
Molecular Orientational Order of Nitroxide Radicals in Liquid
Crystalline Media
N. A. Chumakova,† T. S. Yankova,† K. E. Fairfull-Smith,‡ S. E. Bottle,‡ and A. Kh. Vorobiev*,†

†Department of Chemistry, M. V. Lomonosov Moscow State University, Moscow 119991, Russian Federation
‡School of Chemistry, Physics and Mechanical Engineering, Faculty of Science and Engineering, Queensland University
of Technology, GPO Box 2434, Brisbane, QLD 4001, Australia

*S Supporting Information

ABSTRACT: The orientational distribution of a set of stable nitroxide radicals in aligned
liquid crystals 5CB (nematic) and 8CB (smectic A) was studied in detail by numerical
simulation of EPR spectra. The order parameters up to the 10th rank were measured. The
directions of the principal orientation axes of the radicals were determined. It was shown
that the ordering of the probe molecules is controlled by their interaction with the matrix
molecules more than the inherent geometry of the probes themselves. The rigid fused
phenanthrene-based (A5) and 2-azaphenalene (A4) nitroxides as well as the rigid core
elongated C11 and 5α-cholestane (CLS) nitroxides were found to be most sensitive to the
orientation of the liquid crystal matrixes.

I. INTRODUCTION

Admixtures to liquid crystalline (LC) media are widely used for
the development of new materials such as polymer-dispersed
liquid crystals (PDLS)1−3 or polymer-stabilized mesophases.4,5

In addition, admixture molecules can be introduced into liquid
crystals to investigate the properties of the medium. The re-
search use of admixture molecules is based on the molecular
probe technique, where properties of specially introduced
guest molecules are measured to characterize the medium. In
particular, light-absorbing and light-emitting probe molecules
(dyes) are used, mainly for determination of the second rank
order parameters and rarely for estimation of fourth rank order
parameters of liquid crystals by means of optical measure-
ments.6−14 More detailed information concerning the molec-
ular orientational order in liquid crystals and characteristics
of molecular motions in the studied media, however, can be
extracted by using stable paramagnetic molecular additives
(spin probes) in combination with EPR spectroscopy.15−19

To date, there is only a limited set of substances that have
been applied as optical and paramagnetic probes. These probes
have been chosen by empirical, trial-and-error experiments
with the implicit assumption that the main cause of
orientational alignment in the ordered medium arises from
the elongated shape of the molecules. Consequently, a number
of elongated probe molecules have traditionally been employed
for the investigation of the liquid crystals. On the other hand, it
is known that compact piperidine spin probes (TEMPONE,
TEMPOL, etc.) also demonstrate considerable orientational
ordering in LC media in spite of an almost circular, non-
elongated molecular shape.20−22 Therefore, the shape of the
dopant molecules is not the only factor that governs molecular
orientation of the probes doped into liquid crystals. Thus,
it is necessary to ascertain real orientation axis of the guest

molecule, i.e., the molecular axis that is ordered in the aligned
liquid crystal to the maximum extent.
Another assumption that is commonly made when using

probe additives in LC media is the concept of equivalence
for all of the guest molecules. Indeed, all probe molecules are
ideally considered to be completely identical particles, all
exposed to the same surroundings. In actual fact, LC media
are orientationally ordered in the case of nematic mesophases
or orientationally and spatially ordered in the case of smectic
mesophases. It is logical to expect that the same probe mole-
cules occupy different host−guest orientations in the differing
locations within LC medium.
Thus, the aim of this work is to investigate the factors that

control the orientation of guest molecules in anisotropic LC
media. Deeper understanding of such factors would be of value
for the selection of the most effective probe substances and for
the development of LC composition materials with desired
properties. For this purpose, standard nitroxide spin probes as
well as novel stable nitroxide radicals with different molecular
shapes were applied. The nematic 4-n-pentyl-4′-cyanobiphenyl
(5CB) and smectic 4-n-octyl-4′-cyanobiphenyl (8CB) were
used as model liquid crystalline media.
The orientation distributions of the radicals in the aligned

samples were determined in detail by means of EPR spec-
troscopy. Before the spectra were recorded, the aligned samples
were snap-frozen to prevent the reorientation of nematic phases
along the magnetic field of EPR spectrometer during the angular
dependence acquisition. The second advantage of frozen samples
is the more simple simulation of rigid limit spectra EPR in
comparison with simulation of spectra for rotating radicals.
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Liquid crystals often form a supercooled glassy state with
conservation of molecular order under rapid cooling.23−27 This
technique was shown previously to produce reliable and
detailed orientational molecular characteristics such as order
parameters and the angles which define the orientation axes of
molecules.13,18,28

