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The problem of quantitative numerical simulation of electron paramagnetic resonance (EPR) spectra of
biradical probes in both isotropic and aligned media was solved for the first time. The models suitable
for the description of the spectra of the probes, both in the rigid limit and in the presence of rotational
motions, were developed and successfully applied to model systems. The simulation of EPR spectra
allows obtaining the following information about the molecular structure and dynamics: the values of
orientation order parameters, the type of rotation mobility and its quantitative characteristics, and the

Received 23rd August 2016, sign and value of the spin exchange constant of the biradical. Model systems used in this work include

Accepted 20th October 2016 solutions of nitroxide biradicals in a viscous solvent (squalane) in the range of temperatures 100-370 K
and in the aligned liquid crystal n-octylcyanobiphenyl (8CB, 100-298.5 K). Unexpectedly, it was found

that in 8CB the main orientation axis of the biradical molecule is perpendicular to the longest
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|. Introduction

Electron paramagnetic resonance (EPR) is widely used to probe the
structure and dynamics of soft materials: polymers,'™ glasses,>®
liquid crystals’™® and biological systems.''™™ A particular
advantage of EPR spectra is their profound dependence on
the rotation mobility of paramagnetic species in the range of
rotation correlation times of 10 °~10"° s and the orientation
alignment of probe molecules in ordered environments.

For monoradicals it is generally agreed that the information
about rotation mobility and orientation order should be extracted
from EPR spectra via quantitative simulation of the spectra with
the use of least-squares optimization. In order to obtain reliable
results, the following criteria are proposed for the simulation
procedure in the work of our group:>**

(1) Discrepancies between the theoretical and experimental
spectra should lie within the experimental errors.

(2) Optimization procedure should be stable with respect to
the choice of the starting approximation within physically
reasonable limits. It should be checked whether the spectral
shape is sensitive to the change in the obtained parameters.
Uncertainties and mutual dependencies of the model para-
meters should be considered.
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(3) The resulting values of magnetic parameters, characteristics
of rotation dynamics and orientation order parameters should be
physically meaningful.

(4) For the given experimental system, simulation of a series
of EPR spectra recorded at different temperatures, or at different
sample orientations with respect to the magnetic field of the
spectrometer, should give consistent and non-contradicting results.

In addition to points 1-4, multifrequency EPR studies proved
to be useful to reveal the details of the spin probe motions,
because spectra recorded at different frequencies may be sensitive
to different aspects of molecular rotation mobility.">

For nitroxide monoradicals, extensively used as spin probes
and spin labels, the problem of quantitative modeling of EPR
spectra has been addressed and solved for many systems.
Numerous models of spectral shape under various conditions have
been proposed, and the standard software has been developed for
spectral simulation. '8

The use of spin probes containing two paramagnetic units in
their structure (i.e., biradicals) was suggested a long time ago,"’
however, there are few examples of such investigation. In most
works, modulation of spin-spin interactions in flexible nitroxide
biradicals due to their conformational changes was used to probe
the conformational mobility and stiffness of liquid media.**"*
The rotations of rigid biradicals were analyzed in the framework
of Redfield’s model, to account for EPR spectral linewidths in
isotropic*® and anisotropic>* fluids.

The EPR spectra of nitroxide biradicals were simulated in
the framework of stochastic Liouville equation (SLE) model in
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the recent work of A. Polimeno et al.>® For monoradical probes,
this approach is widely used for the quantitative description of
EPR spectra in the range of rotation correlation times t, = 10~ %~
10~ '° 5.’ However, for biradicals, hitherto the SLE approach
has only been tested for relatively fast rotations of probes in
non-viscous isotropic solvents (z, = 107 °-10"'% 5).>°

In the present work, the use of the SLE approach is extended
to the simulation of slow-motional EPR spectra of nitroxide
biradicals. The other important application of spin probes in
soft matter research is the determination of orientation alignment
of molecules in partially ordered systems. In the present work we
demonstrate the use of biradical spin probes for this purpose.

As model systems for the study, we employ the well-studied
viscous solvent squalane in the range of temperatures 100-370 K
and a liquid-crystalline solvent 4’-n-octyl-4-cyanobiphenyl in the
smectic phase (298.5 K) and in the supercooled smectic state at
100 K. We provide a quantitative simulation of EPR spectra of the
nitroxide biradical in these solvents.

ll. Experimental details

The structure of the used biradical is shown in Fig. 1. The
material was synthesized according to the procedure described
in ref. 26 and kindly provided by Prof. K. Hideg and Prof. A. I.
Kokorin. Prior to use, the biradical was purified by thin-layer
chromatography on Silufol plates. The concentration of the
biradical in the samples was 10~* mol L™".

Squalane (Aldrich) was stored over anhydrous NaOH. Before
use, squalane was evacuated to 10> Torr to remove volatile
impurities.

