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ABSTRACT: Molecular orientation order and rotation mobility of

comb-shaped liquid crystalline polymer forming nematic and smec-

tic mesophases are characterized by spin probe and dichroism

technique in the temperature range 100–420 K. The models describ-

ing the mechanism of molecular rotations in different temperature

ranges were determined by quantitative numerical simulations of

ESR spectra. In the vicinity of the glass transition point of the poly-

mer, where the fast amplitude-restricted molecular reorientations

take place, the quasi-libration model was found to be adequate for

the description of ESR spectra, while the often used Brownian rota-

tional diffusion is appropriate at higher temperatures only.

Orientation distribution function of probe molecules was character-

ized quantitatively by order parameters up to sixth rank for a wide

temperature range. The orientation order parameters measured via

the spin probe technique are shown to correlate with orientation

order parameters measured by optical techniques. © 2019 Wiley

Periodicals, Inc. J. Polym. Sci., Part B: Polym. Phys. 2019, 57,

819–825

KEYWORDS: liquid-crystalline polymers; molecular mobility;

order parameters; orientation order; spin probe

INTRODUCTION In the previous years, large scientific and
technological interest has been drawn to the class of sub-
stances collectively referred to as soft matter 1, which includes
thermotropic and lyotropic liquid crystals, polymers, colloids,
and others. In such systems, the long-range orientation order
leads to anisotropy of macroscopic properties of the material,
which can be effectively controlled with relatively weak forces,
such as magnetic fields,2 command surfaces,3,4 action of light.5–7

Among these substances, particular interest is drawn to liquid
crystalline (LC) polymers,8 which combine advantageous optical
properties of liquid crystals with mechanical durability of poly-
mer materials.

The important problem is obtaining characteristics of struc-
tural and molecular organization of such materials, including
orientation order parameters, amplitudes, and frequencies of
rotational motions of molecules in these media, characteristics
of translation order.

One of the powerful techniques, employed for measuring
these characteristics, is ESR. The advantages of this technique
for studying soft matter are the following:

• High sensitivity towards orientation order and the opportu-
nity to determine the orientation order parameters of higher
(>2) ranks;9

• The possibility to determine the characteristics of molecular
motions in the range of times 10−6‑10−9 s;10 the possibility
to clarify complex mechanisms of rotation movements, not
limited to Brownian rotation diffusion.11–14

Whereas ESR spectra of spin probes in polymers15–22 and liquid
crystals 23–29 have been extensively investigated, only a few
works have been devoted to the spin probe studies of LC
polymers.30–34 The spin probe studies of soft materials show
convincingly that for well-founded characterization of rota-
tion mobility35–40 and orientation order23,26,36,41–43 of these
systems, the quantitative numerical simulation of ESR spectra is
necessary.9,44 It has been shown that for obtaining unbiased and
reliable results, the joint simulation of series of ESR spectra
recorded at different temperatures,45 and (for anisotropic
samples) at different sample orientations with respect to the
spectrometer magnetic field,25,46 should be performed. Fur-
thermore, recent studies of spin probes in polymer matrices
showed that a hierarchy of rotational motions of different fre-
quencies and amplitudes is present in polymer materials,45,47 and
the models of complex rotational motions should be implemented
to account for ESR spectra.12

The aim of the present work is to characterize the mobility
and orientation order of spin probes in LC polymer forming
nematic and smectic mesophases and to test the applicability
of models developed for simulation of ESR spectra of spin

Additional Supporting Information may be found in the online version of this article.
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probes in polymers and liquid crystals. The characteristics of
orientation alignment obtained with the spin probe technique
are compared with those obtained with polarized optical
absorbance spectroscopy, which can be regarded as comple-
mentary for the former technique.

EXPERIMENTAL

The structure of the polymer used in this work is presented
in Figure 1(a). This is a comb-shaped liquid crystalline pol-
yacrilate, synthesized according to the technique described in
Ref. 48. This polymer demonstrates the following LC phases:48

SmC~ 343 NRe 384 SmA 411 N 421 I (temperature in oK).
The polymer demonstrates glass transition point at 317 K.48

For polarized optical absorbance study, the co-polymer con-
taining 0.5 mol % perylene groups was synthesized [Fig. 1(b)].
The phase transition behavior of this material was determined
using polarization optical microscopy and is as follows: SmC~

338-340 K Nre 385–387 K SmA 403–404 K N 410–411 K I. The
optical absorbance spectrum and microscopic textures in crossed
polarizers corresponding to different mesophases are shown in
Supporting Information (Figs. S1, S2).