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Materials and Reagents. Liquid crystals 5CB and 8CB
were obtained from Merck and used without further purifica-
tion. The phase transition temperatures for these materials
were measured using a polarizing optical microscope MIN-8
equipped with a temperature control unit. The temperature
range for the formation of the nematic phase was 293−320 K
which is in accordance with literature reports.29,30 8CB showed
nematic and smectic phases within the ranges of 306−314 K
and 294−306 K correspondingly, which are close to the
known properties of these materials.29,31

The structures of the nitroxide radicals examined in this
study are presented in Figure 1. The radicals 2,2,6,6-tetramethyl-
4-ol-piperidinoxyl (TEMPOL) and 3β-DOXYL-5α-cholestane
(CLS) were obtained from Aldrich and used without further
purification. The synthetic procedures used to prepare radicals
C11,32,33 A1 and A2,34 A3,35 A4,36 and A537 have been described
previously. Radical A6 was prepared from 3,4,9,10-perylene-
tetracarboxylic dianhydride in a manner similar to that previously
reported.38

Preparation of the Samples. Quartz ampules for EPR
measurements (3 mm diameter) were filled with liquid crystals
containing the spin probes, evacuated at pressure 10−3 Torr,
and sealed. The spin probe concentration was ∼1 × 10−3 mol/L.
Two types of samples were studied. The unordered samples were
prepared by heating above the clearing temperature followed by
rapid cooling down to 77 K. Samples with orientational order
were prepared by heating the material to the temperature of the

mesophase, exposing for 5 min to a 0.5 T magnetic field of an
EPR spectrometer at that temperature, and then rapidly cooling
to 77 K while keeping within the magnetic field. The freezing
was realized by immersion of the ampule in liquid nitrogen.
Aligned samples with the symmetry axis directed perpendicular
to the ampule axis were obtained in this way. It was confirmed
by separate experiments that the orientational order of both
5CB and 8CB reached saturation using a field of 0.3 T. It was
also confirmed that the order of the liquid crystals remained
constant when held at 77 K for periods of at least several days.

EPR Measurements. X-band EPR spectra were recorded
with a Varian E3 EPR spectrometer over temperatures ranging
from 105 to 380 K. A Varian E-4557-9 temperature control unit
(with an accuracy of ±1 °C) was used. The W-band EPR mea-
surements were performed using a Bruker E680 spectrometer.
The temperature of the sample was maintained at 100 K using
an Oxford Instrument (model CF935) helium flow cryostat
with an Oxford Instrument (model ITC500) cryostat con-
troller. Spectra of the macroscopically ordered samples were
recorded at different angles between the sample anisotropy axis
and the direction of the magnetic field using 10° increments.
The turn angle was set up using a goniometer with an accuracy
of ±2°.
All spectra were normalized to the area under the absorbance

curves, and the normalized spectra were used for numerical
fitting. The accuracy level of experimental recording of the
EPR spectra was estimated using the spectral ranges where the
signals are negligibly small (“tails” of spectra). The mean
squared deviation arising from the experimental noise in the
range of the “tails” was used as a level of recording accuracy
(Ferr). This value was used in course of spectra fitting for
determination of validity of parameters. Any new adjustable
parameter was considered to be significant only if the minimum
χ-squared was improved by more than the value of Ferr.

Quantum Chemical Computation. The computation of
the molecular geometry of the radicals under consideration was

Figure 1. Nitroxide radicals used in the present work.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp411729j | J. Phys. Chem. B 2014, 118, 5589−55995590



performed using the ORCA software package.39 The computa-
tional model B3LYP/N07D was used for optimization.40 The
medium of toluene at 293 K was taken into account within
continuum approximation.41 The model was specially tested on
three stable nitroxide radicals: 2,2,6,6-tetramethylpiperidin-1-
oxyl, 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl, and 3-carbamoyl-
2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl. The values of bond
lengths and valence angles, optimized according to B3LYP/
N07D, were compared with the experimental structural data
determined by X-ray diffraction.42 It was found that deviations
of the calculated data from experimental values were no more
then 10−3 nm and 0.5°, respectively.
The calculated optimal geometry for the radicals studied in

the present work is presented in the Supporting Information
(Table S2). Two probe molecules used (C11, CLS) carry the
flexible side substitutes. The conformations of these substitutes
were not considered in detail assuming that their equilibrium
geometry is achieved by ordering action of LC medium and
does not influence significantly on the orientation of rigid part
of molecule. The possible intramolecular rotations of larger
fragments of probe molecules (for instance, terminal benzene
rings in the C11, A1, and A6) were studied by calculation
of dependencies of energy on rotation angle. Results of these
calculations are presented in the Supporting Information
(Figures S1, S2 and S3). The results demonstrate that intramolec-
ular rotations in A1 and A6 are hindered and characterized by
rather large activation energy (50−80 kJ/mol). The intra-
molecular rotations in A2, A3, and C11 were shown to occur
with low activation energy (∼4−8 kJ/mol). Thus, up to a 20%
admixture of twisted molecular conformations can be expected.
However, the elongated shape of these molecule and inertia
moments are insignificantly changed in the course of the
possible intramolecular rotations (Table S1, Supporting
Information). Thus, the probes used can be considered as
essentially rigid and each probe is described by sole molecular
geometry.
EPR Spectra Simulation. The in-house generated software

