecules are present, the isomer-
ization from trans state to cis may not have provided enough
network-pulling effect in the small computational sample to
generate any noticeable changes to unit cell dimensions. Such
an insignificant change to unit cell dimensions is in accor-
dance with the literature3> where isomerization of 100% azo-
system did not result in any density change, but a dimension
change of 3% was observed for 25% trans-to-cis conversion.
The 100% cis system is then converted to complete trans sys-
tem and equilibrated again for 200 ps, where we again observe
that the density changes to be insignificant. A time step of
0.1fs is used for the equilibrium studies. The complete iso-
merization takes around 0.2 ps, and for the rest of the dynam-
ics, the isomers stay in their respective state, resembling more
of a static equilibrium than a dynamic equilibrium.

A. Dynamic trans-cis-trans isomerization cycles with
different switch-time intervals

The azo-mesogens in the computational ALCN sample are
subjected to continuous switching between the two types of
dihedral energy parameters that can induce trans-to-cis and
cis-to-trans isomerizations to simulate a state of dynamic
isomerization equilibrium. Molecular dynamic simulations
with various time intervals (switch-time interval, 7;) between
each switching were performed (see Supplementary Note S2
and Fig. S4). The computational unit cell visualized using
OVITO" before the start and after 100 ps of cyclic switch-
ing with 7, = 0.5ps is shown in Fig. 4a and the evolution
of the unit cell for the first 20 ps is also available as Movie
S1. The resultant density of the network as the azo-mesogens
are repeatedly switched from trans-to-cis and cis-to-trans is
plotted in Fig. 4b for various 7, indicating that 0.5 ps is the
optimal switch-time interval. The polymer network retains
its reduced density as long as the isomers switch states and

reverts to its original density (achieves equilibrium) as soon
as the switching stops as seen in Fig. S5. Therefore, it can
be concluded that the repeated trans-cis-trans isomerization
cycles at optimal time intervals cause the polymer network
to be out of equilibrium, significantly reducing the density.
Even though the relation between reduction in density with
7, (Fig. 4b) from simulations and different ratios of intensities
from experiments” (Fig. S1) are qualitatively similar, it is not
clear if a direct correspondence can be drawn between varying
intensities and switch-time intervals. Furthermore, in the sim-
ulations mentioned above, all azo-molecules are isomerized
together from one state to another, which may not be true prac-
tically. For instance, the probability of isomerization strongly
depends on the local intensities of the two wavelengths and
other factors such as absorption coefficients and quantum ef-
ficiencies of isomerization, all of which induce some form of
stochasticity to the whole process. We now simulate a more
realistic system using probability-based isomerization criteria.

B. Dynamic trans-cis-trans isomerization cycles with
probabilistic switching

The probability of isomerization decides the time taken for
complete isomerization as seen in Fig. 5a where the evolu-
tion of n. is shown with different values for trans-to-cis iso-
merization probability (P_,.) while keeping cis-to-trans iso-
merization probability (P._;) = 0. The effects of changing
probability parallels that of varying intensities in this scenario.
Such a correspondence can be drawn because increasing P,
(simulation) and intensity (experiments) have the same ef-
fect of reducing the time for isomerization. The evolution
of density during the dynamic isomerization for equal prob-
abilities of trans-to-cis isomerization and cis-to-trans isomer-
ization (i.e., P, = P._;) is plotted in Fig. 5b. For the case
of B, = P.—; = 1 or 0.1, the azo-molecules just oscillate
around an equilibrium value of the C-N=N-C dihedral angle
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FIG. 5. (a) The evolution of n, with time for different levels of P,_,. with P._,; = 0. (b) The evolution of density for various levels of equal
trans-to-cis and cis-to-trans isomerization probabilities (P—. = P.—y;). (c) The decrease in density as a function of the probability ratio,
P._t/ Pi—s for different values of P,_,.. The contour plot of (d) decrease in density and (e) decrease in order as a function of P,_,. and P._.
(f) The decrease in density plotted as a function of decrease in order to illustrate their strength of correlation ().

