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1. Introduction

It is well known that molecular orientational alignment is an
important feature of liquid crystals, oriented polymers, biopoly-
mers and other materials. The most comprehensive description
of molecular orientational order is an orientation distribution func-
tion (ODF) p(o, 8,7), where «, 8, 7 are Euler angles defining the rel-
ative orientation of the molecular reference frame and the sample
frame. ODF gives the probability density of particles orientation
with angles o, g, 7, so that dN = p(«, 8,7)sinpdadpdy. The orientation
distribution function can be presented as an expansion in a series
of generalized spherical harmonics (elements of Wigner D-matrix):
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In case of uniaxial sample the series Eq. (1) can be simplified using
Legendre polynomials Pj(cos ) and associated Legendre polynomi-
als Pjm(cos f):
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The expansion coefficients ( =) (Or aim, bjm) provide a set of order
parameters. The concept of order parameters is considered in detail
in [1]. To characterize order parameters of uniaxial system in real
numbers the following expressions are used:
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Orientational order can be described using orientation factors
and elements of Saupe orientation matrix as well. Different sets
of orientation characteristics are convenient for description of dif-
ferent systems and experiments. However, all these characteristics
can be easily transformed from one form to another one. The brief
comparison of the orientation characteristics is presented, for
example, in [2].

Specification of all order parameters gives a complete specifica-
tion of orientation distribution function. Unfortunately, at present
time there is no technique available for complete experimental
determination of orientation distribution function for soft matter.
Only second moments of ODF (order parameters of rank 2) are
determined usually since they can be obtained using one-photon
optical methods. The orientation characteristics of rank 4 are deter-
mined experimentally rather rarely. EPR spectroscopy combined
with spin probe and spin label techniques provides, in principle,
the possibility of more complete determination of an orientation
distribution function. This aim can be achieved by numerical simu-
lation of EPR spectra, recorded at different orientations of examined
sample in magnetic field of the spectrometer. Obvious limitation of
this technique is the symmetry of the spin Hamiltonian with re-
spect to inversion of coordinate system. It means that EPR spectra
recorded at direct and opposite directions of magnetic field are
quite the same. As a result of this feature even order parameters
(coefficients of expansion Eq. (1)) can be determined only. Other
limitations, imposed on extractable characteristics of orientational
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distribution by symmetry of sample, probe molecule and spin
Hamiltonian are considered in details elsewhere [2,3].

The most widespread method of simulation of EPR spectra with
determination of orientation distribution function is the method,
described in [4-6]. In this approach the orientational order of spin
probe (or label) is described using mean force approximation. The
molecular orientational alignment is considered as a result of ac-
tion of mean field potential U(«, 8,7) at the conditions of Boltzmann
equilibrium as follows:

e-UBN/kT

pB,7) = [e-UBn/kT sin pdpdy Y

where the orienting potential is expanded in a series of spherical
Wigner D-functions:

D) — -5 Db (5,7) 4)
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Eq. (4) is used commonly in the following form:
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where j, m=2, 4.

This approach was developed in the 1970s (see, for example,
[7]). There is extensive literature, describing applications of this
approach. In the earlier works the parameters of ODF were deter-
mined by means of trial-and-error way [8-10]. Now the nonlinear
least-squares minimization of discrepancies between calculated
and experimental spectra is used [11,12]. The different fitting algo-
rithms are considered in [13]. The most widespread software real-
ization of the approach is described in [4-6]. The program is based
on the stochastic Liouville equation (SLE) and, thus, it is intended
for calculation of EPR spectra of rotating particles. The similar
method is incorporated in integrated software E-SpiReS aimed at
interpretation of EPR spectra in fluids [14,15]. A lot of useful and
interesting results were obtained using this approach with avail-
able software. This model will below be referred to as OP (orienting
potential) approach. An alternative approach is based on determi-
nation of an orientation distribution function immediately in form
of Eq. (1) or Eq. (2) (OD approach) [16-21]. Comparison of these
two approaches and determination of their applicability are sub-
jects of this contribution.

2. Qualitative consideration

The reference frames used are shown in Fig. 1. Sample frame
(SF) is associated with the macroscopic director of oriented
medium. At every point of the oriented medium there is local ori-
entational alignment with local main direction fixed with local
frame (LF). The paramagnetic molecule, located in the medium, is
characterized by molecular orientation axes, which form the
molecular orientation frame (MOF). Tensor of rotational diffusion,
g-tensor and hfi-tensor are diagonal in their own molecular frames
RF, gF, AF accordingly. The set of Euler angles that transforms one
frame to another one is designated by Q.

2.1. Some features of OP and OD approaches

1. In accordance with OP let us assume, that the local director in
all points of the medium coincides with macroscopic sample direc-
tor (Qsr_mor = Qur_mor = Q), and orientational order of paramag-
netic molecules is induced by the orienting potential (Eq. (3)) at
the temperature Ty:

1
Po(Q) = e

where N = [eV@/kTdQ is normalization factor.

U)/kyTo (5)
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Fig. 1. Reference frames used in the text.
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When the temperature of the sample is changed, the relaxation
processes, directed to the new Boltzmann equilibrium, take place.
The evolution of the orientation distribution function can be pre-
sented as:

— P f (1)) 6)

where p; is the equilibrium orientation distribution function at new
temperature Ty; function f{(t) describes kinetics of relaxation.

In the simplest case f(t) is the exponential decay function. In
general case relaxation kinetics is defined by one or more charac-
teristic times 7. Taking into account the anisotropy of rotation
we should conclude, that characteristic time is angular dependent:

P = 5101 + (9o
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If the cooling of the sample is sufficiently rapid and deep, the over-
cooled glassy state is achieved, where the relaxation is not finished
within the time of experiment tfe,. It means, that f(tey) =
E(texp, Q) # 0. In this case the orientation distribution function state
is as follows:

wn( 42). o 45) (9]0
(8)

One can see, that the orientation distribution function (Eq. (8))
does not meet the Boltzmann form (Eq. (3)). Thus, the non-equilib-
rium glassy state cannot be described using the OP approach.