Two spin probe molecules were used. The first one was
mesogenic probe I, synthesized in the group of Prof. R. Tamura49

[Fig. 1(c)]. This molecule has a rod-like geometric shape and
includes mesogenic phenyl benzoate moiety. Due to that, the
probe effectively embeds in the structure of LC materials and
reliably characterizes their orientation order. This probe had
been previously used to study orientation in liquid crystals.50,51

The second spin probe used [Fig. 1(d)] was synthesized in the
group of Prof. S. Nakatsuji.52 This probe contains azobenzene
group covalently linked to the nitroxide moiety. This feature
allows using it as a single-molecule probe both for ESR and for
optical absorbance anisotropy measurements.

For the study of order of the polymer with ESR technique, the
mixtures of the polymer [Fig. 1(a)] and spin probes were pre-
pared. For this, the chloroform solutions of the polymer and
the spin probe were mixed, and then the solvent was removed
firstly by evaporation, and then by evacuation to 10−6 bar at
70 оС for 5 days.

For the preparation of the ordered sample of LC polymer, the
material was placed between two quartz plates, covered with pol-
yimide film, and rubbed by clean cotton cloth. As it is well known,
rubbing causes the appearance of microscopic relief (grooves) on
the surface of polyimide that leads to the orientation of
liquid crystal parallel to rubbing direction.2,53,54 The polymer
between the rubbed quartz plates was aligned upon slow cooling
(0.1 �C/min) from the isotropic phase to room temperature.

ESR spectra were recorded using X-band spectrometer Bruker
EMX plus. The magnetic field sweep was controlled using the
3rd and the 4th components of ESR spectrum of internal stan-
dard consisting of Mn(II) traces in polycrystalline MgO. The dis-
tance between these lines is equal to the hfc constant on 55Mn
nucleus (86.76 G). The temperature of the samples was set in
the range 100–420 K using the flow of nitrogen gas. To compen-
sate for systematic errors produced by the temperature control
unit of the ESR spectrometer, the temperature of the gas flow
was calibrated using an external thermocouple. Thus, the accu-
racy of temperature setting was about �0.5 K. For recording of
angular dependencies, the sample was rotated in the cavity of
ESR spectrometer using goniometer setup. The accuracy of angle
setting was �0.2�.

To record the temperature dependence of dichroism of the
perylene and azobenzene groups in the matrix of LC polymer,
the ordered sample was placed in a thermostated hot stage and
slowly (1 �C/min) heated from 293 K to 420 K. The spectra of
optical absorbance in the polarization parallel and perpendicu-
lar to the sample director were recorded in the course of
heating. The dichroism was calculated according to equation

FIGURE 1 Chemical structures of materials used in the present work.
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d = (Ak − A⊥)/(Ak + 2A⊥), where Ak and A⊥ are absorbances at
parallel and perpendicular polarizations, respectively. The
dichroism was measured at wavelength 534 nm for perylene
groups and 340 nm for azobenzene groups. The example
optical absorbance spectrum of the polymer containing the
probe II at 293 K is presented in the Supporting Informa-
tion (Supporting Information Fig. S3).

DETERMINATION OF ORIENTATION ORDER PARAMETERS

FROM ESR SPECTRA

The orientation order of molecules is characterized with the
orientation distribution function ρ(Ω), which is the number
density of molecules oriented at each direction:

ρ Ωð Þ= dN Ωð Þ
dΩ

, ð1Þ

where Ω = (φ, θ, ψ) is a set of Euler angles, which transform
the molecular reference frame into the sample frame. For axial
orientation distributions, the function ρ(Ω) is conventionally
represented as a series of Legendre polynomials:55,56

ρ Ωð Þ =
X∞
j = 0

2j + 1

2π
Pj

� �
Pj cosθð Þ ð2Þ

where the values hPji compose the set of orientation order
parameters. To determine order parameters from experimen-
tal spectra, the numerical simulation of ESR spectra was used.
Numerical simulation of ESR spectra was performed by mini-
mization of sum of squared deviations of calculated spectra
from the experimental ones. The procedure of spectra simula-
tion in the absence of spin probe rotation (rigid limit) and
corresponding software is described in detail elsewhere.9 For
the simulation of spectra in the slow-motional regime home-
made software based on the original program by Schneider
and Freed 10 was used.

The orientation and rotation parameters were determined from
ESR spectra by a two-step procedure. In first step, ESR spectrum
of an isotropic sample in the rigid limit was simulated. The prin-
cipal values of Zeeman and hyperfine interaction tensors were
determined in the course of this procedure. For the probe I, the
magnetic parameters were determined from the isotropic spec-
trum at 293 K, which is 24 K below glass transition temperature.
In the probe II, due to the internal motions of the nitroxide
groups, the spectrum at 293 K cannot be described in the frame-
work of rigid limit, and therefore it cannot be used to determine

