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ABSTRACT: The angular dependences of g-value and line width of EPR spectra of paramagnetic ROO

all-organic liquid crystalline (LC) materials were measured for the quantitative characterization of }Mo

the nematic, cholesteric, and smectic C phases. The detailed molecular alignment in mesophases o o>_©_ S
was determined by means of numerical spectra simulation focusing on spin exchange and dipole—
dipole magnetic interactions of neighboring molecules. The obtained structural data indicate that J>/33° §
the spin polarization mechanism between neighboring molecules rather than the direct through-
space interactions between paramagnetic centers is responsible for the specific magnetic properties
of the studied LC materials.

Paramagnetic liquid crystal

Molecular alignment of SmC layer.

1. INTRODUCTION However, it is noteworthy that the known theories can essentially
provide a good background to the quantitative description of
EPR spectra of nondiluted paramagnetic LC samples.

With this situation in mind, we synthesized prototypic all-
organic radical LC materials containing a nitroxide moiety in the
rigid core part (Figure 1) and discovered the occurrence of the

Liquid crystals (LCs) are widely used in display technologies
and are being considered for many potential applications, such as
optical data storage materials, active optical media, biomedical
tools, and so on."™* LCs are sensitive to external stimuli, such
as temperature, pressure, and electric and magnetic fields, or
additives, such as chiral dopants, and thereby the molecular

orientation and LC superstructure can be easily altered.>® In CoHaps O O, Me
this context, magnetic LC.S have been antlc'lpated to l.:oecome Me? N O_CO 0CHy 0,
novel advanced soft materials that can combine the optical and 0O- i
electrical properties of conventional LCs with the magnetic and
I:m=7,n=8 22m=n=13 3: m=n=4

electronic properties of paramagnetic compounds, exhibiting
unique magnetic interactions and unconventional magneto- Figure 1. Paramagnetic LC compounds used in the present study.

electric®™'" or magnetooptical >~'* properties.
Meanwhile, the use of a thermally and air-stable nitroxide

radical group as the spin source in the mesogen core of magnetic positive “magneto-LC effects” (J > 0), a sort of spin glasslike
LCs is of great advantage for directly obtaining microscopic inhomogeneous ferromagnetic interaction induced by weak
information on the molecular orientation, relative molecular magnetic fields, in the LC thises'so_37 The understanding of the
position, and intermolecular magnetic interactions in the LC origin of the magneto-LC effects is essential for the design of LC
phases by electron paramagnetic resonance (EPR) spectroscopy, molecules showing larger magnetic interactions. The aim of the
whereas X-ray diffraction, neutron scattering,15’16 and optical present work is to extract the detailed structural information of
techniques'”'® are useful for the general characterization of the magnetic LC phases from the shape and angular dependence of
symmetry and type of LC phase. The spin exchange and dipole— EPR spectra of paramagnetic LC materials and to study the origin

of the positive magneto-LC effects.
We already reported the high sensitivity of the EPR technique
in the determination of orientation molecular distribution when

dipole interactions of paramagnetic centers, which reflect the
molecular structure of the material, manifest themselves in the
shape of the EPR spectrum.'® Thus, many reports have been
devoted to the theoretical and experimental studies of dipole—

dipole and exchange broadening of EPR spectra,zo_29 but in Received: November S, 2013
most cases the diluted isotropic solutions of a paramagnetic Revised: ~ January 29, 2014
substance in a diamagnetic host medium have been considered. Published: January 30, 2014
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substances shown in Figure 1 were used as paramagnetic probes
in a diamagnetic host LC medium.**** Although the specific
angular dependence of the observed g-value of the EPR signal
was reported as well,*”*' the angular dependence of EPR
spectrum broadening that demonstrates intermolecular magnetic
interactions has not been analyzed yet.

2. EXPERIMENTAL DETAILS

We prepared (£)-1, (55)-1, ()-2, (5,5)-2, and (S,5)-3 as
reported previously.”>" The phase sequences of samples 1 and 2
are as follows: crystal-(63.3 °C)-N-(103.1 °C)-isotropic for
(£)-1, crystal-(79.3 °C)-N*-(103.5 °C)-isotropic for (S,S)-1,
crystal-(71.9 °C)-SmC-(86.1 °C)-N-(90.3 °C)-isotropic for
(£)-2, crystal-(67.2 °C)-SmC*-(86.0 °C)-N*-(90.8 °C)-
isotropic for (S,5)-2, where N, N*, SmC, and SmC* denote
the nematic, cholesteric (chiral nematic), smectic, and chiral
smectic phases, respectively.