2. The local director in general does not coincide with the sam-
ple director. It is known, that liquid crystals, membranes and other
partially oriented systems often have domain structure. The orien-
tation distribution of a sample, consisting of two domains with
slightly different directors, should be described as a sum of two
Boltzmann exponents. When the poly-domain sample is studied,
the orientation distribution is expressed as a sum of molecular ori-
entation distributions over all domains. It is evident, that molecu-
lar orientation in a poly-domain sample cannot be described in the
framework of the distribution (3, 4) solely. The additional distribu-
tion function for domain directors is necessary. Particular case of
the random local director distribution is known as MOMD model
(Microscopic Order Macroscopic Disorder) [4-6]. Other examples
of a priori assumed director distributions are described in [8,22].

The presented consideration shows, that approach (3, 4) is not
valid, when the molecular orientational equilibrium has not been
reached. It is rather trivial statement, but we underline it here, as
the orientational degree of freedom is a very specific one. For
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example, polycrystalline materials are practically in equilibrium,
when other degrees of freedom are considered, but they remain
far from molecular orientational equilibrium during unlimited
time. Directed experimental efforts are necessary to obtain single
crystal state, that is in orientational thermodynamic equilibrium.

Another important example of system with different sample
and local directors is equilibrium cholesteric liquid crystalline
material. The helical structure of cholesteric mesophase implies
corresponding changing of local director of such systems. Thus,
topics 1 and 2 demonstrate, that orientational equilibrium (Eq.
(3)) is valid in the case of single domain, uniformly oriented and
fast-relaxing systems only.

3. Specification of an orientation distribution function in the
form of Eq. (3) presumes the existence of the potential energy sur-
face U(B,7). As it is known, the orientational state of molecular
ensemble is described taking into account not only potential en-
ergy, but entropy as well. Helmholtz free energy surface is consid-
ered in [1] and mentioned in [23]. Since ordinary experiments are
performed at constant pressure, the Gibbs energy AG = AH — TAS
is more appropriate function for characterization of the thermody-
namic equilibrium. For example, in the framework of Marcus the-
ory of electron transfer, equilibrium orientational order of solvent
molecules around the ion is described by Gibbs energy surface
[24].

Taking into account the entropy, the Eq. (3) should be rewritten
as:

1 _ AH(Qyrmor) | AS(Qr—mor)
P(Qur—moF) = N exp kT + k; 9)

The following conclusions can be made from Eq. (9):

(i) The temperature dependence predicted by the Eq. (4) for ori-
entation distribution function is not valid.

(ii) The minimum of angular dependence of enthalpy generally
does not coincide with maximum of angular dependence
of entropy. It means, that axis of predominant molecular ori-
entation (MOF) is changed with temperature and presum-
ably cannot coincide with the rotational axis, as it is
assumed in [4-6].

We should notice, that the concept of molecular orientation
axes in the case of rotating molecules is rather complicated, and
it is beyond the scope of this work. Nevertheless it is clear, that
using true molecular orientation axes (MOF) leads to diminishing
of the number of expansion coefficients and to simplification of
the ODF specification. For example, distribution of uniaxial mole-
cules in uniaxial sample is described by (D, *) = A, only when
the own coordinate frame (MOF in Fig. 1) is used. In that case
the parameters with nonzero lower indices are equal to zero. When
another molecular frame (for example, g-tensor frame gF) is used
for description of orientational order, the additional expansion
coefficients become nonzero:

<D16m*>gF :A{]Dlmo((p,(LO) (10)

where ¢, 0 are Euler angles for transformation of gF to MOF,
QgFHMOF = ((p, 6, 0)

The similar expressions are valid for other molecular frames. In
particular, for rotation molecular frame the Euler angles in Eq. (10)
are (¢, 0,0) = Qgrr_moF-

Quite similar way of simplification is valid, when the OP
approach is used. In the case of uniaxial molecules in uniaxial
sample the coefficients ¢ in the expansion of potential (Eq. (4))
are nonzero only if the own molecular orientation frame (MOF)
is considered. The additional nonzero coefficients ¢j, appear when
rotation frame (RF) does not coincide with MOF, but RF is used for

description of orientation distribution. Such additional nonzero
coefficients (most often, c,,) arise in course of the treatment of
experimental spectra using the OP approach. These nonzero coeffi-
cients are often mistakenly interpreted as biaxiality of the molec-
ular distribution [22,25,26].

Thus, the assumptions SF = LF and RF = MOF are quite strong
limitations and can lead to false conclusions.

Topics 1-3 show, that the OP approach is a physical model of
orientational alignment, which has evident limits of applicability.

4. The OD approach is based on the following postulates:

(i) The orientation distribution of molecules exists.
(ii) The molecular orientation distribution can be described by
orientation distribution function.
(iii) The orientation distribution function can be expanded in a
series of orthonormal functions.
(iv) Coefficients of the series can be obtained from experimental
data, in particular, from EPR spectra.

One can see that the OD approach does not use any physical
model of orientational alignment and, thus, it is a model-free ap-
proach. This approach intrinsically is not a physical model. It is a
method of measurement of an orientation distribution function
by means of EPR spectroscopy.

5. The approaches OD and OP seem to be rather close at a first
sight. Both approaches comprise the expansion in a series of spher-
ical Wigner D-matrix elements. Indeed, Eq. (3) is reduced to Eq. (1)
in the case of slight orientation alignment, when exp(-U(Q)/
kyTo) =1 — U(Q)/k,To. On the other hand, these formulas demon-
strate different behavior in the case of well-ordered media. Let the
orientation distribution function be defined by Eq. (4) with coeffi-
cients ¢3¢ and cy;. The expansion of this function in the series (Eq.
(1)) gives an infinite number of non-zero coefficients (order
parameters). The examples of such expansion are presented in
Table 1.

And vice versa, the orientation distribution function, specified
by Egs. (1) and (2), generates infinite number of coefficients cjp,
for adequate description (Table 1, column 4)). Important difference
of these two situations is the convergence of the sequences to the
distribution functions. The slower convergence of OP expansion
(Egs. (3) and (4)) relative to OD approach (Egs. (1) and (2)) is
illustrated in Fig. 2. The functions, presented in Fig. 2, correspond
to columns 2 and 4 in the Table 1 (column a and b in Fig. 2,
respectively). It is seen, that the expansion of rank 6 is sufficient,
when the OD approach is used. In the case of OP expansion of rank
6 is insufficient for correct description of orientation distribution
(Fig. 2, column b).