package as described in ref 18 (available from ref 43) was used
for the quantitative simulation of EPR spectra. The determina-
tion of spectral parameters was performed by nonlinear-least-
squares fitting with minimization of the discrepancy between
calculated and experimental spectra. Newton-type adaptive
algorithm NL2SNO44 was used for minimization procedure.
Calculation of EPR spectra was performed in a weak external
field approximation up to the second order of the perturbation
theory. Individual line shape was described by convolution of
Gaussian and Lorentzian functions. Gaussian and Lorentzian
line widths were second rank tensors, which were used to take

into account the anisotropy of line widths. The principal axes of
hyperfine interaction tensor as well as the line width axes were
assumed to coincide with the g-tensor principal axes. Since the
experimental spectra were recorded at the temperature 105 K,
the calculation of spectra was performed with the assumption of
the absence of radical rotational movement (in rigid limit). The
method used for the simulation of EPR spectra at the rigid limit
is discussed in detail in previous work.18

In the present work, two types of EPR spectra simulations
were performed. The values of magnetic parameters as well as
the shape and the width of individual resonance lines were
obtained by means of the simulation of the EPR spectra of un-
ordered samples. The simulation of the EPR spectra angular
dependences of the aligned samples was used for the deter-
mination of the orientation distribution functions of the radicals
in liquid crystals.

Determination of Magnetic Parameters. Values of
isotropic g-factor and constants of hyperfine structure (HFS)
were determined from the EPR spectra of radical solutions in
5CB at 380 K. The standard samples of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and Mn2+ in a crystal lattice of magnesium
oxide were used for these measurements. The data obtained are
given in Table 1.
A numerical simulation of the spectra recorded at 105 K was

used for the determination of the anisotropic magnetic param-
eters. It was found that the obtained values for the components
of g- and HFS-tensors in the case of radicals A5, C11, and
TEMPOL are close to the typical values for nitroxide radicals.45

For the widely used spin probe TEMPOL, the obtained values
were in agreement with the literature data for a solution of
TEMPOL in toluene (see Table 1). However, simulation of the
spectra in the case of radicals A1, A2, A3, A4 and A6 resulted in
several minima of approximately the same depth with different
optimal magnetic parameters. In one of these alternative param-
eter sets, the anisotropy of the g-tensor was often close to axial
(gx ∼ gy) which is not typical for nitroxides and calls into
question the reliability of the simulation for these molecules.
For a more accurate determination of the g-tensors, W-band
EPR spectra for radicals C11, A2, A3, A4, and TEMPOL were
recorded and simulated. These experiments and simulation
have shown that all radicals under consideration have g-tensors
that are common for nitroxides. As an example, in Figure 2 the
X-band and W-band spectra of radicals C11 and A2 in 5CB as
well as the results of their computer simulation are shown. The
parameters obtained are presented in Table 1.

Determination of Orientation Distribution Functions
of the Radicals in Aligned Liquid Crystals. Orientation
distribution functions were determined by the joint numerical

Table 1. Magnetic Resonance Parameters of the Studied Radicals

radical giso ± 0.0002 Aiso ± 0.05 G gxx ± 0.0002 gyy ± 0.0002 gzz ± 0.0002 Axx ± 0.3 Ayy ± 0.3 Azz ± 0.05

A1 2.0062 14.69 2.0092 2.0068 2.0025 5.3 4.3 33.15
A2 2.0059 14.78 2.0090 2.0062 2.0024 4.2 4.7 33.70
A3 2.0062 14.61 2.0093 2.0065 2.0028 4.5 6.5 32.98
A4 2.0061 14.76 2.0091 2.0066 2.0026 3.2 6.5 33.34
A5 2.0063 15.71 2.0097 2.0068 2.0023 7.0 4.8 34.17
A6 2.0058 14.54 2.0083 2.0067 2.0025 <5.6 5.5 33.43
C11 2.0058 13.50 2.0091 2.0060 2.0022 4.0 5.3 32.10
CLS46,a 2.0055 14.50 2.0087 2.0057 2.0021 4.9 5.5 33.10
TEMPOL 2.0061 15.82 2.0099 2.0062 2.0022 6.7 6.4 34.32
TEMPOL45 2.0062 15.60 2.0099 2.0063 2.0022 6.2 7.0 34.30

aMagnetic parameters for cholestane probe were taken from ref 46.
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simulation of set of 10−20 EPR spectra recorded at different
angles between the director of the sample and the magnetic
field vector. The method is described in detail in previous
work.18

Two different orientation distribution functions were
determined in the present work for each sample. First is the
distribution of the molecular g-tensor axes in uniaxial LC
medium. This distribution can be expressed by the following
series6,47