We used a commercially available thin-sandwich LC cell (EHC
Co., Japan; 4 um thickness) that consists of two indium tin oxide
coated glass plates covered with rubbed polyimide films. The cell
gap was maintained by inserting 4 um thick spacers between the
two plates. Substance was filled into the cell gap in the isotropic
phase by capillary action under vacuum, and then the cell was
cooled to room temperature. As shown in Figure 2a, the cell size
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Figure 2. (a) (left) LC cell appearance and vertically and horizontally
rubbed cells (middle and right, respectively). The black and gray arrows
indicate the rubbing direction of the top and bottom planes, respectively.
(b) Top view of the EPR cavity, which was designed for the insertion and
rotation of the LC cell. (c) Definition of the rotation angles of the LC
cell relative to the magnetic field of the spectrometer.

was 25 X 12 mm? and the rubbing directions on the top and the
bottom planes were opposite (antiparallel configuration). To
obtain the two-axis rotation data, we used two types of cells with
different rubbing directions that were orthogonal to each other.
As shown in Figure 2a, we defined one as vertically rubbed cell
and the other as horizontally rubbed cell.

We used an EPR spectrometer (X-band, JEOL-FE1XG) with
a cavity hole modified for LC cell insertion (Figure 2b). The
modification of the insertion hole did not cause a critical loss of
the Q-factor. We measured the EPR spectrum at each angle by
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rotating the rod to which the LC cell was attached. The angle was
defined as 0° when the cell plane was parallel to the applied static
magnetic field (Figure 2c). We constructed a temperature
control system in which the sample was heated by the air flow.
The system had two thermocouples: one is for monitoring the
temperature near the heater, and the other is for monitoring the
temperature near the LC cell. The temperature inhomogeneity in
the cell area was estimated to be less than 1.5 °C. Spectra were
recorded at the temperature of existence of mesophases.

3. EXPERIMENTAL RESULTS

Typical experimental spectra obtained are presented in Figure 3a.
It is seen that the observed spectra are broadened singlet signals.
Peak-to-peak line width is in the 1.6—1.9 mT range for smectic
phases and in the 1.5—1.7 mT range for nematic phases. The
values of line width directly measured using maximum and
minimum points of the spectra were found to be insufliciently
accurate for quantitative analysis. The errors are induced by
noise of spectra recording. To obtain more precise quantitative
characteristics of the spectra, the nonlinear least-squares fitting
was used. The program described in ref 42 was applied for this
procedure. The line shape was described by the Voigt profile,
which is the convolution of Lorentzian and Gaussian functions.
The g-value, Lorentzian width AH;, and Gaussian width AHg
were varied parameters in the course of fitting.

The results of the fitting are illustrated in Figure 3a. The
effective peak-to-peak width AH,,, of the si§nal was determined
in accordance with the following equation:**

2
( AH, ] .
AHPP (1)

The examples of obtained values of line widths for experimental
spectra are presented in Table 1 (columns 2—4).

Spectra obtained experimentally were described within the
precision of the recording procedure as it is seen in Figure 3a.
The exceptions were the spectra of nematic phases recorded
at 45° and 60°. These spectra were found to contain small
admixture of dispersion spectrum, which has integral line shape.
This admixture seems to be a result of the “rapid passage”
effect.

As a result of the fitting, the angular dependences of g-value
and line width of signal were extracted from experimental
spectra. The obtained data will be discussed below.