(¢ =~ 90°, see Fig. S6a) without causing much distortion of
the polymer network and hence does not alter the density. At
very low values of P,_,. = P,_,; = 0.0001, the azo-mesogens
isomerize rarely so that the average ¢ changes so slowly such
that the density changes are not significant (see Fig. S6b).
When P, = P._,; =0.01 or 0.001, the azo-mesogens isomer-
ize from trans-to-cis and cis-to-trans at close intervals causing
large distortions to the polymer network (see Figs. S6c and d).
Moreover, as the dynamic isomerization continues, the poly-
mer network is continuously disturbed, leading to significant
density changes (= 9%). Fig. 5c shows the decrease in density
as a function of the probability ratio, P._,, /P, for different
values of P,_,.. When the value of P._,, is much lower than
P,_,., the isomers always stay in cis state without any large
oscillations leading to lower density changes (see Fig. S7a
for the case of P_,, =0.001 and P._,;/P,—,. = 0.01). In con-
trast, when the value of P._,; is much greater than P_,., the
azo-molecules get pushed to frans state as soon as they iso-
merize to cis state, leading to low magnitude oscillations (see
Fig. S7b for the case of F,_,. = 0.001 and P._,,;/P,—,. = 1000)
and hence, low changes to the density. At an optimal value
of P,_,, for a given P,_,., the isomers switch at an optimal
rate to significantly distort the polymer network and keep it
from reaching equilibrium leading to a maximum reduction
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in density. The cases of P, = 0.05 and 0.0001 also show
a similar inverse ‘U’ relationship between density decrease
and probability ratios. Such a non-monotonous relationship
between the probabilities and density reduction is similar to
the experimental observations®® where a maximum reduction
in density is observed for a specific ratio of the intensities.
At a given P_,., the maximum density reduction possible for
various P._,; also differs as seen from Fig. 5c and d. Such a
behaviour is analogous to the maximum density reduction be-
ing lower for 5 = 100 mW cm 2 than lzgs = 300 mW cm 2
in the experiments® (see Fig. S1). Moreover, the values of
P._;/P . at which the density decrease is maximum for a
given P,_,. also changes as seen in Fig. 5c. The highest den-
sity reduction observed through the simulations is 12% for
the case of P_,. = P.—,; = 0.003 (see Fig. 5d). Subsequently,
the simulation results indicate that probabilities (intensities)
higher than the optimal value could result in lower-density
changes. The above results present a satisfactory numeri-
cal evidence to the hypothesis that the dynamic isomerization
of azo-molecules induces density reduction of an ALCN and
there exists an optimal combination of probabilities (intensi-
ties) that generate a maximum density reduction.

The decrease in the scalar orientational order parameter (Q)
after 100 ps of dynamic isomerization with different trans-
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FIG. 6. (a,b) The average of the FFTs of the dihedral angles of the individual azo-mesogens at a given frequency for different probabilities

of trans-to-cis and cis-to-trans isomerizations and the corresponding percentage change in density (%%p). (c) The correlation coefficient
between the average of the amplitude of oscillations of the dihedral angles at a given frequency obtained through FFT with the density
decrease indicating that the dihedral oscillations at frequencies in the range 0.33 ps~! to 3.79 ps~! influence density strongly.

to-cis and cis-to-trans probability combinations is plotted
in Fig. 5e. It can be seen that the probabilities P _,. ~
0.003, P.—; = 0.003 corresponding to maximum density re-
duction also show a maximum decrease in order. However,
the dependence of density and order on P,_,, P._; are differ-
ent and are not correlated linearly. Specifically, a density re-
duction of 10% occurs for order reduction of 15% as well as
30%. The Pearson correlation coefficient between the density
and order was 0.70 (see Fig. 5f). The reduction in density and
order is due to dynamic trans-cis-trans isomerization cycles,
and the order change may not be the primary cause for den-
sity change. The atomistic scale simulations in the literature®>
also indicate that order change may not directly result in den-
sity change. In particular, they simulated isomerization of a
100% azo-system which showed a significant decrease in or-
der while the density stayed constant.

