Journal of Molecular Liquids 407 (2024) 125224

Contents lists available at ScienceDirect

Journal of Molecular Liquids

journal homepage: www.elsevier.com/locate/molliq

ELSEVIER

Check for

Atomistic modeling of electric field poling of PMMA-based polymer e
material with guest quinoxaline chromophores

Olga D. Fominykh , Anastasiya V. Sharipova, Marina Yu. Balakina

Arbuzov Institute of Organic and Physical Chemistry FRC Kazan Scientific Center of Russian Academy of Sciences, Arbuzov Str. 8, 420088 Kazan, Russia

ARTICLE INFO ABSTRACT

Keywords:

Atomistic modeling

Quinoxaline chromophore orientation
Composite polymer material

Applied electric field

Acentric order parameter

The effect of applied electric field strength on the chromophore alignment in composite PMMA-based material is
studied by atomistic modeling. Polymer material of real density (1.07 g/cm®), established in the course of
modeling using NPT protocol, is considered along with model materials with reduced density (0.6 and 0.9 g/
cm?®), applied fields ranging from 100 to 1000 V/um. Glass transition temperature, at which materials simulation
was performed, was estimated in the course of multistage simulation. Simulation was performed with OPLS3e
force field. Both centric, (P2), and acentric, (cos’®), chromophores order parameters were estimated. For the
polymer material with high density, p = 1.07 g/cm?, the value of the order parameter (cos’@) grows from 0.25 to
0.30 for field strength varying from 300 to 1000 V/pm; the values of (P2) for chromophores are in agreement
with the results of measurements by UV-vis spectroscopy. The obtained values of order parameters (both (P2
(ch)) and (cos3®) for model materials with decreased density (0.6 and 0.9 g/cmg) are quite close to each other
and seem to be overestimated compared to the values for the material with high density; this observation is in
agreement with calculated values of free volume in the composite. The applied approach may provide guidelines
for the elaboration of optimal poling protocols used at the development of composite polymer materials with
quadratic nonlinear optical properties, containing quinoxaline chromophores-guests possessing high dipole
moments (more than 20 D).

1. Introduction

One of the key steps in the development of polymer material with
quadratic nonlinear optical (NLO) response to the applied laser field is
poling, which results in the formation of noncentrosymmetric chromo-
phores organization in the material governed by the dc field [1,2].
Optimization of poling characteristics, in particular, poling field
strength, poling temperature, local mobility of chromophores and
fragments of polymer chains is necessary to achieve effective chromo-
phore reorientation. During the last decades, molecular simulation has
been used to clarify the process of chromophores reorientation during
poling by the example of composite polymer materials with various
chromophores as guests using both statistical Monte-Carlo [3-6] and
atomistic modeling approaches [7-11].

The results of Monte Carlo studies of azochromophores reorientation
in polymer systems, using methods based on the bond-fluctuation model
for a polymer matrix, are reviewed in [3]. The study of the effect of
chromophores shape and concentration were performed in [4-6,12,13];
and the account of the effect of intermolecular interactions was
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considered in [4,13]. Currently, the coarse-grained statistical Monte-
Carlo approach is exploited [14-18], permitting to clarify the impor-
tance of chromophore structure modifications with respect to opti-
mizing poling efficiency [17] and to realize the relationship between the
chromophore number density, dipole moment and acentric order [18].
The special attention is paid to the prediction of EO coefficient in the
framework of approaches combining simulation and quantum chemistry
[15,16].