Singlet spectra are not typical for nitroxide radicals which
ordinarily demonstrate hyperfine splitting on the nitrogen
nucleus. The obvious causes of singlet signal in the studied LC
materials are exchange interaction and rotation mobility that
averages anisotropy of hyperfine interaction. To clarify the role of
rotation movements, the following experiments were done. The
spectrum of dilute disordered toluene solution of (+)-2 at 77 K
in glassy state was used to determine the anisotropic magnetic
parameters. The obtained values were g, = 2.0091 + 0.0002, g, =
2.0061 + 0.0002, g, =2.0021 + 0.0002, A, = A,=0.39 £ 0.05mT,
and A, = 321 + 0.04 mT. To study the molecular rotation
mobility in an LC medium, the spectrum of diluted disordered
solution of racemic compound (+)-2 in the SmA phase of 8CB
was recorded (Figure 3b). The simulation of this spectrum with
the method***” produced the following data: the tilt angles for
main rotation molecular axis in g-tensor frame are @ = 90° and
B = 39.6°, and rotation diffusion coefficients are D, = D, =
(2.7 £0.4) x10°s ' and D, = (3.0 £ 0.3) X10% s~ The obtained
tilt angles are in accordance with the direction of elongated

AH,
AH,,

=1
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Figure 3. (a) Typical experimental EPR spectra and results of fitting using Voigt line shape. (b) EPR spectrum for diluted solution of (+)-2 in the SmA
phase of 8CB at 30 °C. Lines, experimental values; points, result of simulation.

Table 1. Lorentzian Width AH;, Gaussian Width AH, and
Peak-to-Peak Width AH,,, Obtained for Experimental Spectra
(SmC) and Spectra Calculated Theoretically Using Eq 12 and
Reverse Fourier Transform®

experimental calculated
angle AHg AH;, AH,, AHg AH;, AH,,
0 9.16 14.45 18.89 8.92 14.52 18.76
30 7.84 15.55 18.81 8.83 14.53 18.70
60 7.07 15.68 18.40 8.26 14.57 18.30
90 7.41 14.64 17.74 7.08 14.87 17.70

“Parameters are listed in Table 3.

molecular axis in the magnetic molecular frame of nitroxide
moiety and conform to the data obtained earlier.***® The values
of diffusion coefficients demonstrate that rotation around the
long molecular axis is substantially faster than rotation around
the perpendicular molecular axes.

4. QUALITATIVE CONSIDERATION OF EPR SPECTRUM
LINE SHAPE

Figure 3b demonstrates the shape of EPR spectrum when
dipole—dipole and exchange interactions are excluded. The fast
rotation around the long molecular axis averages the magnetic
parameters to the following values: g}}x = gfy =2.0068, g?z =2.0037,
Ay, = A}, = 094 mT, and A, = 2.03 mT (see Appendix A).
The stochastic magnetic field from neighboring paramagnetic
molecules can broaden the spectrum but cannot induce the dis-
appearance of hyperfine splitting. Thus, absence of the splitting
can be used for estimation of exchange frequency. It is known'

that the hyperfine structure is collapsed when exchange fre-
quency ®,, is comparable to or more than the constant of
hyperfine interaction (w,, > 7.4, where a is the hyperfine
constant and y, is the electron gyromagnetic ratio). In the
considered case this condition gives an estimate of exchange
frequency w,, > 1.2 X 10%s7".

Let us estimate the collision frequency of paramagnetic
fragments in the course of rotation movements. The molecular
structure in the first coordination sphere of a molecule within the
smectic layer can be considered as hexagonal close packing. The
elementary rotational jump of a molecule in this structure is
the turn around the long molecular axis with the angle A = 7/3.
The simple model of random walk predicts the diffusion
coefficient for rotation around this single axis to be equal to
D, =vA*/2, where v is the jump frequency. The paramagnetic
nitroxide group in the considered molecules is directed laterally
relative to the long molecular axis. In the course of rotational
jumps, the paramagnetic group comes into collision, which
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induces the change of spin state by exchange interaction.
Therefore, the lifetime of a paramagnetic molecule in any spin
state is determined by the frequency of rotational jumps. Using
the experimentally obtained value of rotation diffusion coefficient
D, = 3.0 X 10* s7! and a factor of two for the probability of
exchange after a jump, one can obtain the value for lifetime of
spin state 7 = 3.6 X 10~ s and predict the width of EPR line due
to spin exchange (%/y.r) ~ 1.5 mT. Thus, the observed line
width of EPR signal (1.6—1.9 mT) is determined mostly by the
frequency of rotational collisions which induce the change of spin
state by spin exchange with neighboring paramagnetic molecules.
These rotations and exchange are characterized by the frequency
that is sufficient to average the stochastic magnetic fields from
neighboring particles, i.e., lead to zero dipole—dipole broadening
of EPR spectra. There is one exception for this averaging
process. It is the dipole—dipole interaction between neighboring
molecules that are in exchange coupling. These molecules
compose a combined multispin system in which dipole—dipole
interaction of spins is not averaged but is a source of fine
structure of EPR spectrum. Therefore dipole—dipole interaction
of only a few molecules that are in exchange coupling should be
taken into account in the course of the description of the shape of
the EPR spectrum.