magnetic parameters. For this probe, the spectra recorded at
100 K were used for magnetic parameter determination. The
parameters obtained in the result of simulation are presented in
Table 1. The agreement between the experimental spectrum and
the simulated one is illustrated in Figure 2. In the second step of
spectra simulation, the obtained values of magnetic parameters
were used then to simulate angular dependence of ESR spec-
trum of aligned sample. For this, 8–10 ESR spectra recorded at
different orientations of the sample relative to the magnetic field
of ESR spectrometer were simulated jointly. For the lowest tem-
perature spectra, where no rotational motions of radicals take
place, ESR spectra were calculated within the rigid limit frame-
work. The spectrum comprises the superposition of spectra for
individual orientations, weighed over the orientation distribu-
tion.9 For the simulation of spectra in the rigid limit, the model-
free approach to the determination of orientation distribution
was used. Orientation order parameters were explicitly varied
during spectra simulations, and thus, they were independently
determined from the angular dependence of the spectra.

In the slow-motional regime, the spectra were simulated in
the framework of the model of Brownian diffusion in the ori-
entation potential.28 In this model, the molecules are assumed
to undergo Brownian rotation in the anisotropic mean-field
potential U(Ω). The shape of the potential U(Ω) was varied
during the spectra simulation, and the orientation order
parameters were determined therefrom:

ρ Ωð Þ = 1

Q
exp −U Ωð Þ=kBT½ �dΩ ð3Þ

where kB is Boltzmann constant and Q =
Ð
exp[−U(Ω)/kBT]

dΩ is normalization factor.
The quality of spectra simulation is illustrated in Figure 3.
The spectra simulated in the model of rigid limit are presented
in Figure 3(a), whereas Figure 3(b) illustrates the slow-motional
spectra. Representative values of dynamical and orientational
parameters obtained from the spectra of probes I and II in
the slow-motional regime are listed in Supporting Information
(Supporting Information Table S1).

RESULTS AND DISCUSSION

Temperature dependences of principal values of magnetic ten-
sors of the probe I, obtained as a result of simulation, are pres-
ented in Supporting Information (Supporting Information
Fig. S4). In the vicinity of the glass transition point of the host
polymer, the partial averaging of magnetic tensors is observed.

TABLE 1 Magnetic resonance parameters of spin probes I and II, determined from ESR spectra of isotropic samples of the LC

polymer doped with the probes

Probe I, 293 K Probe II, 100 K

gxx 2.0089 � 0.0002 Axx (5.5 � 0.5) G gxx 2.0096 � 0.0002 Axx (7.62 � 0.5) G

gyy 2.0063 � 0.0002 Ayy (4.2 � 0.6) G gyy 2.0066 � 0.0002 Ayy (5.92 � 0.6) G

gzz 2.0023 � 0.0002 Azz (31.5 � 0.05) G gzz 2.0019 � 0.0002 Azz (34.16 � 0.05) G
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Such behavior is known to be brought about by high-frequency
stochastic rotational motions of molecules with limited ampli-
tudes, known as quasi-librations.45 The amplitudes of these
motions can be estimated on the basis of the obtained effective
values of magnetic parameters:

gL =
1

Q

ð2π
0
dφ

ðL⊥
0

sinθdθ
ð + Lk

−Lk
dψR Ωð Þg0RT Ωð Þ ð4Þ

where gL is the apparent g-tensor in the presence of libration
motions, g0 is the initial g-tensor in the absence of rotation

motions, Lk and L⊥ are quasi-libration half-amplitudes around
the axis of orientation of the molecule and around the perpen-
dicular axes, correspondingly, R(Ω) is the rotation matrix for set

of Euler angles Ω = (φ, θ, −φ + ψ), Q =
Ð 2π
0 dφ

Ð L⊥
0 sinθdθ

Ð + Lk
−Lk dψ

is normalization factor.
The analogous expression holds for hyperfine splitting ten-
sor A:

AL =
1

Q

ð2π
0
dφ

ðL⊥
0

sinθdθ
ð + Lk

−Lk
dψR Ωð ÞA0R

T Ωð Þ

The temperature dependence of quasi-libration amplitudes for
the probe I, obtained with the use of the expression (4), is pres-
ented in Figure 4. It is seen that near the glass transition tem-
peratures, the substantial increase in quasi-libration amplitudes
is observed, which is consistent with the results known in the

Mn(II)

probe II

experiment

simulation

20 G

probe I

Mn(II)

FIGURE 2 The experimental (black) and simulated (red) ESR

spectrum of the spin probes I and II in the isotropic samples of

LC polymer at 293 K (probe I) and 100 K (probe II). Narrow lines

at the sides of the spectrum of the probe I correspond to internal

standard consisting of Mn(II) impurities in polycrystalline MgO.