Modern simulation techniques based on molecular dynamics (MD)
provide guidelines for optimization of poling parameters, permitting the
estimation of the macroscopic properties of a system and the study of the
microscopic origin behind them [7-11,19,20]. In a number of papers,
the effect of the chromophores ordering in the composite polymer ma-
terial on the value of electrooptic (EO) coefficient was studied: the effect
of polymer chains local dynamics [5,7,21,22] and the free volume size
and shape near the chromophore [5,7,21] on chromophores reor-
ientation was considered; correlated motion of chromophores and
polymer side groups was established [7,11]; the effect of material den-
sity was studied in [7-9].
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Atomistic modeling was applied exclusively to the study of chro-
mophore alignment in the polymer composites, various chromophores,
in particular, DPNA and nitrostylbene ones [11,21], azochromophores
[7,10,11,23,24], EZ-FTC [8,9] and CLD-1 [4,12], YLD-156 [13] being
used as guests (for full chemical names see SI). Different approaches
were elaborated for the estimation of order parameters characterizing
the quality of chromophores alignment [6,8-11,13,23,24]: both centric
and acentric order parameters estimated with the account of intermo-
lecular interactions and their correlation with the experiment were
analyzed in [13]; the correlation between centric and acentric order
parameters in terms of system dimensionality [6], the effect of the
applied field strength, chromophores dipole moment and material
density on the polar order parameter was considered in [8-10].

In early works, too high values of the poling fields and temperatures
were used in modeling to compensate short simulation time [7-11,21].
However, at present expanded computer capabilities make it possible to
perform simulations under realistic experimentally accessible
conditions.

Here we present the results of the atomistic simulation of polymethyl
methacrylate (PMMA)-based composite material doped with chromo-
phores with quinoxaline moiety in n-electron bridge as guests (Fig. 1)
[25], the chromophore content being 15 wt%. The effects of material
density and poling conditions (temperature and the strength of the
applied electric dc field) on the effectiveness of chromophores orienta-
tion, as well as the orientation of polar groups in polymer chains, which
also contribute to the order parameter of material as a whole, are
analyzed.

2. Computational details

The studied systems are composite polymer materials based on pol-
ymethyl methacrylate (PMMA) with quinoxaline guest chromophores,
ch, with the 15 wt% content; the corresponding material is denoted as
PMMA/ch(15). The degree of polymerization is chosen to be 60 units;
the material is modeled by ten PMMA chains and sixteen chromophores
providing 15 wt% content. Quinoxaline chromophore has large linear
size (~24 A) and is characterized by very high dipole moment (more
than 20 D) [25].

OPLS3e force field was used with both built-in partial charges
[26,27] and the ESP-charges (charges reproducing chromophore elec-
trostatic potential) at chromophore atoms calculated at B3LYP/6-31G
(d) level. The application of ESP charges permitted to get appropriate
charge separation in the chromophore (charge on donor is 0.190, charge
on 7-bridge is —0.021, charge on acceptor is —0.168) contrary to the
case of built-in charges (charge on D is —0.024, charge on n-bridge is
0.085, charge on A is —0.102). The partial charges on atoms are given in
Fig. S1. Built-in OPLS3e charges were used for charge distribution
description in polymer chains. Non-bonded interactions are represented
by Coulomb and Lennard-Jones terms covering pairwise interactions
between available interacting sites. The cutoff radius was chosen to be 9
A. Interactions between pairs of atoms separated by greater distances are
computed by the Ewald summation technique. Starting polymer chain
conformation was obtained as a result of Monte-Carlo conformational
search; the most stable conformation was taken for further simulation.
Polymer chains and chromophores were packed into the so-called
amorphous cell, the size of which was chosen to provide required
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composite polymer material density: 0.61, 0.90 and 1.07 g/cm®. The
amorphous cell is cubic, the cube edge length is 57.54, 50.65 and 47.8 A
respectively.

In the course of building an amorphous cell with the given density,
the stage of Monte-Carlo simulated annealing was used, when the sys-
tem was gradually cooled in three steps from 900 K to the desired
temperature, at which the modeling was performed (900 K; 600 K; target
temperature (400 K or 470 K)). This stage allowed getting the material
with minimum dipole moment. The stage of MD in applied electric field
was preceded by constant volume relaxation. For the systems with low
density another procedure of system relaxation was used — the material
was annealed (see protocol of simulated annealing in Table S1) with
final desired temperature and then MD in applied electric field was
performed without additional relaxation.

Free volume and its distribution in the amorphous cell were esti-
mated for model materials with definite densities. The location and sizes
of voids (free volume) in the materials were determined by a grid-based
method. The results are displayed in the form of a histogram of void
sizes. The size is represented by the radius of a sphere that contains the
same volume as the void. The 3D images of free volume distribution
were also obtained.