Table 1

Representation of orientation distribution function defined by Eqs. (3) and (4) in the
set of order parameters (columns 2 and 3) and representation of orientation
distribution function defined by Eqs. (1) and (2) in the set of coefficients ¢j, (column
4).

Cjm for ODF specified by
Egs. (1) and (2),
A =—-02,A-22=-02

Jjm Al for ODF specified
by Egs. (3) and (4),
C0= 3.0, Cx2 = 3.0

Al for ODF specified
by Egs. (3) and (4),
C0=—1,C0=-1

2.0 0.336 -0.205 —0.333
22 0.193 —-0.229 —0.498
4.0 0.117 0.0398 —0.100
42 0.0922 0.0400 —0.241
4.4 0.0692 0.0465 —0.0825
6.0 0.0400 —0.00629 —0.0476
6.2 0.0359 —0.00624 —0.163
6.4 0.0283 —0.00623 —0.0461
6.6 0.0241 —0.00729 —0.0216
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specified

Fig. 2. The convergence of expansions Egs. (1) and (2) and Egs. (3) and (4) to the
specified ODFs, (a) the approximations of ODF, specified by Eqs. (3) and (4) c30 = 3.0,
C22 = 3.0, using expansion Egs. (1) and (2); (b) the approximations of ODF, specified
by Egs. (1) and (2) Ag = 70.2,A§ = —0.2, using expansion Egs. (3) and (4).

Origin of this difference is the following. The Eqs. (1) and (2) are
the sequences of orthogonal functions. It is well known, that se-
quence of orthogonal functions converges uniformly and it is the
best approximation (gives the least mean-squares deviations) in
comparison with other sequences with the same rank (see, for
example, [27]). The orientation distribution functions (Eqs. (1)
and (2)) are normalized, if the first coefficient is equal to unity
(Dﬁg) = ago = 1. All coefficients of the expansion are independent.
On the other hand, the orientation distribution function (Eq. (3))
can be represented as follows:

I[p(B.7)] =>_cnDh(B,7) —In { / dQexp {chm%mw, v)” (11)
jm jm

One can see that the Eq. (11), substantially is the expansion of log-
arithmic function. This function has a singularity in zero point.
When the well-oriented molecular ensembles are considered, the
angular distribution contains angular ranges with almost zero prob-
ability density of the molecular orientation. As a result large

number of expansion terms is necessary to describe the orientation
distribution functions.

One more drawback of OP approach is seen in expression Eq.
(11) as the last summand. It is normalization coefficient that de-
pends on all expansion coefficients and, consequently, makes each
expansion coefficient dependent on every other one. This feature
can be exemplified by the following situation. Let two order param-
eters A2, A2 be known from experimental measurements or molec-
ular dynamics calculations and let the parameters be determined
with +5% tolerance: A3 = 0.337 +0.017,A3 = 0.194 + 0.0097. The
problem of determination of c,q, ¢3; values using the known values
of order parameters is considered in [23]. This problem implies
numerical solving of two nonlinear equations. The field of c,q, ¢2;
values, compatible with given values of order parameters, is shown
in Fig. 3.

One can see that simultaneous determination of two related
parameters Cyg, C22 leads to large uncertainty of results. This uncer-
tainty can be reduced, if the experimental results (for example,
shape of EPR spectra) contain information about additional order
parameters. On the other hand, the value of any additional order
parameter possibly will be inconsistent with the range of cyq, ¢22,
determined by values of two order parameters, that already have
been used. It means that three or more nonlinear equations in
two variables can be an inconsistent system. Adequate determina-
tion of ¢y, €22 Values seems to be possible only when the orienta-
tion distribution is really defined by potential with simple
harmonic shape. Presumably, the uncertainty of determination of
greater number of related values c;, is even bigger than for c,q, C25.

6. Higher order parameters (A3,Ag,A;,A; and others) are mea-
sured at present time (see, for example, [28]) to reveal fine de-
tails of orientation distribution function and to verify
theoretical models. EPR technique is potentially applicable for
these measurements. However, the OP approach cannot give
independent values of the higher order parameters, since two
determined values c,o, ¢, define the whole set of order
parameters.

7.The apparent advantage of the OP approach is the positivity of
the orientation distribution function, which is ensured by the Boltz-
mann equilibrium. This model can provide values of the order
parameters within physically meaningful ranges only. Indeed, the
physical model must give reasonable values. On the other hand this
advantage turns into drawback when the method of measurement
is considered. Measurements must give meaningless results when
incorrect conditions are used. The direct expansion of orientation
distribution function (OD approach) is really a model-free method

4.0-
1C,,
354
3.0
2.5-_ 020
25 3.0 35 4.0

Fig. 3. The field of parameters cyq, 2, of orientation distribution function (Egs. (3)
and (4)) produced by the order parameters A3 = 0.337 + 0.017,A2 = 0.194 + 00097.
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of determination of orientation distribution function from experi-
mental EPR spectra. This procedure must give the meaningless re-
sults when erroneous spectra are treated, or mistaken magnetic
parameters are used, or orientational relaxation in the course of
spectra recording takes place, etc. Meaningless value is an indica-
tion of incorrect experimental conditions that is ordinary in case
of other techniques of measurements. We believe that physical
models of molecular orientation should be applied after the unbi-
ased determination of orientational characteristics. Only in this
case the applied models can be confirmed or disproved.

The problem of the model-free determination of orientational
distribution, of course, is more complicated than the determina-
tion of parameters of a known model. The troubles concerning
false local minima, including the minima with the meaningless
parameters and negative distribution function, are more serious.
The examples of overcoming of these troubles will be presented
below.

3. Numerical consideration. Experimental examples

Let us consider the examples of application of the OD and OP
approaches.

3.1. Example 1

Spin probe R1, shown in Fig. 4, was dissolved in liquid crystal 4'-
pentyl-4-cyanobiphenyl (5CB). This probe can be used in trans- and
cis-forms of the azobenzene moiety. To prepare aligned samples
stretched porous polyethylene film was used. Elongated pores of
this material induce the uniaxial orientation of liquid crystal
embedded in it [29,30]. More experimental details are available
in the Section 4.

EPR spectra, recorded at 77 and 295 K for different angles be-
tween direction of magnetic field of the spectrometer and the
anisotropy axis of the sample, are shown in the Figs. 5 and 6
respectively.