IV. DISCUSSION

From the results presented, it is shown that the variations
of the C-N=N-C dihedral angle (¢) of the azo-mesogens in
the network due to switching of isomerization states result in
density changes. Now, to determine the nature of variation in
¢ that results in significant changes in density at only specific
probabilities, we use the Pearson correlation coefficient be-
tween different characteristics of ¢ and density change. The
temporal variations of the dihedral angle for one of the azo
molecules of the ALCN during dynamic isomerization for dif-
ferent probability cases are shown in Figures S8 and S9. The
average of the Fast Fourier Transform (FFT) of the dihedral
angles of the individual azo-molecules at a given frequency
(¢r) for different probabilities are presented in Fig. 6a and
Fig. 6b. A higher amplitude of the FFT at a given frequency
may be expected to result in higher density change. But, con-
sider the cases of P, = P.—,; = 0.01 or 0.001 (Fig. 6b); their
FFTs intersect at around 1ps~! although they have similar
density reduction. Hence, oscillations at any frequency do

not contribute equally to the density change, and specific fre-
quencies may be more optimal. The existence of an optimal
frequency for maximal density reduction has also been ob-
served for the AC electric field responsive LCNs*®. To deter-
mine the optimal frequencies of oscillations of the dihedrals
in photo-responsive ALCNs, we have correlated the ampli-
tude of oscillations at each frequency (@) with the decrease
in density as shown in Fig. 6¢c. The correlation coefficient
(%) is greater than 0.7 for frequencies in the range 0.33 ps~!
to 3.79 ps~!, indicating that the oscillations at these frequen-
cies contribute significantly to the density reduction. The de-
crease in density and the average of the amplitude of oscil-
lations in the frequency range from 0.33ps~! to 3.79ps~!
have a correlation of 0.88, indicating the presence of strong
relationship (see Fig. 7). The mean of the frequencies which
strongly correlate with density reduction is ~ 2ps~! corre-
sponding to a time scale of 0.5 ps indicating that the switch-
time of around 0.5 ps contributes to the maximal density re-
duction. Note that a maximum density change of 15.7% was
observed for a switch-time interval of 0.5 ps in our earlier dis-
cussion (see Fig. 4c) where all the dihedrals are switched be-
tween trans and cis states at specific time intervals. Therefore,
we propose that the dynamic isomerizations that occur with a
time period of 0.5 ps are optimal for distorting the polymer
network and keeping it from attaining an equilibrium result-
ing in significant density reduction.

V. SUMMARY

In summary, for the first time, we have validated the hy-
pothesis that dynamic isomerization induces density changes
to the azo-modified liquid crystal polymer network through
atomistic scale simulations. The cyclic switching of all azo-
molecules between trans and cis states resulted in a density
change of 15.7%, despite azo-molecules making up only 8
mol% of the computational ALCN sample. We have also ex-
plained the physics governing the experimental observation
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range 0.33ps~! to 3.79ps~! indicating a strong correlation () =
0.88).

of the existence of light intensities for which density changes
are a maximum.”® This explanation is brought about by draw-
ing an analogy between intensity ratios (in experiments) and
probability ratios (in simulations) of isomerization. Lastly,
we have identified the frequencies of oscillations of the C-
N=N-C dihedrals which contribute significantly to the den-
sity changes. The proposed methodology can be extended in
future to understand the influence of the dynamic isomeriza-
tion cycles on the glass transition temperature and the light-
induced softening of ALCNs, which could then provide bet-
ter insights into the origin of chaotic self-oscillations.** The
network pulling effect based mechanism generated by ac-
cumulation of cis isomers typically results in approximately
2% deformation,’®>! while, the dynamic isomerization can
yield deformations as high as 10%.?° The applications of
liquid crystal polymers in soft grippers,”>>> active control
of friction,>* cell adhesion and migration®® requiring large
topological changes may be induced through dynamic iso-
merization. Consequently, the improved understanding of dy-
namic isomerization and the resulting density changes in AL-
CNss, as provided in this work, can aid the design of the coat-
ings for such applications.

SUPPLEMENTARY MATERIAL

* Figures S1-S9: Experimentally observed dual-
wavelength light induced density decrease; the
evolution of temperature, unit cell dimensions, den-
sity and orientational order during equilibration of
ALCN computational sample; the influence of static
isomerization on the density; the influence of cyclic
isomerization with different switch-time intervals on
the density; the reversibility of the density reduction;

the average of the dihedral angles of the azo-mesogens
during probabilistic isomerization; the temporal
variations of the dihedral angle during probabilistic
isomerization. Note S1: A photo-physical model to
estimate the fraction of isomers undergoing dynamic
isomerization under dual-wavelength illumination.
Note S2: The evolution of density during the cyclic
switching of dihedral energy parameters with different
switch-time intervals (pdf)