Liquid crystalline 4’-octyl-4-cyanobiphenyl (8CB, Aldrich) was
evacuated to 10~ Torr prior to use, to remove volatile impurities.
It exhibits two types of liquid-crystalline phases: the smectic A
phase at 294-306 K and the nematic phase at 306-313 K.>”2° To
obtain an aligned liquid-crystalline material, the sample of 8CB
doped with the biradical was slowly cooled in the magnetic field
of an EPR spectrometer (about 3300 Gauss) from isotropic
through nematic down to the smectic phase. This procedure
gives the aligned liquid-crystalline sample. The aligned sample
was quickly cooled in the spectrometer magnetic field to 100 K to
obtain a supercooled smectic liquid crystal.

EPR spectra were recorded using an X-band spectrometer
Bruker EMX plus. The temperature of the samples was set in
the range 100-370 K using the flow of nitrogen gas. To
compensate for systematic errors produced by the temperature
control unit of the EPR spectrometer, the temperature of the
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Fig.1 The structure of the biradical used in the present work and a
schematic illustration of molecular axes.
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gas flow was calibrated using an external thermocouple. Thus,
the accuracy of temperature setting was about +0.5 K. For
recording angular dependencies, the sample was rotated in the
cavity of the EPR spectrometer using a goniometer setup. The
accuracy of angle setting was +0.2°.

[ll. Simulation of EPR spectra in the
rigid limit
In this section we describe the procedure of simulation of EPR
spectra of nitroxide biradicals in the absence of rotational motions
of molecules (rigid limit). For each orientation of the biradical
molecule, the EPR transition frequencies were calculated using the
numerical solution of the following spin-Hamiltonian:

H H,

— = *(ﬁgzlsl +ﬁ552) + (S1AL +§A:212
golg &0 < > (1)

+SDS,+J-S;S,

where H is the spin-Hamiltonian operator; g, is the average g-factor
of the paramagnetic moiety (go =/Tr(g,g,)/ 3); ug is the Bohr

magneton; H, is the flux density of the magnetic field of an EPR
spectrometer; n is the unit vector of magnetic field direction;
i = (0,0,1), St = (SxsSysSz) and I = (Luolyily) are electron and
nuclear spin operators for each of the two paramagnetic centers of

the biradical molecule (k = 1, 2); g,, D, and A, are tensors of
Zeeman, dipolar and hyperfine interactions; J is the spin exchange
constant; and tilde denotes vector or matrix transposition.

Hyperfine interaction was calculated within the high-field
approximation:****

SiA & At So . i @)

where m,; is the projection of the nuclear spin and A =

1/ HgkAk:(ngkn
Tr(geg)/3
tensor. The spin-Hamiltonian was represented in the basis of

electron spin operators S; ® S,, thus, as a 4 x 4 matrix. The
analytical expressions for the eigenvalues of this matrix can be
obtained only for coaxial magnetic tensors.** In this work, the
spin-Hamiltonian was diagonalised numerically, in the
general form.

The dipolar tensor was calculated within the point dipole
approximation:

is the effective value of the hyperfine interaction
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N . .
where Z—O = 10*7? is the magnetic constant and r = (x,,2)
s

is the radius-vector connecting two paramagnetic centers,
rP=x+y"+2%

The transition probabilities were calculated using the per-
turbation theory, with the following perturbation Hamiltonian:

H, = pugH, (n~1g:151 +n~1g:252) (4)

where H; is the flux density of the microwave magnetic field.
The direction of the flux density of the microwave magnetic
field was supposed to coincide with the y-axis of the laboratory
reference frame: i, = (0,1,0). The transition intensities P; are
proportional to squares of matrix elements of VH;V, where the
columns of matrix V correspond to eigenvectors of unperturbed
spin-Hamiltonian H:

Py ~ |(VH V)* (5)

There are 54 non-degenerate transitions, 18 of which corre-
spond to simultaneous spin flips of both electrons, and are
forbidden.

Thus, for each orientation of biradicals in the magnetic field
of an EPR spectrometer, the spectral shape can be described by a
function f(B,Q21), which is a superposition of individual spectral
lines, corresponding to eigenvalues of the spin-Hamiltonian (1),
with intensities, given by (5). The line positions and intensities
depend on the molecule orientation, i.e. on the Euler angles
Qim = (¢, 0, ), which transform the laboratory reference frame
into the molecular frame. The individual line was described by
the Voigt profile, which is the envelope of Gaussian and
Lorentzian profiles.>® The Gaussian and Lorentzian linewidths
were assumed to be dependent on the molecule orientation,
and treated as tensors of rank two."* The EPR spectrum of the
sample, which contains biradicals in different orientations, is
given by:

I(B) = J,f(Bv Qrm)p(Qum)dQrm (6)

where dQpy = sin0-dpd0dy, p(Qry) is the number density of
particles with orientation Q. The function p(Qry,) is called
the orientation distribution function.® It is represented as a
series of Wigner D-functions:

o) = ii i LDy D), @) )

j=0 m=—,

where the values <D > compose the set of order parameters.

mn
For practical calculations, the series in (7) is truncated at
J = Jmax, chosen so that the further increase of J,.x does not
lead to a change in the spectral shape.