∑ ∑ρ β γ β β γ= +
=

∞

=

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥a P a P k( , )

1
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j j
k

j

jk j
k

0
0

1
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where Pj(cos β) are Legendre polynomials, Pj
k(cos β) are

associated Legendre functions, and angles β and γ characterize
orientation of the sample symmetry axis in the magnetic
reference frame of the molecule.
In the case of the distribution function described by eq 1,

coefficients ajk were the parameters varied in the course of
fitting of the EPR spectra. These coefficients are order param-
eters for magnetic axes of probe molecule. For description of
the distribution by eq 1 up to rank 10, the common number of
parameters reaches 20. The coefficients with higher indices j
and k, as a rule, were very close to zero. Thus, the real number
of the parameters varied to describe simultaneously 12−15
spectra was no more than 15.
The distribution (1), however, is not very informative when

the characteristics of orientation axes of probe molecule are
examined. The distributions of molecular orientation axes are
the second type of characteristics obtained in the present work.
The determination of such distributions is based only on the
assumption that there exists the molecular frame with the axes
being the principal directions for ordering matrix of any rank.
Axes of this orientational frame must, obviously, coincide with
the principal axes of Saupe second rank ordering matrix. The
axes of the molecular orientational frame are determined not
only by symmetry of probe molecule but by symmetry of
anisotropic medium and nature of specific interactions of
the probe molecule with the medium. In general, the orienta-
tional molecular frame is related with g-tensor frame of probe
molecule by three Euler angles ϕ, θ, and ψ. It was found
earlier18 and confirmed in the present work that orientational
molecular frame is uniaxial in majority of studied cases. In these

cases EPR spectra are independent of angle ψ and only angles
ϕ, θ describing the direction of main molecular orientation axis
are important. The orientation distribution for such cases is
expressed as follows6,47

∑ρ δ δ=
+

⟨ ⟩
=

∞ j
P P( )

2 1
2

(cos )
l

j j
0 (2)

where δ is the angle between the molecular orientation axis and
the liquid crystal director, Pj(cos δ) are Legendre polynomials,
and <Pj> is order parameter of rank j (angle brackets indicate
averaging over all molecular orientations).
Order parameters ⟨Pj⟩, as well as angles θ and φ, were

determined by fitting of experimental angular dependence of
EPR spectra. The seven parameters of distribution function (2)
up to rank 10 were varied in course of the fitting. It should be
stressed that eq 2 is valid when the probe molecule demon-
strates only one orientational molecular axis, in other words,
when the molecule is characterized by a uniaxial orientational
tensor. The uniaxiality of the orientational tensor means that
the probability of finding a molecule with that orientation,
which can be obtained by rotation around main orientation
axis, is the same. In such cases, the results of the spectral
simulation obtained from applying expressions (1) and (2)
proved to be the same. When this equivalence is violated, the
distribution (2) becomes inapplicable. The expression relating
functions (1) and (2) was obtained elsewhere:18

φ θ= ⟨ ⟩
− − !

+ !
a P

j m
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m P
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Examples of spectral simulations and the distribution
functions obtained are presented in Figure 3.
The orientation distribution of radical A3 in aligned liquid

crystal 5CB is shown in Figure 3b in the form of eq 1. The
function is presented as a 3D figure which maps the distribu-
tion of the sample symmetry axis in relation to the molecular
reference frame (principal axes g-tensor frame). The symmetry
of the distribution reflects the limitations of the method. It is
known that nitroxide radicals possess orthorhombic magnetic
symmetry. This means that for every direction in the molecular
frame, there are seven other directions, none of which can be
distinguished by means of EPR spectroscopy. These directions
can be transformed one to other by symmetry operations.
The “lobes” which one can see in Figure 3b correspond to the
indistinguishable directions caused by orthorhombic symmetry.
Reflections of every lobe in mirror planes XY, XZ, and YZ
produce the observed shape of the distribution. When expres-
sion (2) is used to calculate the orientation distribution func-
tion, the distribution is seen as two lobe with the axis directed
with certain angles (θ, φ) (Figure 3c). The indistinguishable
directions in this case correspond to the angles sets (±θ, ± φ).
It is necessary to focus specifically on the determination of

the rank of expansions (1) and (2). Truncated series (1) and
(2) were used for these simulations. To choose the number of
terms required we performed fitting of each set of spectra
several times applying a sequential increase in the expansion
rank. Each time we compared the value of the decrease of
deviation of calculated spectra from the experimental data
caused by addition of next rank terms and the value of the error
of the spectra registration Ferr. When the decrease of deviation
does not exceed the value of experimental error, it means that
truncation of series is optimized and the next terms are not
required for an accurate simulation. The significance for each

Figure 2. X-band (a, b) and W-band (c, d) EPR spectra of unordered
samples of radicals C11 (a, c) and A2 (b, d) in liquid crystal 5CB and
results of their numerical simulation (lines are experimental spectra,
circles are simulated spectra).
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individual higher coefficients in eq 1 was determined using the
same way.