* The evolution of the computational sample during the
repeated, continuous switching of all the azo-isomers
between trans states and cis states with a switch-time
interval of 0.5 ps for a duration of first 20 ps. The unit
cell’s boundaries before switching isomerization starts
are highlighted as red lines. The mesogens are depicted
as ellipsoids, the atoms as spheres, and the bonds as
lines for visualization of the ALCN unit cell, as shown
in Fig. 2. (Movie S1) (mp4)

ACKNOWLEDGMENTS

The authors acknowledge the fruitful discussion with Prof.
Dirk Broer from the Eindhoven University of Technology and
the email conversation with Prof. Hendrik Heinz from the
University of Colorado, Boulder, that proved essential for this
work. The authors acknowledge the generous financial sup-
port from the Indian Institute of Technology Madras under the
Institutes of Eminence (IoE) scheme funded by the Ministry
of Education, Government of India. A.R. Peeketi acknowl-
edges the financial support through Prime Minister’s Research
Fellowship for conducting doctoral research at IIT Madras.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are avail-
able within the article and its supplementary material. The
input scripts, potential files, and Python codes employed for
the molecular dynamic simulations of the dynamic isomeriza-
tion of azo-molecules embedded in a liquid crystal polymer
network are made available at the GitHub repository,
https://github.com/ARPeeketi/MD_ALCN_Dynamic_
Isomerization.

CONFLICT OF INTEREST STATEMENT

The authors have no conflicts to disclose.

IM. P. Da Cunha, M. G. Debije, and A. P. Schenning, “Bioinspired light-
driven soft robots based on liquid crystal polymers,” Chemical Society Re-
views 49, 6568-6578 (2020).

2p. Jayoti, A. R. Peeketi, P. Y. Kumbhar, N. Swaminathan, and R. K.
Annabattula, “Geometry controlled oscillations in liquid crystal polymer
films triggered by thermal feedback,” ACS Applied Materials & Interfaces
15, 18362-18371 (2023).

3Q. He, Z. Wang, Z. Song, and S. Cai, “Bioinspired design of vascular
artificial muscle,” Advanced Materials Technologies 4, 1800244 (2019).

This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP Publishing.

This article appeared in A. R. Peeketi et al., J. Chem. Phys. 160, 104902 (2024) and may be found at https://doi.org/10.1063/5.0187320

4), DOL:https://doi.org/10.1063/5.0187320

o)

20

(

~

10490

R. Peeketi et al., J. Chem. Phys. 160,

Please cite the article as A.


https://doi.org/10.1063/5.0187320
https://github.com/ARPeeketi/MD_ALCN_Dynamic_Isomerization
https://github.com/ARPeeketi/MD_ALCN_Dynamic_Isomerization

4K. Dradrach, M. Zmyslony, Z. Deng, A. Priimagi, J. Biggins, and P. Wasyl-
czyk, “Light-driven peristaltic pumping by an actuating splay-bend strip,”
Nature Communications 14, 1877 (2023).

SK. Mehta, A. R. Peeketi, L. Liu, D. Broer, P. Onck, and R. K. Annabattula,
“Design and applications of light responsive liquid crystal polymer thin
films,” Applied Physics Reviews 7, 041306 (2020).

OT. J. White and D. J. Broer, “Programmable and adaptive mechanics with
liquid crystal polymer networks and elastomers,” Nature Materials 14,
1087-1098 (2015).

7A. R. Peeketi, J. A. Sol, N. Swaminathan, A. P. Schenning, M. G. Debije,
and R. K. Annabattula, “Calla lily flower inspired morphing of flat films to
conical tubes,” Journal of Polymer Science 61, 1065-1073 (2022).

8T. H. Ware, M. E. McConney, J. J. Wie, V. P. Tondiglia, and T. J. White,
“Voxelated liquid crystal elastomers,” Science 347, 982-984 (2015).

°H. K. Bisoyi and Q. Li, “Light-driven liquid crystalline materials: from
photo-induced phase transitions and property modulations to applications,”
Chemical Reviews 116, 15089-15166 (2016).