5. SUPERSTRUCTURE OF LIQUID CRYSTALLINE
PHASES

To describe the angular dependences of g-value and line width
obtained experimentally, the orientation order and mutual
arrangement of molecules should be taken into account. For this
purpose the structure of the liquid crystalline phase should be
considered. The simplest structure is known to be in the nematic
phase ((£)-1 compound). The schematic presentation of this
structure in the case of command surface oriented vertically is
presented in Figure 4a.

Let Zs denote the sample axis oriented along the rubbing
direction of the cell and Ys denote the sample axis oriented along
the sample normal. Then, according to Figure 2c, the vertically
aligned LC cell is rotated inside the ESR spectrometer cavity

a

Zs b Zs

<

Figure 4. Schematic representation of molecular structures of nematic
(a) and cholesteric (N*) (b) phases in the cell with command surfaces
oriented vertically. Xs, Ys, and Zs are axes of the sample.
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around its Zs axis, whereas the horizontally aligned LC cell is
rotated around its Xs axis. The angular dependences of ESR
spectra under these rotations will be further referred to as
Z-dependence and X-dependence accordingly.

Preferential molecular orientation induced by rubbed
command surfaces can be described by single-particle orienta-
tion distribution function p,(8,y) =0N/dfdy, which describes
number density of molecules oriented at Euler angles  and y in
the sample reference frame. The most general presentation of
this function is expansion in a series of generalized spherical
harmonics (elements of Wigner’s D-matrix)."”** However, we
will use here the simplest representation of orientation
distribution function restricted by terms of the second rank:

1 S S
ps(ﬂ, y) = Py + ESZOPZ(COS B + Z—SZZPZZ(COS B)cos 2y

Jé
)

where S,;and S,, are orientation order parameters and P,(cos /)
and P5 (cos f3) are Legendre polynomial and associated Legendre
polynomial, respectively.

In the case of N* mesophase (compound (S,S)-1), the
command surface induces orientation order only in the nearest
layer of liquid crystal. The following layers are oriented with
some angular shifts so that a helical orientation structure is
formed in the medium (Figure 4b). The step of the helical
structure is dictated by the twist power of the compound, but
in the considered cells helical structure must also be consistent
with the orientation imposed by the second command surface
(not shown in Figure 4b for simplicity).

A more complicated structure is typical for smectic C phase
(compound (+)-2). The structure of this mesophase must satisfy
not only the orientation boundary condition induced by the
command surface but also requirements of layer structure and tilt
angle of molecules relative to the layer normal. The possible
structures are presented in Figure S.

Figure S. Schematic presentation of possible SmC structures in the cell.
Limit case 1 (a) and limit case 2 (b) correspond to parallel and tilted
orientation of C-director relative to the command surface. Only one of
four possible layers in general case (c) is shown for clarity.

In Figure Sa and Sb, limit cases 1 and 2, which correspond to
different orientations of layers relative to the command surface,
are shown. Both limit cases permit the existence of two layers
with different spatial orientations. In the general case, there
are four possible layers with different orientations (only one of
them is presented in Figure Sc). To describe possible spatial
orientations of layers, let us consider the XsYs plane, which is
orthogonal to the director of the command surfaces (gray planes
in Figure S). Then spatial orientations of layers can be described
by angle y between the axis Ys and line of intersection of the layer
and plane XsYs. Limit case 1 and limit case 2 are described by
y = 0 and y = /2, respectively.

Consideration of dipole—dipole interaction requires definition
of not one-particle orientation distribution but mostly length
and direction of vector connecting nitroxide groups of two
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neighboring molecules. To determine these parameters, let us
consider the structure of the SmC layer in more detail. The
molecules forming the layer are tilted relative to the layer normal.
The direction of the tilt is defined by the C-director. Figure 6

am

Figure 6. Mutual location of LC molecules in layer of SmC phase along
C-director (a) and in perpendicular direction (b). Circles denote the
positions of paramagnetic nitroxide groups.

demonstrates neighboring molecules in two orthogonal planes.
The first plane (Figure 6a) contains the director and C-director
of smectic layer. The second plane (Figure 6b) contains the
director, but it is orthogonal to the first plane. It is known (see,
for example, ref 49) that molecules in the monolayer smectics on
the average have antiparallel orientation.