III. RESULTS AND DISCUSSION

The orientation distribution functions were determined in the
present work by means of joint numerical simulation of the EPR
spectra recorded at different angles between the magnetic field
vector and the liquid crystal director. The examples of experimental
EPR spectra recorded for some of studied samples are shown in
Figure 4. It can be seen that different radicals demonstrate con-
siderably different angular dependence in the EPR spectrum.
For qualitative understanding of the orientational character-

istics reflected in spectra in Figure 4 it should be taken into

account the following. The nitroxide radicals oriented along
the magnetic field by their magnetic z-axis produce the three-
line subspectrum with a large distance between the compo-
nents, while lines of subspectra from radicals oriented along the
magnetic field by x and y axes lie significantly closer. As the
observed EPR spectrum is the superposition of subspectra
originating from all radicals, the large outermost components
indicate the large number of radicals with z orientation. For
example, such a spectrum is seen in Figure 4a for 90° direction
of the sample relative to magnetic field. It means that radical A4
mainly oriented by its z axes perpendicular to director of LC.
Other spectra of angular dependence can be analyzed in the
same way. However, the quantitative data concerning orientation

Figure 3. (a) Experimental EPR spectra of radical A3 in aligned liquid crystal 5CB, recorded at 105 K at different angles between the director of the
sample and the magnetic field vector (lines) and results of simulation (circles); orientation distribution functions (b) in the form of eq 1 and (c) in
the form of eq 2.

Figure 4. EPR spectra of the radicals A4 (a), C11 (b), A2(c), and A1(d) in aligned liquid crystal 5CB, recorded at different angles between the
magnetic field vector and the liquid crystal director.
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distribution can be obtained only by numerical simulation of
the spectra. The function in the form (1) is the orientation
distribution of sample director in the magnetic reference frame
of the molecule. The orientation distribution functions for
radicals A1, A2, A3, A4, A6, and C11 in aligned 5CB are
presented in Figure 5.

In Figure 5a, the paramagnetic molecules A4 are ordered
along the director of the LC medium by their magnetic Y axes.
In this case, indistinguishable directions are superimposed onto
each other and form together a two-lobe distribution. The very
similar EPR spectra and distribution function was obtained for
probe A5. In the cases of these radicals LC director lies in the
plane of molecule mainly perpendicular to NO bond of
nitroxide moiety.
The molecules C11 (Figure 5b) are oriented so that the

liquid crystal director lies in the XZ plane of the molecular
g-tensor. As a result, the orientational distribution extracted
from the EPR spectra in this case consists of four lobes.
The orientation distribution of radicals A3 presented in

Figure 5c shows that radicals are oriented mainly in such a way
that the director lies in XY plane of g-tensor. This four-lobe
distribution in the XY plane is similar to the four-lobe
distribution of radical C11 in the XZ plane. Radicals A6, A2,
and A1 resemble radical A3. All these substances include the
same isoindoline moiety, which carries the nitroxide group.
Positions of these isoindoline groups relative to the longest
molecular axes are approximately the same. Therefore, it is rea-
sonable to suppose that orientation functions of these radicals
would be similar. Indeed, the function of A6 (Figure 5d) looks
like the function of A3. The orientation distribution function of
radicals A2 (Figure 5e) is in general similar to the functions of
A3 and A6, but in the central part of this function one can

observe two small additional lobes corresponding to the
molecules oriented along the LC director by their magnetic X
axes. This additional two-lobe distribution is not connected
with the four-lobe main part of the distribution. Thus, this
additional distribution function indicates that a minor fraction
of the guest molecules demonstrate a distinct kind of orienta-
tional order in the same media. The similar feature becomes
very appreciable in the case of the distribution of radical A1 in
5CB shown in Figure 5f. It can be seen that the orientation
distribution of A1 particles in the XY plane is a four-lobe
orthorhombic function similar to functions considered above.
However, a large part of the molecules are ordered along the
LC director by their Z axes and form an additional two-lobe
distribution function. Thus, there are two orientations of the
paramagnetic molecules relative to the liquid crystal director.
These observations clearly indicate that guest molecules can be
oriented in LC media in two or more distinct manners.
The orientation distribution functions both in form (1) and

in form (2) describe orientational order quantitatively. How-
ever, the coefficients ajk of expression (1) describe ordering of
the magnetic axes of the probe molecules whereas coefficients
<Pj> of expression (2) describe order of the orientational
molecular axis. Thus, the model (2) allows obtaining more
informative characteristics of the ordering of guest molecules in
the sample. This question is discussed in detail in ref 18. On the
other hand, the model (2) cannot be used when there are
several different modes of orientation because the orientation
distribution in this case does not possess the axial symmetry.
The probe A1 demonstrates such behavior. Formally radical A2
also has a double-mode distribution, but in this case the part of
molecules consisting additional two-lobe distribution is so small
that model (2) can be applied approximately for analysis of this
system.