Details of spectra simulation procedure are given below in the
Section 4. The discrepancies between the best fit spectra and the
experimental ones are given in Table 2. The ranks (column 1, Ta-
ble 2) correspond to different truncation of the series (Eq. (1)) used
in the fitting procedure.

Results of the fitting of the 77 K spectra using OD approach with
rank 2 and 4 are illustrated in Fig. 7. One spectrum of the angular
dependence is shown. One can see that the results of fittings with
expansion rank 2 and 4 are very close visually. The use of the rank
4 leads to slight improvements in the lineshape and position of the
outermost spectrum components (marked by arrows). However, as
far as the 10-12 spectra, recorded at different angles, are simulated
jointly these small improvements are accumulated and result in
noticeable decrease of total discrepancy (see Table 2). Thus, we

N O N~0O° N O
Y, o M N-o

trans-R1

R2

Fig. 4. Molecular structure of the spin probes used.

Field/G
3350

3300

Field/G
T T T 1
3300 3350
Fig. 5. (a) Experimental X-band (9.3 GHz) EPR spectraof probe R1 in 5CB embedded
in porous polyethylene film for different angles between the film axis and magnetic

field of spectrometer, 77 K; (b) examples of simulation, lines — experiment, dots -
the best fitting within OD approach.

Field/G

3320

' 3280

=4
‘l\‘l’\i440/
y \W=890

Field/G
3320

. T . . T .
3280 3300

Fig. 6. (a) Experimental X-band (9.3 GHz) EPR spectra of probe R1 in 5CB embedded

in porous polyethylene film for different angles between the film axis and magnetic

field of spectrometer, 295 K; (b) examples of simulation, lines - experiment, dots -
the best fitting within OP approach.

conclude, that value of discrepancy is a sensitive and reliable
characteristic of validity of parameters, varied in the course of
fitting. It is clear, that improvement of fitting should be considered
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Table 2
Discrepancies between the experimental spectra and best fits.

Rank Spectra at 77 K (Fig. 5a) fitted Spectra at 295 K (Fig. 6a) fitted
using OD approach using OP approach

2 1.78 x 107° 494 x 1078

4 129 x 107? 4.61x 1078

6 126 x 10°° a

Error level 1.9 x 107! 1.8 x107°

¢ The software of the OP approach does not permit expansion rank more than 4.

Field/G

3300 3350

Fig. 7. One experimental spectrum from the set of spectra shown in Fig. 5a (solid
line) and spectra calculated in the course of joint fitting of whole set with use of
expansion ranks 2 (dashed line) and 4 (dotted line) within OD approach.

as meaningful, when decrease of discrepancy is more than the level
of errors. In general there are more than one source of experimen-
tal errors related to recording of EPR spectra: noise of spectrome-
ter, nonlinear baseline, errors of angle setting for aligned
samples, etc. Commonly only noise level of spectrometer is esti-
mated in experiments and used in analysis of EPR spectra. This va-
lue is obtained from the variance of a linear fit to the two baseline
segments at either end of the spectrum [6]. Such values for our
experiments are presented in Table 2 (last row) as an error level.
The comparison of discrepancy diminishing with level of errors
can be considered as a criterion of parameter validity. The Table 2
(column 2) shows, that the expansion rank 4 is required for
description of 77 K spectra using Eqgs. (1) and (2). It is seen as well,
that addition of expansion member of rank 6 results in less signif-
icant improvement of fitting, and possibly should be considered as
redundant.

The spectra in the Fig. 5a and Fig. 7 were simulated in simplify-
ing assumption of uniaxial symmetry of molecular orientation
frame (MOF). In accordance with Eq. (10) the essential parameters
in this case are A7, A3, ¢ and 0, where Qg .9 = (¢, 0, 0). In the course
of simulation the values of a,q, a4, ¢, 6 were varied. Order param-
eters A2, Ay were calculated using Eq. (2a). The spectra in the Fig. 6
were simulated using the OP distribution with the variation of the
following parameters:

(i) coefficients of orienting potential ¢3¢ and c33;

(ii) angles ¢ and 0, that define the rotation and orientation
molecular frame (MOF coincides with RF within the OP
model, (¢, 0, 0) = QgFﬂMOF = QgFQRF);

(iii) coefficients of rotational diffusion Rx=Ry, Rz (uniaxial
approximation).

The results are presented in the Table 3 and Fig. 8.

The data, presented in Table 3, and the functions, shown in
Fig. 8, demonstrate the qualitative agreement between the data,
obtained within the OD and OP approaches. However, there are
following differences:

(i) The tilt angles 6, presented in Table 3 for these two func-
tions, are somewhat different: 86.8° and 106.4°. According
to the OD approach the angles 0 and ¢ reflect position of
the principal orientational axis of the probe in the frame
gF. According to OP approach these angles reflect direction
of the axis of fastest rotation in the frame gF. In the case
under consideration principal orientational axis and princi-
pal rotation axis are close and approximately coincide with
the long molecular axis (Fig. 4) that approximately lies along
NO bond (X axis of g-tensor).

(ii) The function in the Fig. 8a is symmetrical in regard to its
own axis (has uniaxial symmetry), whereas the function
in the Fig. 8b is slightly flattened. This feature is described
by nonzero value of c;, coefficient. Nonzero value of cy; is
ordinarily interpreted as biaxiality of the medium. But in
the case under consideration it means only, that the real
orientation frame (MOF) in the considered probe is tilted
relative to the rotation frame, taken in OP model (see the
topic 3 above). Nonzero c,;, coefficient arises in accordance
with the Eq. (10), although this distortion is small in this
case.

(iii) The values of order parameters (Table 3, last row),
obtained using OD and OP approaches, are considerably
different.

In general, the characteristics of the ODF, obtained using OD and
OP approaches, are similar in spite of different temperatures. It

Table 3
The ODF parameters, obtained by simulation of EPR spectra of the probe R1 in trans-
form presented in the Fig. 6a and b.

ODF parameters at 77 K (spectra in
Fig. 6a) fitted using OD approach?

a0 =1.88+0.02
(40 =0.53+0.03

ODF parameters at 295 K (spectra in
Fig. 6b) fitted using OP approach®

€20=1.239 £ 0.007
€22 = —0.080 +0.002
Rx=Ry=(1.22+0.02) x 107;
Rz=(6.47 +0.07) x 10®

@=119°+0.7° ¢=102°+0.3°
0=86.8°+2.2° 0=106.4°+0.2°
A2=0376 A} =0.275; A3 = -0.010;
A% =0.059 A} =0.050; A3 = —0.0029;

AS =0.0065

2 The square roots for diagonal elements of covariance matrix in the final point of
minimization are presented here and below as errors. For more details see
Section 4.