To sum up, the spectrum of nitroxide biradicals in rigid limit
was calculated using eqn (6), with the orientation distribution
function defined by eqn (7) and the spectral function for individual

orientation f(B,Q;) determined from the spin-Hamiltonian (1).
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IV. Simulation of EPR spectra

of rotating biradicals

In the slow-motional regime, the stochastic Liouville equation
approach was used for the simulation of the spectra. According

to this approach, the frequency-swept EPR spectrum in the
absence of saturation is given by the equation:'®*
D®

o= ()

where o is the microwave frequency, w, = gousBolh, (f — iL) is

[(F- 1) +ito- o]

the stochastic Liouville superoperator,®®*” E is the identity
operator, and v is the starting vector, which defines the spin
operator for EPR transitions and the orientation distribution
function for oriented systems.

The Liouville superoperator depends on spatial (orientation)
coordinates and spin coordinates. The generally accepted basis
for the orientation part consists of orthonormalised Wigner

functions:>16-38
2L+ 1
L, M,K) = \/8—7%14(9) o

where Q is a set of Euler angles, which transform the laboratory
frame into the molecular frame. The spin part of the Liouville
superoperator is represented in the basis of spin transitions
denoted as |p3,q31,p5,05) ® |ph,q,p5,q5). For the transition between
states with spin quantum numbers myg; and mg; (i = 1, 2 is the
number of paramagnetic centers in a biradical), the quantities
P} and ¢f are defined as pf = mg,; — ms/, ¢ = ms; — ms/, similarly
to nuclear spin states p} and g}

A nitroxide biradical has 36 possible spin states, with 36 X
35/2 = 630 possible spin transitions between them, which lead
to very large dimensions of basis sets needed for the simulation
of slow-motional EPR spectra. The following selection rules can
greatly reduce the dimension of the basis:

- for EPR spectral simulation, only transitions with
|t a3 .p5,95) = 0,—-1,1,0), [0,1,1,0), |1,0,0,—1), [1,0,0,1) need
to be considered, which corresponds to the change in the spin
state of only one paramagnetic center;

- for isotropic systems, only basis vectors with p; + p; = M
have non-zero matrix elements for the Liouville superoperator,
similarly to the case of monoradicals. The same holds for
ordered samples, in the case when the sample director coincides
with the spectrometer magnetic field.*® For spectra recorded at
the sample director tilted with respect to the spectrometer
magnetic field, this condition is no longer applicable, which
leads to enormous basis set sizes. In this situation, the basis set
was diminished by the pruning procedure, described in detail
in ref. 39.

A further reduction of the basis set with respect to spatial
coordinates can be achieved by applying symmetry arguments
in ref. 38 (p. 3935).

The operator Iin (8) describes the relaxation of the system.
In this work, the orientation relaxation of the spin probes was
treated in the framework of the rotation diffusion model.***°
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For the description of rotation and orientation of the spin
probes in the aligned liquid crystal, the mean-field potential
model**?® was used. According to this model, the probe undergoes
rotation diffusion in the orientation-dependent potential U(Q),
which averages the forces imposed by the surrounding liquid
crystal molecules. The potential was represented as a series in
Wigner functions:

U(Q) =kgT - i i /D, (Q). (10)

J=0 n=—j

The potential was considered macroscopically axial and micro-
scopically orthorhombic, as in ref. 15, 38, and 40, which implies
for the expansion coefficients in (10) that ¢/, = ¢/, and all ¢/, are
real. The orientation order parameters, corresponding to the
potential U(Q), are given by

D (Q)e V/kTdQ

mn

<D:;;n> - I“er(Q)/kBTdQ . (11)

Due to the above-mentioned symmetry properties of the
potential, only order parameters <D3§1> with even n are non-zero.

For the interpretation of EPR spectra obtained in the present
work, the model of rotation diffusion in the mean-field potential
was generalised for the case of arbitrary orientation of the
rotation diffusion tensor with respect to the mean-field
potential reference frame, i.e. the case when the principal axes
of rotation and orientation do not coincide. The derivation of
expressions for matrix elements of the Liouville superoperator
for this case is presented in the ESI.f The example and physical
meaning of this situation will be discussed in Section VII.