Quantitative Characteristics of Orientational Order.
As described above, the samples studied were prepared by rapid
freezing of ordered liquid crystals by immersion of the ampule
in liquid nitrogen. It was found that the EPR spectra of frozen
samples are independent of temperature of mesophase
before the freezing. This observation is conformed to published
evidence that the lower temperature smectic A or smectic C
mesophase is stabilized in supercooled state in frozen sample.25

In our experiments, the supercooled state of 5CB was a nematic
glassy state, but the structure of frozen 8CB corresponds to
overcooled smectic A mesophase. It is known that structural
relaxation in course of cooling of glassy-forming liquids ceases
in the vicinity of glass-transition temperature Tg. The value of
Tg for many supercooled liquid crystals was measured,25,27 but
it was found to be dependent on rate of cooling.48 We believe
that supercooled glassy mesophases 5CB and 8CB in our
experiments correspond to temperature close to temperature of
crystal-mesophase transition. The values of order parameters
for glassy mesophases, which are almost equal to order param-
eters for the low temperature limit of mesophase existence,
were determined earlier for a number of liquid crystals.26

The values of order parameters measured in the present work
for orientation axes of radicals and the values of angles (θ, φ)
describing the direction of these orientation axes in g-tensor
frames are collected in Table 2. In the case of probe A1, both in
5CB and 8CB, double-mode distribution is realized. For this
reason, the angles (θ, φ) for A1 were determined approximately
on the basis of the distribution described by expression (1).
The order parameters of orientation axis in this case cannot be
determined. The order parameters for magnetic z-axis of A1 are

Figure 5. Orientation distribution functions of radicals A4 (a) C11
(b), A3 (c), A6 (d), A2 (e), and A1 (f) in aligned liquid crystal 5CB.
The distributions are presented in reference frames of the radicals.
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presented in Table 2. The small values of these parameters
reflect the existence of double-mode orientation, but these
values cannot be compared with the order parameters
presented in Table 2 for other radicals.
The values of order parameters given in Table 2 for all spin

probes except A1 can be compared with the literature values for
aligned 5CB and 8CB. Only order parameters of rank 2 (values
<P2>) and rarely parameters of rank 4 (values <P4>) were
measured as a result of limitations of optical techniques. It is
known that order parameter <P2> for nematic 5CB and smectic
8CB can reach values of 0.57−0.6529,49−55 and 0.56−0.62,55,56
respectively. Therefore, the values <P2> which were obtained in
the present work involving several different spin probes correlate
well with existing literature data. One exception is the parameter
<P2> which was obtained for the radical TEMPOL. The litera-
ture data concerning the values of parameter <P4> for 5CB and
8CB are not in agreement52−55 as they lie in the interval from
0.0954 to 0.36.53 It should be noted that all values <P4> obtained
in present work are no less than 0.24.
Values of high-rank-order parameters (6th, 8th, 10th)

presented in Table 2 provide a more detailed description of
orientational order than the commonly used second- and
fourth-rank-order parameters. The values of high-rank-order
parameters reflect subtle features of orientation distribution,
which cannot be characterized by values of <P2> and <P4>.
Indeed, values of high-rank order parameters are not propor-
tional to the value of <P2>. For example, in the case of radical
A2, the value of <P2> for 8CB exceeds the value for 5CB. On
the contrary, the values of <P4>, <P6>, and <P8> for 8CB are
less than the corresponding values for 5CB.
The data presented in Table 2 provoke discussion con-

cerning the nature of order parameters obtained. Unfortunately,
the meaning of order parameter for host molecule of liquid
crystals is not quite definite. Indeed, the ordering of different
fragments of the liquid crystal molecules, for instance, aromatic
rings and hydrocarbon substitutes can be, in general, sig-
nificantly different. Thus, values of the order parameter
measured using different physical molecular properties can
differ. In the case of the smectic mesophase this difference is
transformed into spatial inhomogeneity of order parameter
value, as the molecular order in layers is likely to differ from the
molecular order present in interlayer space. This indefiniteness
becomes even more in the case of using of probe technique.
The different probe molecules, depending on each individual
chemical structure, are preferentially bound close to certain
structural features of the host medium or they are arranged in
local molecular structures. Such a dependence of results on the
localization of probe molecules is a specific property of the spin
probe technique. The sensitivity to the local properties of
medium is simultaneously a drawback and an advantage for all
probe methods. This feature complicates the extraction of
characteristics averaged on the medium as a whole, but provides
important information concerning the local structure and prop-
erties of medium. Taking into account the possible different
localizations of probe molecules and their different anisotropic
interactions with host molecules one can expect the variation of
order parameter value for different probes. This expectation is,
as a whole, in accordance with the data presented in Table 2.
Indeed, the values of order parameters obtained with the use of
different probes for the same medium differ in some degree.
The obtained values for certain probes are smaller than order
parameter of host molecules measured by other methods but
for other probes they are somewhat greater. On the other hand,T
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the order parameters presented lie in the narrow range mainly.
The values of <P2> were found to be close to the literature data.
Thus, the majority of tested spin probes reflect the LC ordering
well.
At any rate, one can expect that the more is similarity