Fig. 8. The orientation distribution functions determined in the course of simula-
tion of: (a) EPR spectra, shown in Fig. 5a and (b) EPR spectra, shown in Fig. 6a.
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Table 4
ODF parameters obtained by simulation of EPR spectra of the probe R1 in cis-form.

ODF parameters at 77 K obtained using OD

approach rank 2°

ODF parameters at 295 K obtained using OP approach,

ODF parameters at 295 K obtained using OP approach,
rank 4*

Discrepancy 5.25 x 1078
Error level 1.3 x 10~°

Discrepancy 5.62 x 10~°
Error level 3.0 x 10~
a0 = 1.03 + 0.02
4o=0.17 £ 0.02

Rx =Ry =(3.93 +0.03) x 107;
Rz=(5.37 +0.08) x 10°

@=-424°%03° ¢=63°£09°
0=86.1°£2.8° 0=91.7°£1.1°
A2 =0.206 A2 =0.046

C20=0.23 £0.002; ¢z, = —0.14 £ 0.001

Discrepancy 4.74 x 108

Error level 1.3 x 10~°

€20=0.231 £0.002; 3, = —0.121 + 0.001
C40=0.22 £0.01; ¢4, =0.17 £ 0.01;
C44=0.26 £0.01

Rx =Ry =(3.95+0.02) x 107;
Rz=(5.500.1) x 10°

@ =5.4°£0.08°

0=90.0°+1.2°

A2 =0.046

¢ Error values obtained in the course of these calculations seem to be incredibly small.

means that as a result of the fast cooling the liquid crystal 5CB
passes into supercooled state that mainly retains the molecular or-
der of liquid crystalline state. When cooling of a sample is not fast
enough, intermediate cases of partial orientational relaxation can
be observed [19]. These results illustrate the topic 1, discussed
above.

3.2. Example 2

Similar experiments were carried out for cis-isomer of the probe
R1. For that purpose the sample was irradiated by light to stimu-
late the trans-cis isomerization of the probe molecules. The EPR
spectra, obtained in such experiments, are very similar to the spec-
tra, presented in example 1, but demonstrate some weaker angular
dependence. The results of ODF determination are presented in Ta-
ble 4 and Fig. 9.

It is seen, that obtained orientation distribution functions are
quite different. The direction of symmetry axis of ODF, obtained
using OD approach (Fig. 9a), is in accordance with bent shape of
the probe molecule in cis-form (Fig. 4). The value of order param-
eter A2 = 0.206 is in accordance with the optical linear dichroism
of the sample studied.!

The functions, determined using OP approach for 2nd and 4th
rank of the expansion, are presented in Fig. 9b and c, correspond-
ingly. The direction of long axis of the ODF takes the orientation
parallel to X axis of gF. However, the shape of the function has no
clear physical interpretation. Very small value of order parameter
is in contradiction with the liquid crystalline nature of the med-
ium. The addition of the 4th rank of the expansion does not im-
prove the results. Origin of this failure is the considerable
deviation of the molecular orientation frame (MOF) from the
rotation frame (RF). The OP method actually visualizes the orien-
tation degree of RF axis. When this axis lies near the orienta-
tional axis, the results are close to model-free determination of
ODF, as it is shown above for the probe in trans-form. Thus, it
is not surprising, that value of order parameter, obtained within
the OP approach, does not describe the real molecular alignment
(Table 4, last row).

These results exemplify the topic 3 presented above.

3.3. Example 3

In the examples, presented above, there was no problem of
meaningless negative part of orientation distribution function that

! The values of linear dichroism d measured by means of recording of UV-vis
spectra in polarized light in the range of n7* and nz* absorption bands (350-450 nm)
were found to be in the ranges 0.30 - 0.39 and 0.19 = 0.26 for trans- and cis-form of
probe, respectively.

was discussed in the topic 7 . The simulations of the experimental
EPR spectra led to the functions, which were positive at every point

Fig. 9. Orientation distribution functions for probe R1 in cis-form: (a) at 77K,
determined within OD approach; (b) at 295 K, determined within OP approach with
expansion rank 2; (c¢) at 295 K, determined within OP approach with expansion rank
4,
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of angular space independently on initial values of ODF
parameters. Here we present the example, in which determination
of completely positive orientation distribution function requires
special efforts. This example was obtained using the probe R2,
shown in the Fig. 4. The probe was dissolved in liquid crystal
5CB, which was aligned in pores of porous polyethylene as
described in Section 4.

Angular dependences of EPR spectrum were recorded at 77 K
and at 293 K. Several experimental spectra, as well as the results
of their simulation, are presented in the Fig. 10. Simulation of the
spectra, recorded at 77 K using OD approach, has led to distribution
function, having a small negative part. The absolute value of this
function is shown in the Fig. 11a. The negative part of the function
forms a “skirt” in the area, where probability density of particles is
near zero.

To obtain a completely positive orientation distribution, penalty
function was used in the course of spectra simulation. The penalty
value was calculated by the following expression:

v Neo _ i JolPBIAQ — [, p(B,7)dQ
Fofte =K 2 [ 1p(B )@ (12)

where Neg is negative fraction of distribution function.

Function F is similar to quadratic penalty function, proposed in
[31] as a penalty function for “external point” method. Such func-
tions are applied to achieve optimal solution in the case, when the
iteration movement occurs through the forbidden area of varied
parameters. The value of F increases with negative part of ODF,
hence introduction of this function to the minimization function
guides the iteration procedure aside from unwanted area of

Field/G

3350

2
Mn**

Field/G
T T T 1
3300 3350
Fig. 10. Experimental X-band (9.3 GHz) EPR spectra of probe R2 in 5CB embedded
in porous polyethylene film for different angles between the film axis and magnetic

field of spectrometer (lines) and the best fitting (points): (a) within OD approach,
77 K; (b) within OP approach, 293 K.