The glass transition temperature, Tg, was estimated in the framework
of constant pressure NPT MD starting from equilibration at 600 K for 50
ns. The system was cooled from 600 to 200 K with decrement 20 K and
equilibration time 20 ns at each temperature step. The value of Ty was
obtained by bilinear fit as intersection of two regression lines corre-
sponding to the specific volume (1/density) change with the tempera-
ture in low temperature (glassy) region and the high temperature
(rubbery) region; alternative approach to T, estimation is based on
intersection of tangents to the hyperbola branches (hyperbolic fitting) of
density dependence on temperature.

The molecular modeling was performed with Materials Science Suite
complex [28], which includes Desmond engine [29] for molecular dy-
namics calculations of material in amorphous cell. Chromophores or-
ganization in composite polymer material is characterized by
centrosymmetric, (P2), and noncentrosymmetric, (cos@;), order pa-
rameters, describing the degree of chromophores orientation relative to

the direction of the applied electric field E. (P2) is estimated as

(P2) = (1/N) ipzi (cos®; )P2; = (3cos’®; — 1) / 2 (€))

i=1

®; is an angle between E and the direction of i-th chromophore dipole
moment y; (Fig. 2), N is a number of chromophores; the summation is
performed over all chromophores dipole moments. (P2) does not
distinguish between the direction of u along or against the field. Ac-
cording to the definition, (P2)=1 characterizes ideal orientation of

chromophores along E. The case(P2) = 0 generally speaking corre-
sponds to random (isotropic) orientation of chromophores dipole mo-

ments with respect to E (ideal alignment at the “magic angle” 54.7°);
however since (P2) does not distinguish between the direction of u along
or against the field, it can be close to zero even at anisotropic chromo-
phores arrangement.

Acentric order parameter (cos’®) in the model of non-interacting
rigid gas is defined as

a " b

Fig. 1. Chromophore-guest with dibutylaniline donor, divinylquinoxaline bridge and tricyanofuran acceptor, (here ch), (a); PMMA monomer unit (b).
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Fig. 2. Angle between dipole moment and applied electric field.

(c0s*®) = Ls(f); f = WE /KT )

where L3(f) is a third-order Langevin function; when f is small (c053®)
=~-f/5 [30]. When interchromophore interactions are not negligible,
(cos3®> may be estimated as [31,32]:

(c0s®@) = Ls(f) {1 ~L (%) 2 } , &)

where W is a chromophore-chromophore interaction energy and L; is a
Langevin function. Taking into account the relation between (P2) and (
cos®@®) parameters, one may estimate acentric order parameter by the
value of ©; calculated from P2; value; when P2 is of the order of 0.6 or
greater, the difference between P2 and (cos®) becomes negligible [13].

3. Results and discussion
3.1. Glass transition temperature

For the studied system PMMA/ch(15) T, was calculated both with
ESP charges and built-in OPLS3e charges on chromophores. The esti-
mated values of Ty, calculated with ESP-charges on chromophores, are
468.4 + 5.8 K for bilinear fit (Fig. 3a) and 466.4 + 7.8 K for hyperbola
fit (Fig. 3b). Thus, both approaches give close T, values.

The simulation with built-in charges provides rather similar Ty for
hyperbola fit — 457.5 + 20.0 K and somewhat lower value for bilinear fit
—438.5 + 6.7 K (Fig. S3). However, it is recognized that for theoretical
simulations overestimation by 30 K is assumed quite acceptable for
acrylate polymers [33]. The overestimation of Ty obtained in the course
of the calculations with built-in charges is less pronounced, than that
with ESP-charges on chromophore atoms; however, as the latter
approach gives more adequate charge distribution in the chromophore,
reproducing the dipole moment value, we use thus obtained Ty as poling
temperature T, (470 K) to study the process of chromophores re-
orientation in the applied electric field.

Specific Volume (cm?/g)
°
'J
2

200 300 400 500 600
Temperature (K) a
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3.2. Analysis of chromophore dynamics in the applied electric field

To study chromophore dynamics in the material, we have performed
simulations for the low (0.6 and 0.9 g/cmg) and high (1.07 g/cm3)
density materials; the latter value was obtained in the course of multi-
stage modeling with compressive (NPT) protocol (Table S2). The
simulation was carried out in NVT ensemble, the applied electric field
strengths were 300, 500 and 1000 V/pm.