Sometimes it is suggested to apply the SLE approach to the
simulation of rigid limit spectra, by setting rotation diffusion
coefficients smaller than ~10° s~*. However, this approach
demands using impractically large basis sets,'® and does not
allow for independent determination of orientation order para-
meters in the case of ordered samples.*! For these reasons, in
this work, the rigid limit spectra are described in the framework
of the model described in Section III, whereas the SLE approach
was applied to the spectra in the slow-motional regime.

V. Details of optimization procedure

To extract information from experimental EPR spectra, the
numerical modeling of the spectra with the use of a nonlinear
least-squares technique was performed. This procedure involves the
minimization of the sum of squared deviations of the theoretical
spectra from the experimental ones. The minimization was
performed using the adaptive algorithm.*?

The errors of the varied values can be estimated by evaluating
the diagonal elements of the Hessian matrix in the optimum
point.*> However, this procedure allows considering only statistical
errors of the optimization procedure and tends to underestimate
the error values.

In the cases when the interpretation of results called for
more accurate estimation of uncertainties, the following procedure
was used. For the given varied parameter x, the parameter was
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shifted from the optimum value x, by a small step Ax. Thus, the
value of this parameter was fixed at x, = Ax, and all other
varied parameters were re-optimised to obtain the conditional
minimum. The value of the objective function (i.e. the sum
of squared deviations of the theoretical spectrum from the
experimental one, related to the number of points in the spectrum),
corresponding to the new parameter value x, = Ax increased by the
value Af, with respect to the optimum value. This increase can be
compared with the intrinsic experimental noise of the spectrum A,
which was measured as the variance of the baseline of the
experimental spectrum. Then, by assuming quadratic depen-
dence of the objective function on the parameter in the vicinity
of minimum, one can estimate the error ¢, , of parameter x as
the deviation Ax, which corresponds to the increase of the
objective function as large as the value of experimental noise:

A
Af:

Ax. (12)

Ex+ =

This procedure implicitly accounts for errors connected with
the mutual dependence of model parameters. In the present
work it was applied for evaluating the uncertainties of the spin
exchange constant J and all Euler angles.

VI. EPR spectra of the biradical
in squalane

The experimentally recorded spectra of the biradical in squalane
over the range of temperatures 100-370 K are shown in Fig. 2 as
black lines. The theoretical spectra obtained as a result of
simulation are presented as red lines. A quantitative agreement
between the experimental spectra and theoretical ones was achieved.

It was found that the EPR spectra are complicated by the
presence of monoradical impurity. This can be well seen in the
spectrum recorded at 271 K (Fig. 2): a clearly observed sharp
line in the low field (marked by blue arrow) is related to the
monoradical admixture. Even at very low content of monoradicals,
they can considerably contribute to the spectral shape, because of
the following reasons:

- the intensity of monoradical spectra is divided only
between three lines, whereas in the case of biradicals, there
are generally more lines;

- monoradical lines are often narrower than those of biradical
lines; this may be due to the large anisotropic dipolar interaction,
which is not completely averaged given that the biradical rotation
is not sufficiently fast.

Due to these reasons, one of the prerequisites for working
with biradicals as spin probes is the thorough purification of
the used materials, including solvents. Thus, it is known*? that
in the presence of Lewis acids, the disproportionation reaction
between two nitroxyl radicals in solution takes place, to form
hydroxylamine and the nitrosonium cation. In the case of
monoradicals, this reaction only decreases the EPR signal
intensity slightly, without changing the spectral shape. In the
case of biradicals, bimolecular disproportionation leads to the
transformation of two biradical molecules into monoradicals,
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Fig. 2 EPR spectra of the studied biradical in squalane at 98-370 K (black lines: experiment, red lines: simulation).

which results in the essential change in the EPR spectral shape.
For this reason, acidic impurities, including water, should be
avoided when working with biradical probes. For the same
reason, the solvents must be thoroughly purified to eliminate
reactive impurities, such as peroxides.

The numerical simulation of spectra in Fig. 2 shows that the
contribution of the monoradical admixture to the double
integral of EPR spectra is 0.8%. Even at such a low concentration,
for quantitative simulation of the spectra, the monoradical
impurity should be explicitly included in the model, for both
low- and high-temperature spectra. In the present work, the
EPR spectra were calculated as superposition of the biradical
spectrum and the monoradical spectrum. For the simulation
of the monoradical spectrum, the same principal values of
Zeeman and hyperfine interaction tensors as observed for the
biradical were used.

At low temperatures, below the glass transition point of
squalane (7 < 200 K), EPR spectra are successfully simulated in
the model of rigid limit. In the vicinity of the glass transition
point (200-230 K), the spectra retain the shape characteristic of
rigid limit, however, the apparent principal values of magnetic
tensors determined in the course of spectral simulation are
different from those at low temperatures. Partial averaging of
magnetic tensors is observed. For monoradicals,>!****> such
behaviour is known to originate from quasi-libration motions
of the probes, i.e. fast stochastic reorientations of the probe
molecule within the solvent cage with limited amplitudes.