between the structures and properties of host and probe
molecules, the closer should be their orientational order. In
accordance with the obtained results, radicals A4, A5, and CLS
demonstrate the greatest values of order parameters. This is
probably because the radicals A4 and A5, on the one hand, have
fused aromatic systems which lead to some kind of stacking
interactions with the molecules of cyanobiphenyl. On the other
hand, the shape of these radicals is compact and they can easily
be embedded in the structure of liquid crystal. Radical CLS
which has elongated shape and considerable length may be seen
as “averaging” probe. Since the molecular length of CLS
molecule is substantially longer than 5CB or 8CB molecules,
this probe must reflect an averaged orientation of several
neighboring LC molecules.
Radicals A2, A3, A6, and C11 show the close values of order

parameters. The difference between these values is comparable
with the errors of the determination. Similarity of order param-
eters of probes A2, A3, and A6 is more likely connected with
their similarity in structure. It is necessary to note that in the
case of radical A2 the values of order parameters are somewhat
underestimated as the result of admixture of small additional
orientation of the radicals along the LC director by their
magnetic X axes. Orientation of radical C11 in liquid crystals is
possibly caused by both its elongated shape and specific guest−
matrix interaction. It is known that substance C11 itself is a
paramagnetic thermotropic liquid crystal.32,33 Thus, it is reasonable
to suppose that this radical can be effectively embedded into the
liquid crystal matrices.
The lowest order parameters were demonstrated by radical

TEMPOL. It is not surprising since the shape of this probe is
nearly spherical and it has no aromatic system capable of π−π
stacking with the molecules of the liquid crystal.
Molecular Orientation Axes of the Nitroxides Studied.

The values of angles θ and φ, that describe the direction of
the preferential orientation axis of the nitroxide molecule in a
g-tensor reference frame, are provided in Table 2. θ is an angle
between the orientation axis and axis gzz which is directed along
the p-orbitals of the nitrogen and oxygen atoms of the para-
magnetic fragment. φ is an angle between the projection of the
orientation axis on plane gxx−gyy and axis gxx coinciding with the
N−O bond (Figure 6a). Thus, the direction of the orientation

axis was determined relative to the magnetic axes of the
nitroxide moiety.
For a reliable determination of the main orientation axis, the

geometry of the nitroxide molecule, optimized by means of
quantum chemical calculations, was used. It was shown above

that each probe used is sufficiently rigid and characterized
mainly by unique molecular geometry. The only probe which
has several conformations is the C11 molecule. All conformers
of this molecule, nevertheless, have similar molecular shape.
Thus, we will compare the directions of main orientation axis
determined experimentally with the optimal molecular
geometry obtained by DFT calculations.
As discussed above, some orientation directions in nitroxide

radicals are indistinguishable by EPR spectroscopy. As a result
two or more different directions in the molecular frame can be
designated as a possible orientation axis. The choice of real
orientation axis in the case of such doubt requires additional
experimental data or theoretical arguments.
The direction of the orientation axis for radical A5 is shown

in Figure 6b. The values of angle θ in the case 5CB as well as
8CB are close to 90°. This implies that the orientation axis lies
in the plane of the molecule. The value φ ∼ 90° indicates that
the orientation axis is orthogonal to the N−O bond. In this
case, the direction of the orientation axis was determined
unambiguously. The uniaxial orientational behavior of this
molecule means that all orientations of the molecule with LC
director located in the molecular plane perpendicularly the
N−O bond are equiprobable. This feature is possibly induced
by the π−π interaction of probe molecule with aromatic rings
of media, by the specific complexing of N−O bond, or by both
these factors together.
In the case of radical A4, the angle θ is equal to 90°; there-

fore, the orientation axis lies in the plane of the molecule as in
the previous case. Angle φ is determined to be 75°. The axes
with φ = 75°, −75°, 105°, and −105° are indistinguishable;
hence, two directions of orientation axis are determined from
the experiment in this case. On the other hand, these two
directions are related to each other by elements of symmetry of
the molecule. Thus, the orientation axis can also be un-
ambiguously determined in this case.
The possible directions of the orientation axis in the case of

radical C11 are shown in Figure 7(a). These directions were

determined by the angles θ and φ presented in Table 2. There
are two indistinguishable directions of the orientation axis in
this case. It is seen however that one of the possible orientation
axes is close to the longest geometrical axis of the molecule
(solid arrow in the figure). This axis is known to be close to the
main rotational axis of the molecule in LC medium.28 Thus, an
assignment of the axis directed along the molecule of C11 to
the orientation axis seems to be reasonable. The same situation

Figure 6. Magnetic axes of nitroxides (a) and molecular orientation
axes for radicals A5 (b) and A4(c).