3.2.1. Low density case p = 0.6 g/cm’®

To reduce the probability of intermolecular chromophore in-
teractions and to facilitate chromophore orientation in the applied
electric field, the model material with reduced density of 0.6 g/cm® was
considered. To study the effect of the field strength on chromophores
orientation for low density systems the simulation was performed at 400
K; the strengths of applied electric field were chosen to be the following:
100, 300, 500 and 1000 V/pm; simulation time 50 ns. Before MD
simulation the system was equilibrated in the course of Simulated
Annealing (SA) procedure [34] (NVT ensemble, SA protocol with final
temperature 400 K; Table S1). The main reason for SA performance was
to minimize the initial dipole moment of the system. Before simulation
the model system was relaxed.

We have analyzed both centric (P2) and acentric (cos®®) order pa-
rameters; (P2) was estimated for the whole cell as well as separately for
chromophores and polymer chains. Actually not only chromophores
dipoles contribute to the total dipole moment of the amorphous cell
containing the composite polymer material, but PMMA chains as well
due to the presence of a large number of polar carbonyl groups. Acentric
order parameter (cos>®) was estimated for chromophores from corre-
sponding set of P2;(ch) (eq.1), the sign of cos®; was determined from the
dynamics of each chromophore orientation in the course of MD (MD
trajectory visual analysis); evolution of each chromophore dipole
moment orientation in the applied electric field was written as a .csv
data file; the set of these data files was processed by a special home-
written Python script to get the value of chromophore acentric order
parameter.

In Fig. 4 the evolution of (P2) with time recorded in the course of MD
simulation with E = 100 V/um for PMMA/ch(15) is presented along
with the estimated value of (cos®®) for chromophores.

The graphs for (P2) demonstrate that it has the average value ~
0 both for chromophores and polymer chains what can be interpreted as

random orientation of dipole moments with respect to f, since (P2)
does not distinguish between the dipole moment direction along and
against the field direction. The account of the chromophore dipole

moments direction relative to E results in the value of (cos®@) ~0.16
(Fig. 4b), giving evidence of chromophore orientation even at such
moderate field strength due to low material density. Acentric order
parameter value is shown to be higher than (P2), what is repeatedly
mentioned in literature [13,35].

The obtained estimations correlate with those performed for PMMA/
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Fig. 3. The dependence of specific volume (a) and density (b) on temperature for PMMA/ch(15).
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Fig. 4. Centric order parameter (P2(ch)) for chromophores (a), polymer chains (c) and amorphous cell as a whole (d); acentric order parameter (b) for PMMA/ch

(15); E, = 100 V/pm; p = 0.6 g/cm®, T = 400 K.

F2 (F2 is an FTC-type chromophore) material with similar poling pa-
rameters (E, = 75 V/pm, T, = 382 K) at close chromophore number
density (1.26-10%° mol/cc against 0.84-10%° mol/cc in our case):
(P2)=0.033 and (cos’®)=0.082 [13].

To study the effect of the applied field strength on the chromophores
order parameters, we have repeated the simulation at higher field
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Fig. 5. The evolution of chromophores centric, (P2(ch)), and acentric, (cos3®>,
order parameters during simulation; p = 0.6 g/cm®, T = 400 K.

strengths leaving other parameters (material density and temperature)
unchanged (Fig. 5, Fig. S4).

According to the obtained results both centric and acentric order
parameters essentially depend on the field strength, this observation was
previously noted in literature for composites with small-size chromo-
phores (in particular, DPNA) [9]. For our material PMMA/ch(15) with
rather large chromophores (app. 25 A length) (P2) and (cos®@) have also
increased with electric field strength reaching rather high values 0.2 for
(P2(ch)) and 0.28 for (cos’®) already at 300 V/um. Increase of field
strength to E = 500 V/pm resulted in quite good value of acentric order
parameter — 0.33; further increase of field strength up to 1000 V/pm
caused the growth of (c053®> to 0.4. Thus for such a loose model poly-
mer material the field strength 300 V/um seems to be sufficient for
effective chromophore orientation. Other simulations of polymer sys-
tems at increased temperature and with higher density were performed
starting from the field strength of 300 V/pm.