In order to describe the molecular structure of the smectic
layer, we have chosen distances a, and b, and angle o as
parameters (see Figure 6b). These parameters are interdepend-
ent as tan ¢ = b, /a,,. The additional parameter ¢ is the tilt angle
of molecular axis relative to the smectic layer normal. Vectors r in
Figure 6a connect the nitroxide groups of neighboring molecules.
All defined parameters fluctuate in the real structure of LC. Thus,
they are values averaged over orientational and positional
molecular distributions.

Tilt o, in SmC structure causes a dependence of vector r
length on direction to neighboring molecules. To describe
this dependence, the line of intersection of the layer and
plane XsYs in Figure S can be used. Let ¢ be the angle between
this line of intersection in Figure S and the projection of r
on the plane XsYs. Then components of vector r in the
sample reference frame (Xs, Ys, Zs) are the following (see
Appendix C):

{r, r,, .} = {a,sin(p — ), a,cos(p — ),

+ (b, + a_sin qatgaL)} (3)

where + reflects two locations of the layer relative to the plane
XsYs in Figure S.
Direction cosines for the vector r are the following:

cos r = {cos xr, cos yr, cos zr} = {r,/Irl, ry/lrl, r,/Irl}

4)
where Irl = (2 + 1 + 1)

Prediction of molecular structure of SmC* (compound (S,S)-2)
in the considered cell is the most complicated problem. The
requirement of molecular orientation induced by command
surfaces of the cell, the requirement of the existence of smectic
layers, and the requirement of helical orientation of C-director
induced by optical activity of the compound cannot be satisfied
simultaneously. It means that the real structure violates these
requirements in some degree. As a result of the impossibility of
predicting the real structure in these conditions, we cannot
qualitatively describe angular dependences of line width obtained
for this system.
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Figure 7. Angular dependences of g-value for N (a) and N* (b) phases obtained by description of experimental spectra. Solid points represent rotation
around the Xs axis; open points represent rotation around the Zs axis; lines are results of calculations (see text).
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Figure 8. Angular dependences of g-value for SmC (a) and SmC* (b) phases obtained by description of experimental spectra. Solid points represent
rotation around the Xs axis (X-dependence), and open points represent rotation around the Zs axis (Z-dependence). Triangles are Z-dependences

shifted up 0.00025, and lines are results of calculations (see text).

6. DESCRIPTION OF G-VALUE ANGULAR
DEPENDENCES

Angular dependences of g-value for N and N* phases obtained
by fitting of experimental spectra are presented in Figure 7.

To calculate angular dependence of the g-value presented in
Figure 7a, one should take into account that the anisotropy of the
g-value is smaller than the width of the EPR spectrum observed.
The signals from particles with different orientations overlap and
form a single resonant line. In this condition the direct averaging
of the g-value with orientation distribution is valid. Let g be
the effective g’-tensor presented in the reference frame of
rotation axes (see Appendix A). Then for any subensemble of
paramagnetic molecules oriented with angles f and y in the
sample reference frame, g, -tensor is characterized by

gl,m(/)’; 7)2 = REu(0, j, }/)ngREu(O; B v) ©)

where REu(0, 3, y) is the Euler rotation matrix.
The gz-tensor averaged in accordance with orientation
distribution is the following:

- S B, 1B, 7)sin

2
Bav 4r

(6)

where orientation distribution p (3, y) is given by expression (2).
Then the observed g-value averaged in accordance with

orientation distribution can be calculated as follows:

g,,.0) = H(y)g, H()]"* @)

where H(y) is the vector of the magnetic field in the sample
reference frame and H,(y) = {0, sin y, cos ¥} and H,(y)={cos ,
sin y, 0} are for X-dependence and Z-dependence, respectively.
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For calculations of g,,(y), the values of orientation order
parameters S,, and Sy, (eq 2) should be estimated. It is known
that the biaxial term S,, is often negligible. The value S,, for
smectic phases is ordinarily within the range of 0.6—0.8 (see for
example ref 50). It was found earlier*” that the value of S, for
studied substancies lies in the same range. In the course of fitting
experimental dependency values S,; = 0.67 and S, = 0 were
obtained. Results of calculations with the use of these values
according to eq 7 are presented in Figure 7a as lines.