It was found that EPR spectra of the biradical investigated in
the present work at these temperatures can be successfully
simulated in the framework of the quasi-libration model. It
was discovered that taking into account quasi-librations just
around the x-axis of the biradical molecule (see Fig. 1 for
designations of axes) is sufficient to quantitatively simulate
EPR spectra. The tensor averaging in this case is expressed by
the equation:

Lx
¢ lr QYR()goRT () (13)

L 2Ly —Ix

This journal is © the Owner Societies 2016

where g, is the apparent g-tensor in the presence of libration
motions, g, is the initial g-tensor in the absence of rotational
motions, Ly is the quasi-libration half-amplitude, and R(}/) is
the rotation matrix for rotation by angle y around the x-axis.
Expressions analogous to (13) hold for the averaging of hyper-
fine interaction and dipolar interaction tensors.

For the determination of quasi-libration amplitudes from
the experimental spectra in the course of spectral simulation,
the principal values of the magnetic parameters were taken
equal to those determined from the lowest-temperature spectrum
(98 K) and were not varied. These values are listed in Table 1. The
other parameters (i.e., linewidths and quasi-libration amplitudes)
were varied to obtain the optimum description of the experi-
mental spectrum. The quasi-libration amplitudes determined in
the course of this procedure are shown in Fig. 3.

At temperatures higher than 230 K, the EPR spectral shape
changes significantly. These changes indicate the transition to
the slow-motional regime. In this regime, the spectra were
simulated with the use of the stochastic Liouville equation.

As shown in ref. 46, in the geometrical structure of the
biradical, the fragment C—=C-C= C-C—C is planar, but due to
the twist of the piperidine rings, the magnetic tensors of the
two nitroxides are tilted by a small angle 0 (¢f Table 1) around
the axis of NO-bonds. Thus, the molecule of the investigated
biradical is characterized by symmetry group C,, with three
2-fold symmetry axes, one of which is directed along the x-axis
of magnetic tensors, and two others make an angle 0/2 ~ 7.9°
with y- and z-axes of magnetic tensors. It would be natural to

Table 1 Magnetic parameters of the biradical molecule determined from
the lowest temperature spectrum (98 K). g,, and A,, (@ = x, y, z) are
principal values of Zeeman and hyperfine interaction tensors; x, y, and z are
components of the dipolar vector (cf. egn (3)), 0 is the angle between
the principal z-axes of g-tensors of the two paramagnetic centers. g- and
A-tensors of the same paramagnetic center are assumed to be coaxial

Zex 2.00936 & 0.00010 A,,, Gauss 5.2 £ 0.5  x, A 10.66 =+ 0.02
gy 2.00656 % 0.00010 Ay, Gauss 7.3 £03  y=z=0
2 2.00238 £ 0.00010 A, Gauss 32.09 & 0.11 0, ° 15.7 + 0.6
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Fig. 3 Quasi-libration half-amplitudes around the x-axis of the probe
molecule.

expect the principal axes of the rotation diffusion tensor to
be directed along the symmetry axes of the probe molecule.
However, it should be taken into account that the probe
molecule can exist in two mutually enantiomeric conformers,
corresponding to different directions of the twist between
piperidine rings (+0 and —0). The energy barrier between these
conformers was estimated in ref. 46 to be about 4 k] mol ' from
quantum-chemical calculations in vacuo, and estimated in this
work to be about 16 k] mol " in squalane (see below). Therefore,
at higher temperatures in the investigated temperature range
the fast interconversion between the two conformers may take
place. This interconversion leads to the averaging of magnetic
tensors according to the equation:

(8xx) = &ux
(guy) = gy 08”0 + g sin> 0 (14)
{(gyy) = gyysin® 0 + g.. cos> 0

where angular brackets denote the averaged values of the
g-tensor, and the analogous equation holds for the averaging
of the hyperfine interaction tensor.

It has been found that the two approaches explained above:
with and without accounting for the fast conformational mobility
of the biradical, lead to an almost identical description of
experimental spectra, and result in very close values of rotation
diffusion coefficients.

The principal values of the rotation diffusion tensor are
presented in Fig. 4. At temperatures 250-280 K, the values of
the rotation diffusion coefficient around the molecular z-axis
are determined with large errors. EPR spectra can be simulated
equally well using the values of R, in a very wide range (Fig. 4).