To study the effect of temperature on chromophores orientation in
the applied electric field, the simulation was repeated at 470 K (Fig. 6,
Fig. S5).

The analysis of the obtained results demonstrates the growth of both
(P2) and (cos®®) with temperature for the definite field strength, the
corresponding values are notably higher than those for 400 K due to the
enhanced chromophore mobility at increased temperature; polymer
environment does not prevent chromophore orientation as material
density is rather low. It is consistent with the observation, made earlier
for chromophores of a smaller size. It is worth noting that even at 300 V/
pm the acentric order parameter is very high — 0.42 (Fig. 6b); at 1000 V/
um (cos®®) value is found to be 0.65 which seems to be unrealizable.
Similar result was obtained for PMMA/EZ-FTC with density 0.5 g/cm® in
the course of simulation (E, = 1000 V/pm, T, = 600 K): (cos®®) reached
0.6 £+ 0.07 [9].

3.2.2. Materidl density p = 0.9 g/cm®
The results of simulation of polymer system with the density (p = 0.9
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Fig. 6. The evolution of chromophores centric, (P2(ch)), and acentric, (cos’@),
order parameters during simulation; p = 0.6 g/cm®, T = 470 K.

g/cm®) at various field strengths are summarized in Fig. 7, Fig. S6.
The analysis of the graphs obtained for (P2(ch)) and (cos®®) revealed
quite insignificant increase of both values compared to the case of the
material with p = 0.6 g/cm3 at 470 K; somewhat more pronounced in-
crease of (P2(pol)) was observed (Fig. S6) for the material with p = 0.9
g/cm®. One of possible explanations for a small difference in chromo-
phores orientation for systems with p = 0.6 and p = 0.9 g/cm® may be
that for the latter case the free volume (according to the estimation at
the end of MD trajectory) remains sufficient for effective chromophore
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Fig. 7. The evolution of chromophores centric, (P2(ch)), and acentric, (cos>®),
order parameters during simulation; p = 0.9 g/cm®, T = 470 K.
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orientation: it is app. 34 and 7 %, respectively (Fig. S7 a, b). For polar
groups in polymer chains this free volume is quite enough for the
reorientation along with chromophores alignment in the applied electric
field. It should be noted that (cos®®) reaches saturation faster at
increased field strength.

3.2.3. High density case

In search for the reasonable correspondence between modeling and
experimental poling protocols, we have performed the MD simulation
for composite polymer materials of a high density, determined in the
course of packing the material in the amorphous cell with compressive
NPT- protocol. The value p = 1.07 g/cm® was obtained and it is some-
what smaller than that of the density for PMMA polymer 1.19 g/cm? at
20 °C [36], since it is recognized that chromophores produce the plas-
ticizing effect making the polymer chains motion easier. The results of
the simulation are presented in Fig. 8, Fig. S8.

One can see that even at the smallest applied electric field (300 V/
um) the chromophores are rather efficiently oriented: (P2(ch)) reaching
0.18 and (cos®®) — 0.25. The corresponding © values are ~ 47.7° and ~
51°; the closeness of the values of average angles determined from P2
and (cos’®) gives evidence for rather efficient chromophores orientation
along the applied electric field vector. Field strength increase to 500 V/
um results in almost the same (cos®@) value — 0.26; further growth of Ep
to 1000 V/um gives (cos®®) 0.3; in these cases the angles estimated from
order parameters are also quite close (47.3°, 50.3° and 43.5°, 48.9°,
respectively). The estimations of RMSD performed for the whole tra-
jectory (from O to 50 ns) and for the trajectory part from 15 to 50 ns
demonstrated inessential decrease (see Fig. S9); for both considered time
intervals the smallest RMSD was observed for the case of electric field
strength 300 V/um. It should be noted that the effect of the applied field
is more pronounced for polymer chains than for chromophores — (P2
(poD)) is 0.55, 0.64 and 0.80 for E, = 300, 500 and 1000 V/um,
respectively, due to the smaller size of polar groups in methacrylic
chains. Almost half-smaller values of chromophores acentric order pa-
rameters for p = 1.07 g/cm® compared to the case of p = 0.9 g/cm® may
be explained by the extremely small (0.3 %) free volume estimated for
the high density material (Fig. S7 c¢) what impedes effective chromo-
phore orientation at the chosen temperature.