10y, Huang, H. K. Bisoyi, S. Huang, M. Wang, X.-M. Chen, Z. Liu, H. Yang,
and Q. Li, “Bioinspired synergistic photochromic luminescence and pro-
grammable liquid crystal actuators,” Angewandte Chemie International
Edition 60, 11247-11251 (2021).

Hp. Jayoti, A. R. Peeketi, R. K. Annabattula, and S. K. Prasad, “Dynamics
of the photo-thermo-mechanical actuations in NIR-dye doped liquid crystal
polymer networks,” Soft Matter 18, 3358-3368 (2022).

I2W. Wu, L. Yao, T. Yang, R. Yin, F. Li, and Y. Yu, “NIR-light-induced
deformation of cross-linked liquid-crystal polymers using upconversion
nanophosphors,” Journal of the American Chemical Society 133, 15810—
15813 (2011).

Bz Li, Y. Yang, Z. Wang, X. Zhang, Q. Chen, X. Qian, N. Liu, Y. Wei,
and Y. Ji, “Polydopamine nanoparticles doped in liquid crystal elastomers
for producing dynamic 3D structures,” Journal of Materials Chemistry A 5,
6740-6746 (2017).

4z, Cheng, T. Wang, X. Li, Y. Zhang, and H. Yu, “NIR-Vis-UV light-
responsive actuator films of polymer-dispersed liquid crystal/graphene ox-
ide nanocomposites,” ACS Applied Materials & Interfaces 7, 27494-27501
(2015).

15G. Stoychev, A. Kirillova, and L. Tonov, “Light-responsive shape-changing
polymers,” Advanced Optical Materials 7, 1900067 (2019).

16y Chen, J. Yang, X. Zhang, Y. Feng, H. Zeng, L. Wang, and W. Feng,
“Light-driven bimorph soft actuators: Design, fabrication, and properties,”
Materials Horizons 8, 728-757 (2021).

7T, Ikeda, J.-i. Mamiya, and Y. Yu, “Photomechanics of liquid-crystalline
elastomers and other polymers,” Angewandte Chemie International Edition
46, 506-528 (2007).

8D, Liu and D. J. Broer, “Liquid crystal polymer networks: switchable sur-
face topographies,” Liquid Crystals Reviews 1, 20-28 (2013).

X. Pang, J-a. Lv, C. Zhu, L. Qin, and Y. Yu, “Photodeformable
azobenzene-containing liquid crystal polymers and soft actuators,” Ad-
vanced Materials 31, 1904224 (2019).

203, Garcia-Amorés, A. Szymczyk, and D. Velasco, “Nematic-to-isotropic
photo-induced phase transition in azobenzene-doped low-molar liquid crys-
tals,” Physical Chemistry Chemical Physics 11, 4244-4250 (2009).

21A, Sanchez-Ferrer, A. Merekalov, and H. Finkelmann, “Opto-mechanical
effect in photoactive nematic side-chain liquid-crystalline elastomers,”
Macromolecular Rapid Communications 32, 671-678 (2011).

22M. P. Da Cunha, E. A. van Thoor, M. G. Debije, D. J. Broer, and A. P.
Schenning, “Unravelling the photothermal and photomechanical contribu-
tions to actuation of azobenzene-doped liquid crystal polymers in air and
water,” Journal of Materials Chemistry C 7, 13502-13509 (2019).

2D. Corbett and M. Warner, “Bleaching and stimulated recovery of dyes and
of photocantilevers,” Physical Review E - Statistical, Nonlinear, and Soft
Matter Physics 77, 051710 (2008).

24L. Cheng, Y. Torres, K. Min Lee, A. J. McClung, J. Baur, T. J. White, and
W. S. Oates, “Photomechanical bending mechanics of polydomain azoben-
zene liquid crystal polymer network films,” Journal of Applied Physics 112
(2012).

25L. Liu and P. R. Onck, “Topographical changes in photo-responsive liquid
crystal films: a computational analysis,” Soft Matter 14, 2411-2428 (2018).

20K Korner, A. S. Kuenstler, R. C. Hayward, B. Audoly, and K. Bhat-
tacharya, “A nonlinear beam model of photomotile structures,” Proceedings

of the National Academy of Sciences 117, 9762-9770 (2020).