In the case of the N* phase, the one-particle orienta-
tion distribution function should be averaged over the helical
orientation structure of the sample. Averaged order param-
eters for the considered case are the following: (S,g),, = Sy/4 and
(8$32)ar = (3/2)"/2 S59/4 (see Appendix B).

Angular dependences of the g-value for the SmC phase
(compound (+)-2) and SmC* phase (compound (S,5)-2) are
shown in Figure 8. The data obtained from experimental
spectra demonstrate a minor contradiction. The position of the
samples at turn angle 90° for X-dependence and turn angle 90°
for Z-dependence are in fact identical, but the obtained g-values
are different. This observation indicates that two samples used
for recording of X- and Z- dependences were not identical.
Possibly they differed slightly by orientation order, temper-
ature, or prehistory in the course of preparation. To improve
this small discrepancy, we have shifted Z-dependences up
0.00025, which is almost within the range of experimental
errors.

Figure 8 demonstrates that orientation distribution (2)
describes the angular dependences of g-values well. Values of
one-particle orientation order parameters obtained in the course
of simulation of these dependences are presented in Table 2.

dx.doi.org/10.1021/jp410891s | J. Phys. Chem. B 2014, 118, 1932—1942
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Table 2. Order Parameters of Studied Phases in the Reference
Frame Presented in Figures 4 and §

LC phase (compound) Sy Sy
N (compound (+)-1) 0.67 0
N* (compound (S,5)- 1) 0.67 (local) 0 (local)
0.168 (averaged) 0.205 (averaged)
SmC (compound (+)-2) 0.80 —0.07
SmC* (compound (S,5)-2) 0.42 —0.06

Itis seen (Figure 7b) that in accordance with the symmetry of the
N* sample, the X-dependence of the g-value coincides with
Z-dependence. Both nematic phases demonstrate axial local
orientation order. Both SmC phases display biaxiality that
manifests itself in a nonzero value of order parameter S,,
that describes the Z-dependence of the observed g-value.
It can be seen in Figure 8 that angular dependences in the
case of compound (S,S)-2 qualitatively resemble the depend-
ences for compound (+)-2 but are characterized by lower
ordering.

Thus, description of angular dependence of g-values gives the
quantitative characteristics of molecular orientation distribution.
However, the one-particle orientation distribution function p;
carries very limited information concerning the molecular
structure of the LC phase.

7. DESCRIPTION OF LINE WIDTH ANGULAR
DEPENDENCES

Angular dependences of width of EPR spectra are presented in
Figure 9.

For description of these angular dependences, we have used
direct numerical calculation of EPR spectrum shape. Let an
individual EPR line from a solitary magnetic center be a Gaussian
line with width 6. The line shape in this case is described by the
following expressions:

2

2
G

x
Gaus = — exp

1
— GausF = iw exp[——&GZWZ]
G 2

X
25
(8)

where x is the magnetic field relative to the center of the line and
GausF is the Fourier transform.

The Gaussian shape here has been chosen only for
simplification of calculation procedure. Indeed, a d-function or
Lorentzian function could be taken as well. Width of this
individual line will be taken below as negligibly small relative to
the width of the observed broadened line. Thus, the shape of the
initial individual line does not influence the final spectrum.

As is mentioned above, line width of the considered EPR
spectra is defined by rotation collisions and by spin exchange
and dipole—dipole interactions between LC molecules. The
frequency of the rotational collisions is orientation-independent.
The rotational collisions define the lifetime of spin states and
induce the constant width J; of line with Lorentzian shape in
accordance with the following expression:

2/
0y,

1
1+ (x/6,)

Lor = — LorF = exp[—6;Iwl]

©)

The angular dependence is observed as a result of dipole—
dipole interaction of molecules that are partners in spin
exchange. Such neighboring spin induces an additional magnetic
field in the point of considered paramagnetic center. This
additional field is known to be described by the following
expression:

_ 3cos(Hr)* — 1

|t’(l//, P, Ay Oy aL)|3

Hdd

(10)

where (Hr) is the angle between the external magnetic field and
vector r which connects two neighboring centers.