The analysis of the effect of material density on (P2) and (cos>®)
demonstrates that the density increase from 0.9 to 1.07 g/cm® results in
the decrease of order parameters, thus revealing that at higher density
steric hindrance prevents effective chromophores orientation. Similar
observation was made in [9] by the example of PMMA/EZ-FTC.

We can note that for a composite polymer material with high density
the obtained results for (P2(ch)) are in satisfactory agreement with the
results of order parameter measurements by UV-vis spectroscopy for
this material (~0.2-0.3) in [25]; the comparison is performed for (P2
(ch)) since it is precisely centrosymmetric order parameter that is esti-
mated on the basis of UV-vis experiments. Since the direct estimation of
acentric order parameter is not available, this validation gives grounds
to assume that performed estimations of (cos’®) for the quinoxaline
chromophores provide quite reasonable values. To demonstrate once
again the validity of the used approach, we have added to the simulation
protocol (after poling at increased temperature) the step of cooling from
470 to 300 K at the field switched on. As it was expected, after tem-
perature decrease the acentric order parameter dropped insignificantly
and then remained constant (0.22) during the simulation time, just in
line with experimental observations. Figure S10 illustrates this behavior
for the field strength 300 V.

4. Conclusion

The atomistic modeling of PMMA-based composite material with
quinoxaline chromophores as guests is performed in the applied electric
field of various strengths. Chromophore content was chosen to be 15 wt
%. To get appropriate charge distribution providing chromophore dipole
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Fig. 8. The evolution of chromophores centric, (P2(ch)), and acentric, (cos3®>, order parameters during simulation; p = 1.07 g/cm3, T = 470 K.

moment ESP charges calculated at the B3LYP/6-31G(d) level were
applied for the simulation, while built-in charges at the atoms of poly-
mer chains were used. The effect of material density on the degree of
chromophores orientation is studied, low (0.6 g/cmB), moderate (0.9 g/
cm?®) and high (1.07 g/cm®) density cases are considered. The orienta-
tion of polar groups in polymer chains, which also contribute to the
centric order parameter of material as a whole, (P2(tot)), is analyzed
separately. Acentric, (cos®®), order parameter of chromophores is esti-
mated on the basis of (P2(ch)) obtained from the simulation results.

We have estimated the value of T for the studied material which was
found to be ~ 470 K; the simulation was performed at this temperature.
The effect of temperature on the poling process was studied by the
example of model polymer material of low density (0.6 g/cm®); the in-
crease of poling temperature from 400 to 470 K results in the essential
growth of order parameters due to enhanced mobility of chromophores
and polar groups in polymer chains.

Simulation reproduces common features of the process of chromo-
phores orientation in the applied electric field: the value of the order
parameters grows with the increase of the applied field; the considered
field strengths provide effective chromophore orientation for the poly-
mer material with p = 1.07 g/em?, the value of (cos®®) ranging from
0.25 to 0.30 for E, varying from 300 to 1000 V/pum, and the values of
(P2) for chromophores are in agreement with the results of measure-
ments by UV-vis spectroscopy. One may conclude that E, 300 V/pm
provides good chromophores orientation in composite polymer material
of high density at the temperature close to Tg; further increase of Ej,
results in inessential growth of (cos®).

The obtained values of order parameters (both (P2(ch)) and (cos>®))
for model materials with decreased density (0.6 and 0.9 g/cm®) are quite
close to each other and seem to be overestimated compared to the values
for the material with high density; this observation is in agreement with
free volume estimations performed on the basis of the simulation results
analysis.

This approach may provide guidelines for the elaboration of optimal
poling protocols used at the development of composite polymer mate-
rials with quadratic NLO properties, containing chromophores-guests
possessing high dipole moments (more than 20 D).
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