27K. Mehta, A. R. Peeketi, J. A. Sol, M. G. Debije, P. R. Onck, and R. K.
Annabattula, “Modeling of surface waves in photo-responsive viscoelastic
liquid crystal thin films under a moving light source,” Mechanics of Mate-
rials 147, 103388 (2020).

28A. R. Peeketi, N. Swaminathan, and R. K. Annabattula, “Modeling the
combined photo-chemo/thermo-mechanical actuation in azobenzene-doped
liquid crystal thin films,” Journal of Applied Physics 129, 145107 (2021).

2D. Liu and D. J. Broer, “New insights into photoactivated volume genera-
tion boost surface morphing in liquid crystal coatings,” Nature Communi-
cations 6, 8334 (2015).

307, Cheng, S. Ma, Y. Zhang, S. Huang, Y. Chen, and H. Yu, “Photomechan-
ical motion of liquid-crystalline fibers bending away from a light source,”
Macromolecules 50, 8317-8324 (2017).

311, Liu and P. R. Onck, “Enhanced deformation of azobenzene-modified
liquid crystal polymers under dual wavelength exposure: A photophysical
model,” Physical Review Letters 119, 057801 (2017).

323, Choi, H. Chung, J.-H. Yun, and M. Cho, “Photo-isomerization effect of
the azobenzene chain on the opto-mechanical behavior of nematic polymer:
A molecular dynamics study,” Applied Physics Letters 105, 221906 (2014).

37, Choi, H. Chung, J.-H. Yun, and M. Cho, “Molecular dynamics study
on the photothermal actuation of a glassy photoresponsive polymer rein-
forced with gold nanoparticles with size effect,” ACS Applied Materials &
Interfaces 8, 24008-24024 (2016).

343, Moon, B. Kim, J. Choi, and M. Cho, “Multiscale study of the re-
lationship between photoisomerization and mechanical behavior of azo-
polymer based on the coarse-grained molecular dynamics simulation,”
Macromolecules 52, 2033-2049 (2019).

355, Ilnytskyi, D. Neher, M. Saphiannikova, M. Wilson, and L. Stimson,
“Molecular dynamics simulations of various branched polymeric liquid
crystals,” Molecular Crystals and Liquid Crystals 496, 186-201 (2008).

367 M. Ilnytskyi, D. Neher, and M. Saphiannikova, “Opposite photo-induced
deformations in azobenzene-containing polymers with different molecular
architecture: Molecular dynamics study,” The Journal of Chemical Physics
135, 044901 (2011).

3TBIOVIA, “Dassault systémes, Materials Studio 2021,” San Diego: Dassault
Systemes Simulia Corp (2021).

38A. P Thompson, H. M. Aktulga, R. Berger, D. S. Bolintineanu, W. M.
Brown, P. S. Crozier, P. J. in’t Veld, A. Kohlmeyer, S. G. Moore, T. D.
Nguyen, et al., “LAMMPS-a flexible simulation tool for particle-based ma-
terials modeling at the atomic, meso, and continuum scales,” Computer
Physics Communications 271, 108171 (2022).

39G. Van Rossum and F. L. Drake Jr, Python reference manual (Centrum voor
Wiskunde en Informatica Amsterdam, 1995).

40H. Heinz, R. Vaia, H. Koerner, and B. Farmer, “Photoisomerization of
azobenzene grafted to layered silicates: simulation and experimental chal-
lenges,” Chemistry of Materials 20, 6444—-6456 (2008).

4y, Varshney, S. S. Patnaik, A. K. Roy, and B. L. Farmer, “A molecular
dynamics study of epoxy-based networks: cross-linking procedure and pre-
diction of molecular and material properties,” Macromolecules 41, 6837—
6842 (2008).

42H. Sun, “Force field for computation of conformational energies, structures,
and vibrational frequencies of aromatic polyesters,” Journal of Computa-
tional Chemistry 15, 752-768 (1994).

437 Tian, J. Wen, and J. Ma, “Reactive molecular dynamics simulations
of switching processes of azobenzene-based monolayer on surface,” The
Journal of Chemical Physics 139, 014706 (2013).

4T, Hugel, N. B. Holland, A. Cattani, L. Moroder, M. Seitz, and H. E. Gaub,
“Single-molecule optomechanical cycle,” Science 296, 1103—-1106 (2002).