¥

Fig. 11. Orientation distribution functions of R2 probe in liquid crystal 5CB; (a)
77 K, ODF has negative part, (b) 77 K, ODF is positive in all angular space, (c) 293 K,
ODF determined using OP approach.

parameters. Variation of coefficient K allows one to minimize the
negative fraction of distribution function, but not to distort the dis-
tribution shape.

The results of minimization procedure with use of different
penalty values are presented in Table 5. One can see that use of
penalty function really leads to reduction of the negative part of
distribution function to the level, caused by experimental errors.
It is seen as well that optimal values of parameters (azo,a40,0, ®)
converge to certain values, that do not depend on K value within
experimental errors. The resulted distribution function is shown
in Fig. 11b. One can see from Table 5 that the penalty causes some
increase of discrepancy between experimental and calculated EPR
spectra. However, the spectra, calculated with and without penalty
function, almost coincide visually.

Use of the OP approach for simulation of spectra, recorded at
293 K, led to the following optimal parameters: cyo=2.22 +0.15,
C2>=0.32£0.05, Rx=Ry<1 x 10 Rz=(2.12 £0.05) x 108,
0=40.7°+0.4°, ¢ =109.3°+1.0°. The distribution, corresponding
to these parameters, is shown in Fig. 11c. It is seen, that in this case
the functions, obtained within OD and OP approaches, are visually
almost the same. Values of order parameters A and AJ are similar
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Table 5
The ODF parameters, obtained by simulation of EPR spectra of probe R2 at various magnitudes of the penalty function.
K 0 1 2 5 15 150
Neg 0.157 24 x1074 2.5%x107° 1.0 x 107 6x1078 0.0
axo 3.62 +0.08 2.611+0.016 2.608 2.608 2.608 2.608
40 —-0.27 £0.05 0.801 +0.079 0.808 0.810 0.810 0.810
0 40.49 +0.34 33.58+0.16 33.54 33.53 33.53 33.53
@ 96.6 + 3.8 90.29+1.35 90.29 90.29 90.30 90.29
Discrepancy 1.114 x 1078 1.256 x 1078 1.256 x 1078 1.257 x 1078 1.257 x 1078 1.257 x 1078

Table 6
Dependence of negative part of orientation distribution from deviations of g-values
and Az value.

Shift of g- Negative portion of Shift of Az Negative portion of
value ¢ distribution value, G distribution
+0.0002 0.0 -1.0 0.0

+0.0005 0.0 -2.0 0.0

+0.001 0.113 -4.0 0.354

+0.002 0.342 -8.0 0.299

—0.0002 0.0 +1.0 0.0

—0.0004 0.058 +2.0 0.059

—0.001 0.304 +4.0 0.197

—0.002 0.468 +8.0 0.340

as well. This accordance is a result of vicinity of directions of prin-
cipal orientation axis and fastest rotation axis of the probe
molecule.

The system, described in this example, is more aligned then the
systems, presented above in examples 1 and 2. Indeed, the order
parameter Ag in the example 3 is equal to 0.52, that is essentially
more than the values 0.376 and 0.206 for R1 in trans- and cis- forms
(examples 1 and 2). As a result of stronger alignment the orienta-
tional distribution has angular ranges with very low probability
density of particle orientations. Small experimental errors can lead
to the negative probability density in these angular ranges, that
means the appearance of negative fraction of orientation distribu-
tion. We suppose, that negative parts of distribution would be ob-
tained more often when strongly aligned systems are considered.
This trouble can be easily overcome by use of the penalty function.
On the other hand the large negative fraction, retained in the pres-
ence of penalty, means that experimental spectra or Hamiltonian
parameters used are essentially erroneous. The illustration of this
statement is presented in the Table 6. Determinations of orienta-
tion distribution were carried out for EPR spectra from example
1 (Fig. 5) with deviated g-values and Az value. The g, and g, values
were simultaneously shifted to g, + é and g, — J, respectively. One
can see from Table 6 the appearance of negative parts of orienta-
tion function with deviation of magnetic parameters from correct
values.

3.4. Example 4

The instructive examples of using OP and OD approaches can be
obtained by treatment of the experimental data, described in [22].
The far-infrared EPR spectra (250 GHz) of nitroxide-labeled choles-
terol (CSL) in macroscopically aligned dimyristoylphosphatidylch-
oline/dimyristoylphosphatidylserine mixture bilayer membrane
(DMPC/DMPS 80:20), presented in [22], are shown in Fig. 12.

The authors of [22] have successfully simulated the experimen-
tal spectra using parameters, given in the Table 7 (column 1). From
analysis of the spectra the authors concluded, that rotational mo-
tions in this case are frozen out in the 250-GHz EPR time scale.
The coincidence of g-tensor frame (gF), molecular orientation

v=0

V=90

89.2 89.3
Field/’kG

Field/kG

—T —Tt —T 1 ! —T
88.9 89.0 89.1 89.2 89.3
Fig. 12. (a) 250 GHz EPR spectra of CSL probe in DMPC/DMPS 80:20 bilayer (solid

lines) and simulated spectra (dashed lines), taken from [21], (b) spectra simulated
within OD approach.

frame (MOF) and rotation frame (RF) was assumed in the course
of the simulation.

There is an opinion, that motionless EPR spectra (rigid limit) can
be simulated applying SLE in the limit of very low diffusion rates.
Quantitative calculations, however, do not confirm this statement.
EPR spectra, calculated for different rotational diffusion coeffi-
cients, are presented in the Fig. 13 in comparison with the rigid
limit spectra. The parameters for these calculations are taken from
[22] (Table 7, column 1). It is seen that positions and widths of
spectral components approach the positions and widths of rigid
limit spectra, but do not reach desirable limit. Further decrease
of diffusion rates is really impossible, since the basis set, required
for convergence of the ESR lineshapes, becomes impractically large.
Values of R<10°s~! correspond to truncation numbers Lmax,
Kmax, and Mmax > 50 [5,22]. As far as we know, there are no
examples of calculation with bigger truncation values in literature.
Thus, application of SLE programs for simulation of rigid limit spec-
tra is very time-consuming and does not give reliable quantitative
results.
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Table 7
Parameters obtained by simulation of spectra in Fig. 12.
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Parameters of OP approach fitting of the

spectra in Fig. 12a, data from [22]

Parameters of OP approach fitting of the same
spectra with diffusion tilt, data from [22]

Parameters of OD approach fitting
of the spectra in Fig. 12b, rank 6

Parameters of OD approach fitting
of the same spectra with rank 8

Rotational diffusion:

Tilt RF relative gF gp=13°

Rotational diffusion:

Discrepancy 3.44 x 10~
Tilt MOF relative gF
®=101.9°+0.2°
0=111.1°+£0.6°
Libration angles:

Discrepancy 3.12 x 10!
Tilt MOF relative gF

¢ =99.8°+0.2°
0=110.7°+1.0°
Libration angles:

Rx=2x10% Rx=2x10%
Ry=7 x 10%; Ry=1 x 10%;
Rz=1 x 107; Rz=2 x 107;

C20=—0.81 Cpp= —1.47 20 = —0.36 ¢z = —2.00

Ly=0.1°
L,=133°
L=12.7°
a30=3.33 £0.07
40=3.03£0.20
ago=1.56£0.13

the same

30 =3.17 £ 0.06
a40=2.51+0.16
ago=1.3810.16
ago = 0.64 % 0.06

2 =2.00871 The same 2" =2.008547 The same
g,y =2.00573 g," =2.005777
2.,=2.00210 2" =2.002217
A =49 A" =5.399
Ay =55 Ay,™ =5.498
Az =33.1 A" =32.60
a b

Field/kG
88.9 89.0 89.1 89.2 89.3

Field/G

3200 3250 3300

Fig. 13. (a) EPR spectra at 250 GHz, calculated in rigid limit (solid line) and spectra
calculated using SLE program for isotropic diffusion coefficients 5 = 10° s~! (dotted
line), 5« 10° s~'(dashed line); (b) EPR spectra at 9.1 GHz calculated in rigid limit
(solid line) and spectra calculated using SLE program for isotropic diffusion
coefficients 1 x 10° s~ (dotted line), 5 x« 10° s~!(dashed line); truncation values are:
Lmax = 46, Kmax = 44, and Mmax = 30.

The presented results demonstrate, that the experimental as
well as simulated spectra in Fig. 12a are not strictly rigid limit
spectra. They are slightly changed by slow rotation. It is an obstacle
for using OD approach, because the methods utilizing Egs. (1) and
(2) for rotating molecules are not developed at present time. Fortu-
nately, in the case considered, the rotation influence is rather small
and mainly consists in some shift of the spectral components. The
shift can be approximately described in the framework of libration
model. The librations around axes of g-tensor frame (gF), that
average partially magnetic parameters, were used for description
of spectra in the present work. It was found, that small amplitudes
of librations Ly=0.1°, L,=13.3° and L,=12.7° are sufficient to
describe the spectra quantitatively. The values of magnetic

—l 1<

Fig. 14. Orientation distribution functions obtained by simulation of spectra in
Fig. 10: (a) using OP approach (parameters in column 1 of Table 6); (b) using OD
approach (parameters in column 3 of Table 6). The functions are presented in g-
tensor frame (gF).

parameters, partially averaged by these librations, are presented
in Table 7 (columns 3).

Results of the spectra simulations using the approaches OP
and OD are quite similar (Fig 12a and b). The orientation distri-
bution functions, determined by means of the simulation, are
shown in Fig 14, and optimal values of parameters are collected
in Table 7.

The optimal parameters demonstrate the following advantages
and the weaknesses of both approaches:

(i) The orientation distribution function, obtained using OP
approach, is positive in each point. The optimal function,
obtained using OD is positive as well. However, depending
on the initial point of minimization, the fitting procedure
in the case of OD approach can pass or not pass through
parameters ranges with negative distribution function. Thus,
use of penalty function is not necessary, but is desirable.

(ii) Authors of [22] expected from the analysis of geometry of
the probe molecule, that the orientational direction of the
probe is tilted by 13° in respect to g, axis. The OP model,
applied in [22], was unable to determine this tilt since very
similar spectra are produced with different sets of parame-
ters (columns 1 and 2 in Table 7). On the other hand one
can see from the Table 7, that the tilt of the rotational diffu-
sion frame very noticeably influences parameters of orienta-
tion distribution function. Indeed, optimal values of cy9 and
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Table 8
Values of order parameters, calculated using the parameters from Table 7.

Eqgs. (3) and (4), c20 = 2.205 ¢ = 0.239,

correspond to col. 1 in Table 72 correspond to col. 2 in Table 72

Eqgs. (3) and (4), c20 = 2.629 ¢, =0.78,

Egs. (1) and (2), correspond to
col. 3 in Table 7

Egs. (1) and (2), correspond to
col. 4 in Table 7

A} =0.476; A} =0.530;
A3, =0.018; A3 =0.048;
Ag =0.149; A3 =0.191;
A3=0.011; A3 =0.036;
A§ =0.034; A§ =0.052;
AS =0.004; AS =0.015;
A =0.006; A% =0.011;
AS =0.0009; AS =0.0045;

A} =067 10014
Ag =0.337 £ 0.020
A§=0.120£0.010

A} =0.6410.012
A3 =0.279 +0.018
A§=0.106 £ 0.012
A8 =0.038 + 0.0004

2 The other values of A}, were less than 10~> and are not shown

¢y with and without the tilt demonstrate large difference.
This difference first of all is the result of change of MOF on
tilting of RF as RF = MOF in OP approach. Secondly, the dif-
ference indicates the instability of the results, discussed
above (topic 6).

(iii) Order parameters, that have been calculated using the val-
ues from Table 7, are presented in Table 8. The order param-
eters, obtained using OP and OD approaches, can be
compared only if the values are given in the same coordinate
frame. Therefore, the values c;, and c,, were converted
using y-ordering (i.e., permuting magnetic axes y — Z,
z— X, and x —»y [22]) before the calculation of order
parameters.

Table 8 demonstrates, that two parameters (c3o and ;) pro-
duce the infinite number of order parameters, but values of these
order parameters cannot be considered as reliable or experimen-
tally determined. One can see the biaxiality (nonzero A’;nwith
m # 0 in columns 1, 2), that is the result of the incorrect choice
of molecular orientation frame.

(iv) The model-free OD approach provides the values of
higher rank order parameters, which presently cannot
be determined by other experimental methods. This
technique seems to be enough stable towards change
of simulation procedure (compare column 3 and 4 in
Tables 7 and 8).

This result is the illustration of topic 6, discussed above.