At temperatures higher than 284 K the rotation diffusion
tensor is apparently axial, i.e. the rotations around y- and z-axes
of the biradical are characterized by the same value of the
rotation diffusion coefficient. The reason for this may be the
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Fig. 4 Principal values of the rotation diffusion tensor of the biradical in
squalane.

enhancement of conformational mobility of the biradical: when
the mutual rotation of the two piperidine rings takes place as
fast as the rotation of the probe molecule as a whole, the axes
perpendicular to the principal rotation axis are no longer
discerned. Given the temperature at which this occurs (~284 K),
one may roughly estimate the energy barrier of the internal
rotation E.. Using Eyring’s equation,*” we may estimate the
characteristic time of internal rotation 7,

1 _kBT Erot
T exp<f RT)' (15)

On the other hand, the correlation time of rotation around the
x-axis of the molecule as a whole, 7,4, is inversely proportional
to the corresponding rotation diffusion coefficient:

1

Trot,x

= 6R.. (16)

By substituting 7'= 284 K and R, = 8.7 x 10° s™" (see Fig. 4) into
eqn (15) and (16), we find that the condition 7,5ty ~ Tin iS
fulfilled at E;o; ~ 16 k] mol™~". The quantum chemical calculation
gives the estimate of E.,; &~ 4 kJ mol '.*® Taking into account
that quantum chemical calculations were performed in vacuo,
these values are not in contradiction.

Fig. 4 demonstrates that the EPR spectra of biradicals are
sensitive to the molecular rotational movements with the
diffusion coefficients mostly in the range 107-10"" s,

The simulation of EPR spectra also provides some information
about the value and the absolute sign of the spin exchange
constant (J in eqn (1)). It is known®® that the EPR spectra of
biradicals both in the rigid limit and in the limit of fast rotations
are only dependent on the absolute value of J. However, in
the slow-motional regime, due to non-complete averaging of
anisotropic interactions, the shape of the EPR spectra depends
on the sign of the spin exchange constant.?® This is illustrated
in Fig. 5a. It demonstrates the experimental EPR spectrum
recorded at 320 K and the best-fit theoretical spectra in the
assumption of positive and negative signs of J. It has been
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Fig. 5 (a) The best-fit simulation of the EPR spectrum of the biradical recorded at 320 K, with positive (red line) and negative (blue line) spin exchange
constants J. The experimental spectrum is shown as black points. (b) Temperature dependence of the spin exchange constant J determined from EPR

spectral simulation.

found that the positive sign of J (J > 0) gives better description
of experimental EPR spectra at all temperatures in the slow-
motional regime of biradical rotations. This means that the
singlet level of the investigated biradical lies below the
triplet level.

It has been found that the accuracy of the absolute values of
the spin exchange constant determined from the EPR spectra
largely depends on the shape of the spectra. This is due to
the fact that for the investigated biradical the spin exchange
constant is much higher than the hyperfine splitting constant,
J » a. In this condition, the positions of EPR lines are only
slightly dependent on the value of J,>>*® and the accurate
determination of J is only possible if the spectra are sufficiently
narrow. For example, at 175 K the EPR spectrum is broad, and
the value of J is determined to be J = 610"%%) Gauss.

At temperatures above ~280 K, EPR spectra become narrower
and allow for more accurate determination of the spin exchange
constant. The values of J obtained at temperatures T > 280 K are
shown in Fig. 5b. It is seen that in this temperature range the
slight decrease of the spin exchange constant with temperature
is observed. This decrease is readily explained by the conformational
mobility of the biradical. The value of the spin exchange is
determined by the overlap of spin-orbitals containing unpaired
electrons of the biradical. This overlap depends on the con-
jugation in the m-system of the biradical molecule (see Fig. 1). It
is largest when the two piperidine rings are parallel, and is
close to zero if they are orthogonal. The mutual rotation of
nitroxide moieties should lead to a decrease of the spin-orbital
overlap, and therefore to the decrease of the spin exchange
constant, which is indeed observed experimentally with the
increase of temperature.

Thus, the experiment indicates that the internal rotation is
sufficiently fast to average spin exchange constant over the
rotamers. On the other hand, the rates of internal rotation can
be estimated on the basis of the rotation diffusion constant
around the biradical x-axis, which is plotted against temperature
in Fig. 4. For example, at 284 K the estimate of the characteristic
rotation time is T ~ 1/(6R,) & 2 x 10 '° 5. As it has been shown
previously,”" this time corresponds to the transition to the

This journal is © the Owner Societies 2016

fast-motion regime, where the spin exchange constant effectively
averages over possible conformers. Therefore, this estimate is in
agreement with the fact that at temperatures higher than 284 K,
the EPR spectra are well described by averaged values of J.
At lower temperatures, as it has been stated above, the spin
exchange constant is determined with high uncertainty, due
to the large spectral linewidth. Under these conditions, the
possible changes in the spectra shape related to the spin
exchange constant modulation due to slow internal rotation
may be masked by the large linewidths.