[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Experimental (black lines) and simulated (red lines) spectra of the spin probe I in the aligned samples of LC polymer at

293 K (a) and 405 K (b). [Color figure can be viewed at wileyonlinelibrary.com]
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literature.45,57 It should be noted that in the ordered LC polymer
quasi-libration motions around the axis perpendicular to the
main orientation axis lead to partial disordering of the molecular
fragments. The order parameters measured with ESR technique
relate to the averaged values of g- and hfc-tensors, and do not
take into account such disordering. For this reasons, the order
parameters obtained from ESR spectra in the presence of quasi-
librations, should be corrected according to the formula:50

Pnh i = Pnh iL�Pn cosL⊥ð Þ,

where hPniL are order parameters obtained from the spectra
with the use of averaged tensors gL and AL, Pn(cosL⊥) is
Legendre polynomial of rank n.

Orientation order parameters hP2i, hP4i, hP6i determined in
the course of simulation of ESR spectra of the probe I are pres-
ented in Figure 5 (filled points). Unlike the optical techniques,
which are only capable of measurement of the second rank
order parameter hP2i, the spin probe technique yields order
parameters of higher ranks, that characterize the detailed shape
of orientation distribution function. The values of order param-
eter hP2i obtained from ESR spectra can be compared with
those obtained from optical measurements with copolymer
containing perylene groups (Fig. 5, open points). It is seen that
the two techniques give consistent results.

Simulation of ESR spectra of the probe II at temperatures
298–340 K gives much higher discrepancies between simu-
lated and experimental spectra than those for the probe I. The
ESR spectra of the probe II could not be described well within
the rigid limit approximation. Obviously the reason of these
deviations lies in the structure of the probe II, which allow for
internal rotation of probe moieties around the ester bond.
These rotations at glass transition temperature lead to the
change of the ESR spectrum shape and cause deviations from
the rigid limit shape.

To illustrate this, in Figure 6, two simulations of the same ESR
spectrum are presented: within the framework of rigid limit
model [Fig. 6(a)] and in the model of slow-motions [stochastic
Liouville equation approach, Fig. 6(b)]. The spectra were
recorded at 320 K, that is, in the glassy state of the host polymer.
It is seen that the simulation with the slow-motional model gives
better results. However, the quantitative agreement between the
simulated spectra and the experimental ones cannot be reached.
The reason of the nonideal description of spectra lies in the com-
plexity of the rotational motions of the probe II in the glassy
matrix. The nitroxide group takes part in a number of rotational
moves on different timescales that includes: conformational
changes of the probe, quasi-librations of the probe as a whole in
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FIGURE 5 The order parameters of the LC polymer obtained by

ESR technique (probe I, filled points) and from measurements of
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a cage of the glassy matrix, probe rotations. The set of these
motions is not well described by simple rotation diffusion model.
The additional contribution in the complex shape of ESR spectra
can be introduced by the heterogeneity of polymer medium.12,57

Due to the nonquantitative description of ESR spectra of the
probe II, one can expect that the orientation order parameters
obtained from the simulation in this case are determined with
larger uncertainties. For this reason, in this work we present
only the estimates of the order parameter of rank 2 obtained
as a result of the simulations of ESR spectra of the probe
II. These values are presented in Figure 7 as filled points. In
this figure, the order parameters hP2i obtained from ESR spec-
tra of nitroxide fragment of the probe II are compared with
the values of optical dichroism of azobenzene fragment of the
same probe. Comparison of these values with order parame-
ters hP2i for the probe I (Fig. 5, filled squares) shows that
both optical dichroism and order parameter of the nitroxide
group of the probe II are smaller than that of the probe I. It
should be noted that all three values show similar character
of temperature dependence. These observations indicate that
all these values reflect the orientational ordering of the
matrix, but the probe II is weaker aligned in the medium of
the LC polymer. Figure 7 shows that the order parameters of
nitroxide fragment are smaller than the values of optical
dichroism of azobenzene group of the same probe, which may
be caused by conformational mobility of the nitroxide frag-
ment relatively to azobenzene fragment.

CONCLUSIONS

In this work, the spin-probe technique was applied to measure
orientation order and rotation mobility of a LC polymer. The
results obtained with ESR spectroscopy were compared with the
optical measurements. It was shown that the orientation order
parameters differ for different spin-probe molecules. The most
reliable results are obtained for the rigid-core spin-probes. Such

probes are effectively aligned in the LC medium, and the inter-
pretation of ESR spectra is less complicated by the conforma-
tional mobility of the probe molecules. For the rigid probe in the
vicinity of the glass transition point, fast amplitude-restricted
angular reorientations (quasi-librations) of the probe should be
taken into account to quantitatively simulate spectra.

The obtained order parameters for the studied ESR and optical
probes are consistent with the known fact that different struc-
tural units of the LC polymer possess different degree of orien-
tation order.58,59 Using multiple probes of different molecular
structure allows enhancing the informativity of the obtained
data, and reveal molecular orientation distributions of different
regions of the polymer matrix.
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