4. Experimental and computational details
4.1. Materials

Spin probe R1 (Fig. 3) was synthesized as described elsewhere
[32,33], and was kindly granted by Prof. S. Nakatsuji (University
of Hyogo). Spin probe R2 (Fig. 3) was synthesized as described in
[34] and kindly granted by Prof. R. Tamura (Kyoto University).

Liquid crystal 4-n-pentyl-4’-cyanobiphenyl (5CB) from Merck
was used without further purification. It forms nematic mesophase
in temperature range 295-308 K [35].

Stretched porous polyethylene films with thickness of
0.05 mm were produced using the procedure, described in [36]
and kindly granted by Prof. G.K. Elyashevitch (Institute of Macro-
molecular Compounds, Russian Academy of Sciences). Pores of
this material with diameter ~200nm are elongated mainly
uniaxially. This porous polyethylene aligns liquid crystal, embed-
ded into it, due to the orientational action of pores surface
[29,30].

4.2. Sample preparation

Stretched porous polyethylene was used to induce alignment of
liquid crystals. The direction of stretching is the direction of uniax-
ial alignment [30]. Spin probe was dissolved in liquid crystal 4'-
pentyl-4-cyanobiphenyl to prepare the solution with concentra-
tion about 10~ M. The solution was deposited on the film surface
where it was readily soaked into the film due to the capillarity of
pores. Excess of liquid crystal was thoroughly removed from the
surface. Ten cuts of filled film were stacked and co-aligned to form
sample with dimensions ~1 % 4 x 15 mm?>.

Trans-form of spin probe R1 was transformed to cis-form by
irradiation of the sample with unpolarized light of high-pressure
mercury lamp (4 =365 nm).

4.3. EPR spectra recording

EPR spectra were recorded with X-band (9.3 GHz) EPR spec-
trometer Varian E3. Varian E-4557-9 temperature control unit
(with accuracy of +1 °C) was used to record the spectra at 295 K.
For recording spectra at 77 K the sample was placed into Dewar
vessel, filled with liquid nitrogen. EPR spectra were recorded at dif-
ferent angles between magnetic field vector and the sample anisot-
ropy axis with 10° step. The sample was turned around the axis,
perpendicular both to the magnetic field and to the sample anisot-
ropy axis. Turn angles were set with accuracy +0.5° using a goni-
ometer. The set of spectra, obtained in the course of such
procedure, is referred to as angular dependence.

All experimental spectra were plotted against magnetic field,
measured in Gausses, and were corrected according to spectrome-
ter base line. Each spectrum was normalized on the value of double
integral. Experimental noise level was calculated as 1 "%, where n
is number of points, I is the intensity of the spectrum, taken within
the magnetic field ranges, where the signal of the spin probe was
absent (at both end segments of the spectrum). These field ranges
cover 10-15% of the spectral sweep width. The noise level was as-
sumed to be constant for all the spectra of an experiment.

4.4, Linear dichroism measurement

Linear dichroism was calculated in accordance with the follow-
ing expression:

_A-A

_a2\Uv
d=#) T A +24,

where A, and A, are absorbances at parallel and perpendicular
polarization of light, relative to the sample director, respectively.
Absorbances at wavelengths 350 and 440 nm were measured
using spectrophotometers SPECORD M40 with polarizing Glan
prism. One layer of porous polyethylene film, filled with liquid
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Table 9

Magnetic parameters of spin probes R;* and R,.
Spin probe Zix 8y Axx Ay Az
Ry 2.0092 + 0.0002 2.0058 +0.0002 2.0019 + 0.0002 6.9+0.5 59+0.6 33.8+0.2
R, 2.0090 + 0.0002 2.0060 + 0.0002 2.0020 + 0.0002 40103 3.7+03 32.1+0.2

@ parameters for R in trans- and cis-configurations of the azobenzene moiety are the same.

crystal 5CB with dissolved spin probe R1 was used for the
measurements.

Value of optical dichroism d is equal to order parameter of di-
pole transition moment direction of the photochromic molecule
A"

4.5. EPR spectra simulation

In the course of EPR spectra simulation the minimizing program
NL2SOL [37] was used.

Errors of parameters determination were calculated on the ba-
sis of the covariance matrix and t-distribution statistics [38].

In the present work three kinds of simulation of EPR spectra
were performed.

1. Simulation of EPR spectrum of the sample with stochastic ori-
entation of paramagnetic molecules (disordered samples),
recorded at 77 K, was carried out to determine magnetic param-
eters of spin probe in considered matrix. The calculation of ESR
spectra was performed in rigid limit within the approximation
of second order perturbation theory. The obtained magnetic
parameters are presented in Table 9. In example 4 the literature
values of magnetic parameters were used. The magnetic param-
eters, averaged by stochastic rotational oscillations of paramag-
netic molecules (quasi-librations), were calculated using the
expressions, presented in [39,40].

2. For analysis of angular dependence of EPR spectrum in rigid
limit 9-12 EPR spectra, recorded at various orientations of the
sample in magnetic field, were simulated jointly. Calculations
were performed with assumption of axial symmetry of the
probe orientation frame (MOF). ODF parameters and width of
individual resonance line were varied in the course of simula-
tion. All rigid limit simulations and determination of ODF were
performed using home-made software, available at http://
www.chem.msu.su/eng/lab/chemkin/ODF3/welcome.html. The
program is described in detail in [3].

3. Analysis of EPR spectrum angular dependence at 295 K was per-
formed using either the program [4], which was modified for
joint simulation of series of EPR spectra, or the program NLSL
(Version 1.5.1) [6]. The results of these simulations were
identical.

5. Conclusions

The presented consideration and experimental examples dem-
onstrate that the method of determination of orientation distribu-
tion function by analysis of EPR spectra, based on direct expansion
of the function in a series of generalized spherical harmonics, is a
model-free technique. It gives the unbiased characteristics of
molecular distribution, including direction of orientational axis of
probe molecule and high rank order parameters. Main drawback
of the technique in present time is its inapplicability to the systems
with high molecular mobility. Vice versa, in the commonly used
method, based on the mean field potential and Boltzmann equilib-
rium, rotational molecular mobility is taken into account, but this
method gives rather rough and unreliable characteristics of orien-
tation distribution. Main weaknesses of this technique are the

interdependence of determined parameters, assumption of iden-
tity of orientational and rotational molecular frames and coinci-
dence of global and local orientational directors of the sample.
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