VII. EPR spectra of the biradical in 8CB

The aligned samples of the biradical in liquid crystalline
4'-octyl-4-cyanobiphenyl (8CB) were prepared as described in
Section II. For the ordered samples, the angular dependence of
the EPR spectrum of the biradical, ie. the dependence of
the spectrum on the angle between the sample director and the
magnetic field of the EPR spectrometer, was recorded. The
angular dependencies were recorded in the smectic phase of
8CB (Fig. 6a) and in the supercooled smectic state at 100 K
(Fig. 6b).

The magnetic parameters used for numerical simulation of
angular dependencies were the same as those determined from
the EPR spectra of the biradical in squalane at 98 K (listed in
Table 1). The value of spin exchange constant J was varied in the
course of the simulation, and for both angular dependencies it
was found to be (700 + 100) Gauss.

For modeling of the spectra in the supercooled smectic
state, the rigid limit approach was used (see Section III). The

values of orientation order parameters <D"'* > were varied to

mn

obtain the best fit. It was found that the truncation of the series
(7) to Jmax = 6 is sufficient for the spectral simulation, and the
further increase of J,.x does not lead to the change in the
theoretical spectra. As in Section VI, the monoradical additive
was explicitly included in the simulation. Due to the small
amount of monoradical impurity, the orientation order para-
meters of the monoradical cannot be separately determined
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Fig. 6 Angular dependency of EPR spectra of the studied biradical in 8CB
at 298.5 K (a) and 100 K (b).

from the spectra. These order parameters were fixed equal to
the corresponding values of the biradical.

For modeling of the angular dependence of EPR spectra in
the smectic state, the stochastic Liouville equation approach
was applied (see Section IV). In this case, the varied parameters
were the principal values of the rotation diffusion tensor and
the expansion coefficients ¢, of the mean-field potential
(eqn (10)). Only three coefficients c3, ¢3 and c¢j were found to
be sufficient for simulation. It has been found that taking into
account the conformational mobility of the biradical according
to eqn (14) gives somewhat better description of experimental
spectra.

The best-fit theoretical spectra obtained in the course of
simulation are presented in Fig. 6 as red lines. The quantitative
agreement between the experimental spectra and the theoretical
ones is observed, both in the smectic and supercooled smectic
states. It is important to note that the same set of magnetic
parameters was used for the simulation of the spectra of the
biradical in squalane and in aligned samples of 8CB. To our
knowledge, this is the first example of quantitative numerical
simulation of angular dependencies of EPR spectra for biradical
probes.

The values of orientation order parameters determined from
the results of simulation are presented in Table 2. For spectra
recorded at 100 K, order parameters were directly optimized
during simulation. In the case of spectra recorded at 298.5 K,
the mean-field potential decomposition coefficients were varied,
and order parameters were determined according to eqn (11). It
was shown in ref. 41 that in this case the obtained order
parameters can no longer be considered mutually independent.
For this reason, determination of uncertainties of obtained
order parameters and choosing the right truncation for the
series of potential decomposition poses difficulties.

One can see that the order parameters determined for the
supercooled smectic state at 100 K are higher than those
determined for the smectic state at 298.5 K. This may originate
from the structural changes, which take place during the cooling
process. At lower temperatures the probe molecules may take
more energetically favourable positions within the liquid
crystalline matrix. Also, the high temperature spectra indicate
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Table 2 The values of orientation and rotation characteristics of the
biradical in 8CB, determined from the result of numerical simulation of
angular dependencies of EPR spectra recorded in the smectic (298.5 K)
and supercooled smectic (100 K) states

Parameter 298.5 K 100 K
<D2* > 0.372 0.537 £ 0.006
0,0
<D4* > 0.144 0.169 £ 0.008
0,0
<D6* > 0.044 0.033 £+ 0.008
0,0
2+ —0.017 0
(03:)
Mean-field potential ) co=1.49 —
decomposition coefficients ¢, c2=-0.17
co=0.41
Q, _, ori, degrees o 111 £ 3 89 + 30
b 103 + 8 115 £ 10
b 95+ 7 —
Ry s! (2.1 + 0.4) x 10’
Ry, 57! (7.3 £ 0.4) x 107  —
R, s ' (4.8 +0.2) x 105 —
Qpir— oriy degrees o 46 + 23 —
B 85 + 10 —
b 0 —

the presence of small biaxiality of the probe orientation

(non-zero <D(2)f2>>.