ST, Fujino, S. Y. Arzhantsev, and T. Tahara, “Femtosecond/picosecond time-
resolved spectroscopy of trans-azobenzene: Isomerization mechanism fol-
lowing Sy (n7*)«— Sp photoexcitation,” Bulletin of the Chemical Society
of Japan 75, 1031-1040 (2002).

46H. D. Bandara and S. C. Burdette, “Photoisomerization in different classes
of azobenzene,” Chemical Society Reviews 41, 1809-1825 (2012).

4TA. Stukowski, “Visualization and analysis of atomistic simulation data with
ovito—the open visualization tool,” Modelling and Simulation in Materials
Science and Engineering 18, 015012 (2009).

4D. Liu, N. B. Tito, and D. J. Broer, “Protruding organic surfaces triggered
by in-plane electric fields,” Nature Communications 8, 1526 (2017).

This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP Publishing.

This article appeared in A. R. Peeketi et al., J. Chem. Phys. 160, 104902 (2024) and may be found at https://doi.org/10.1063/5.0187320

024), DOI:https://doi.org/10.1063/5.0187320

(D

(

2

10490

J. Chem. Phys. 160,

R. Peeketi et al.,

Please cite the article as A.


https://doi.org/10.1063/5.0187320

“K. Kumar, C. Knie, D. Bléger, M. A. Peletier, H. Friedrich, S. Hecht,
D. J. Broer, M. G. Debije, and A. P. Schenning, “A chaotic self-oscillating
sunlight-driven polymer actuator,” Nature Communications 7, 1-8 (2016).

50C. Van Oosten, K. Harris, C. Bastiaansen, and D. Broer, “Glassy pho-
tomechanical liquid-crystal network actuators for microscale devices,” The
European Physical Journal E 23, 329-336 (2007).

SIK. D. Harris, R. Cuypers, P. Scheibe, C. L. van Oosten, C. W. Bastiaansen,
J.Lub, and D. J. Broer, “Large amplitude light-induced motion in high elas-
tic modulus polymer actuators,” Journal of Materials Chemistry 15, 5043—
5048 (2005).

32D. Liu and D. J. Broer, “Self-assembled dynamic 3D fingerprints in liquid-
crystal coatings towards controllable friction and adhesion,” Angewandte
Chemie International Edition 53, 4542-4546 (2014).

10

3p. Lyu, M. O. Astam, C. Sdnchez-Somolinos, and D. Liu, “Robotic pick-
and-place operations in multifunctional liquid crystal elastomers,” Ad-
vanced Intelligent Systems , 2200280 (2022).

34D. Liu and D. J. Broer, “Light controlled friction at a liquid crystal polymer
coating with switchable patterning,” Soft Matter 10, 7952-7958 (2014).

55D. Liu, L. Liu, P. R. Onck, and D. J. Broer, “Reverse switching of surface
roughness in a self-organized polydomain liquid crystal coating,” Proceed-
ings of the National Academy of Sciences 112, 3880-3885 (2015).

56G. Koger, J. Ter Schiphorst, M. Hendrikx, H. G. Kassa, P. Leclere, A. P.
Schenning, and P. Jonkheijm, “Light-responsive hierarchically structured
liquid crystal polymer networks for harnessing cell adhesion and migra-
tion,” Advanced Materials 29, 1606407 (2017).

This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP Publishing.
This article appeared in A. R. Peeketi et al., J. Chem. Phys. 160, 104902 (2024) and may be found at https://doi.org/10.1063/5.0187320

Please cite the article as A. R. Peeketi et al., J. Chem. Phys. 160, 104902 (2024), DOI:https://doi.org/10.1063/5.0187320


https://doi.org/10.1063/5.0187320

	Photo-activated dynamic isomerization induced large density changes in liquid crystal polymers: A molecular dynamics study
	Abstract
	Introduction
	Computational Method
	Preparation of ALCN computational sample
	Numerical implementation of photo-induced isomerization
	Cyclic switching of isomerization
	Probabilistic switching of isomerization


	Results
	Dynamic trans-cis-trans isomerization cycles with different switch-time intervals
	Dynamic trans-cis-trans isomerization cycles with probabilistic switching

	Discussion
	Summary
	Supplementary Material
	Acknowledgments
	Data Availability Statement
	Conflict of Interest Statement