Figure 7. Possible orientation axes for radicals C11 (a), CLS (b), and
TEMPOL (c).
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is seen in Figure 7b for case of radical CLS. Two possible
directions of the orientation axis of this radical lie in (CCNO)
plane; one of them is directed approximately along the mole-
cule (solid arrow in Figure 7b) and another is tilted to the
molecule (dotted line). Probably the true orientation axis is
directed along the molecule. The possible orientation axes for
radical TEMPOL are shown in Figure 7c. Four different direc-
tions correspond to θ = ± 75.5° and φ = ± 65.0°. Additional
data are necessary to make a choice between these directions.
Thus, Figure 7 illustrates the cases when additional arguments
should be used to convincing determine the orientational
molecular axis.
The directions of the orientation axes in the radicals A3 and

A6 are shown in Figure 8a,b. It can be seen that two indistin-

guishable directions of the orientation axis corresponding to
angles ± φ are in accordance with the local symmetry of the
isoindoline fragment of the molecules. Possibly, this feature
indicates that the orientation of these molecules is defined by
specific properties of the isoindoline moiety, which carries the
nitroxide group. Within this assumption, both axes shown in
Figure 8a,b are really orientation axes, and these two different
orientations of A3 and A6 can be realized in the LC samples
simultaneously. However, since molecules A3 and A6 are
considerably asymmetrical, it is reasonable to suppose that the
statistical weightings of these orientations would be different.
The prospect of the occurrence of two orientations of the

probe molecules in LC media is confirmed by the results
obtained for radical A1 (Figure 8c). It was shown that radical
A1 forms two different orientational distributions. The pre-
ferential orientation the set of molecules is characterized by the
angles θ ∼ 90° and φ ∼ 50°. Therefore, two possible orienta-
tion axes lie in the plane of the isoindoline fragment similar to
the orientation axes of radicals A3 and A6. Other molecules are
ordered by their Z axes parallel to the LC director (green
orientation axis in Figure 8c). The quantum chemical calcula-
tions indicate that the planes of isoindoline and phenyl rings
form an angle 90° with the plane of the anthracene rings (see
Figure 1S in the Supporting Information). In this case, the mag-
netic Z axis coincides with the direction along the anthracene
moiety. As a whole, molecule A1 can be localized in the
cyanobiphenyl LC medium by three different modes.
In the case of radical A2 in 5CB, the molecular axes de-

fined by the angles θ ∼ 90° and φ= ± 58.5° are a pair of
indistinguishable orientation axes (Figure 8d) directed quite
similar to the axes of A1, A3, and A6 radicals. The axis at
φ = 58.5° additionally coincides with the direction along the
anthracene fragment, so this axis is a more probable orientation
axis of molecule A2.

A comparison of the results obtained for the same probes in
nematic 5CB and smectic 8CB liquid crystals demonstrates that
the values of θ and φ for the definite radical are very close in
these two matrices. Thus, in this case, the orientational charac-
teristics of the nitroxides are rather insensitive to the type of
mesophase.
The data presented here indicate that the orientation axis

often does not coincide with the longest molecular axis. Specific
interactions of guest and host molecules seem to be a more
dominant factor for the orientational ordering of guest
molecules. The π−π stacking interaction of condensed aromatic
systems of the probes with the benzene rings of liquid crystals
molecules should be considered primarily as the possible origin
of the specific orientation of guest molecules. Our results show
as well that isoindoline fragment is a powerful orienting moiety.
In general it can be concluded that radicals A4, A5, C11, and

CLS demonstrate the greatest values of order parameter and
uniqueness of orientational axis, and hence, they are the most
suitable spin probes for the characterization of the order of
liquid crystals.

IV. CONCLUSION
The present work has shown that the direction of the
orientation axis of guest paramagnetic molecules in ordered
media can be estimated by means of a numerical analysis of the
angular dependence of EPR spectra. It was demonstrated that
the dominant factor controlling the orientation of a range of
guest molecules in ordered media is their specific interactions
with the molecules of the matrix. It was found that, depending
on the symmetry of magnetic properties of the radical, several
possible directions of the orientation axis can be indistinguish-
able by EPR spectroscopy. The potential for two possible
orientations of the probe molecules in LC media was demon-
strated. The order parameter values of the nitroxides in the LC
matrixes were determined up to the 10th rank inclusively. It
was shown that the values for order parameters of radicals in
nematic 5CB and smectic 8CB are very close. The nitroxide
radicals which are the most suitable for characterization of the
order of liquid crystals were found to be the more rigid fused
systems with limited degrees of intramolecular motions and
with prospects for π-stacking with the LC media.
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