Apart from the values of order parameters characterizing the
degree of orientation order for the probe molecules, numerical
simulation of the angular dependencies presented in Fig. 6
gives some additional information concerning the orientation
of the spin probe. This information includes the direction of
the orientation axis of the probe, i.e. the molecular axis, which
is characterized by the largest degree of ordering."**° The Euler
angles, obtained from the EPR spectra, are listed in Table 2. For
elongated molecules, such as the biradical used in the present
work, one can expect that the orientation axis should be close to
the longest molecular axis (smallest inertia axis). Contrary to
this expectation, it has been found for the biradical probe used
in this work that the orientation axis differs substantially from
the long molecular axis. This is illustrated in Fig. 7. In this
figure the green arrow indicates the direction of orientation
principal axis, determined from the angular dependence of the
supercooled smectic sample. The red arrow shows the principal
axis of orientation determined from the EPR spectra recorded
at 298.5 K, which coincides with the principal axis of the mean-
field potential. It is seen that the orientation axis at both
temperatures is close, and in both cases it is close to the
y-axis of the nitroxide g-tensor. The Euler angles €, _, ., which
convert the g-tensor into the orientation reference frame, are
listed in Table 2 as well. One can see that they coincide within
the experimental errors.

It should be noted that the possibility to reliably determine
the orientation axes illustrates the advantage of using biradical
spin probes. For nitroxide molecules, the nitrogen hyperfine
splitting constant is almost axial. For this reason, for mono-
radicals, it may be difficult to reliably discern between probe
orientation along x- and y-axes of the nitroxide fragment.
However, in the biradical reported in the present work, due to
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Fig. 7 Direction of principal axes of orientation (green arrow), mean-field
potential (red arrow) and rotation diffusion (blue arrow) of the structure of
the biradical probe.

the additional strongly anisotropic dipolar interaction directed
along the x-axis of the probe, the x- and y-orientations are easily
discerned.

Thus, the experimental data indicate that the molecules of
the investigated biradical are preferentially ordered in both
smectic and supercooled smectic 8CB in such a way that the
liquid crystal director is aligned close to the y-axes of nitroxide
moieties. This presents an unusual example of situation, in
which an elongated molecule in liquid-crystalline media is
aligned contrary to its geometrical shape. To rationalize this,
one should keep in mind that the mode of orientation of
admixture molecules in liquid crystals is determined by numerous
factors, such as complexation, specific interactions, packing, and
geometrical shape, and may not always be exclusively controlled by
the latter factor.

The EPR spectra recorded at 298.5 K contain information
about the probe rotations. The principal values of the rotation
diffusion tensor are listed in Table 2. One important thing to
note is the direction of the principal axis of rotation diffusion,
shown in Fig. 7 defined by Euler angles Qp;¢r_, ori, Which convert
the rotation diffusion tensor into the orientation reference
frame. Whereas the principal orientation axis of the probe is
directed close to the y-axis of the nitroxide moiety, the principal
axis of rotation is directed close to the smallest inertia axis of
the biradical. This reflects the fact that the fastest rotation
takes place around the longest molecular axis of the probe.

Thus, in the case of the studied biradical in liquid crystalline
8CB, the principal axes of rotation and orientation are not the
same. The physical meaning of such situation is the following.
Although the turns along the elongated molecular axis are
facilitated, the rotation is not uniform, i.e. during the rotation
diffusion process the probe molecule spends more time with its
y-axis aligned parallel to the liquid crystal director.

It should be noted that although the axis of the fastest
rotation of the probe is close to the elongated molecular axis
(x-axis of g-tensor), they do not coincide. The angle between
these two axes is (26 £ 15)°. It means that rotation diffusion of
an admixture molecule inside the liquid-crystalline matrix is a
complex process that involves both the movements and relative
reorientations of the probe and the surrounding molecules,
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and therefore is not solely defined by the probe geometry, but
rather by the structures of transient complexes between the
molecules of the probe and the matrix.

VIIl. Conclusions

Quantitative numerical simulation of EPR spectra of the nitroxide
biradical in two model systems has been accomplished in the
present work. For the solution of the biradical in a viscous solvent
(squalane), the temperature dependence of EPR spectra was
analyzed, and two principal models of rotation mobility were
used to account for spectral changes at different temperatures.
Quasi-librations manifest themselves in the glassy state of the
matrix, where the molecular rotation is restricted. At higher
temperatures, the model of rotation diffusion is applicable for
spectral simulation. Conformational dynamics was found to be
reflected in the shape of EPR spectra (a) in the temperature
dependence of the spin exchange constant and (b) in apparent
axiality of the rotation diffusion tensor at temperatures higher
than 284 K. Simulation of EPR spectra in the slow-motional
regime allows determining the absolute sign of the spin exchange
constant.

The numerical analysis of angular dependencies of EPR
spectra of the biradical in the ordered liquid crystal (8CB)
was used to obtain information about orientation alignment
of the probe. The unusual mode of the probe orientation with
respect to the liquid crystal director was discovered, and it has
been shown that for the studied system the principal axes of
orientation and rotation differ strongly.

We should note the consistency of the obtained results from
the point of view of biradical magnetic parameters. All EPR
spectra in this work, recorded at temperatures from 100 K to
370 K, both in isotropic and ordered samples, were simulated
with the use of the single set of magnetic parameters, which
supports the reliability of the measured characteristics of
rotation and alignment.
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