AHpp (mT)

AHpp (mT)

e ang (deg) ang (deg)
“0 60 120 180 240 300 360 0 60 120 180 240 300 360
2.0+
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® ° . o ©®
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Figure 9. Angular dependences of width of EPR spectra for N (a), N* (b), SmC (c), and SmC* (d) phases. Points are values obtained from experimental
spectra; solid points represent rotation around the Xs axis (X-dependence) and open points represent rotation around the Zs axis (Z-dependence).

Lines are results of calculations.
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Table 3. Structural Parameters of Mesophases Obtained in the Course of Description of Experimental Line Width Angular

Dependences
LC phase (compound) &, (mT) a, (A)
N (compound (+)-1) 1.28 7.0
N* (compound (S,S)- 1) 1.26 6.4
SmC (compound (+)-2) 1.30 6.5

by (A) i (A) o ay Py
10.0 12.2 55° 0 0.35

9.1 112 55° 0 0.0

11.3 13.0 60° 33° -0.2

Length of vector r is in the denominator of eq 10. Here we
stress the dependence of the vector r on structural parameters
described above. Cosine in the numerator of eq 10 is calculated as
the dot product of direction cosines of vector r (eq 4) and
magnetic field vector H,(y) = {0, sin y, cos y}, Hy()() ={siny, 0,
cos y}, and H,(y) = {sin y, 0, cos x} for angular dependences
around Xs, Ys, and Zs axes, respectively.

As two possible spin states are possible for the neighboring
center, the presence of a neighbor induces splitting of the EPR
line into two components. For example, if the initial line was
o-function, the dipole—dipole interaction with one center results
in the following doublet spectrum:

1 Hdd) ( Hdd)
H,=—|§lx— —|+6lx+ —|| > H,F=
dd 2[ (x > x > dd

()
cos| w
2 (11)

where Hyy is given by eq 10 and Hy4F is its Fourier transform.

The resulting spectrum is a convolution of functions 8, 9,
and 11. Fourier transform for the resulting spectrum SF is
presented as follows:**

SE(r) = ),
layers

1 /2
- / GausF-LorF-Hy,F(g, ){)',013(40)'d§0
T J =0

(12)
where integration over ¢ reflects the summation of spectra with
different orientations of pairs and angle y describes the angular
dependence of the spectrum.

Equation 12 contains the distribution function pp(qo). It
should be noted that this function is not the one-particle
orientation distribution function which was discussed in sections
S and 6 of present paper. The orientation distribution of vector r,
which connects neighboring paramagnetic centers, should be
used in eq 12. Thus, it is a two-particle distribution function. In
our calculations, we used not the full two-particle distribution
function but only the partial dependence pp(go) which describes
the distribution of projections of vector r on plane XsYs. This
function was taken as follows:

Pp(éﬂ) =1 + Py cos 2¢ (13)
where P,, is the two-particle order parameter.

To take into account dipole—dipole interaction from two or
more neighboring molecules, the term HyF in eq 12 was used
two or more times. Each layer with specific orientation was
described as a separate integrand in eq 12, and results were
summed over all possible layers (Figure 5). The spectrum shape
was obtained by numerical inverse Fourier transform of the result
of eq 12.

The spectra calculated using this procedure with properly
chosen values of parameters were found to be in very good
agreement with the spectra obtained in the experiment.
Lorentzian and Gaussian widths of calculated spectra in
comparison with the same values for experimental spectra are
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presented in Table 1. Peak-to-peak width of calculated
spectra for the purpose of comparison with experimental data
was straightforwardly measured as difference of fields for
maximum and minimum points of the spectral curve. Angular
dependences of the AH,, value for calculated spectra are
presented in Figure 9 as lines. Dependence of line width in
the course of rotation around Ys axis (Y-dependence), which
was not studied experimentally, can be calculated, too (see
Appendix D).

It was found that the experimental data in the case of the
nematic phase (Figure 9a) are described satisfactorily if only
one neighboring molecule inducing dipole—dipole interaction is
taken into account. This means that in the nematic phase the
average number of molecules coupled by spin exchange is equal
to two.

In the case of the N* phase (Figure 9b), helical structure
induces the new symmetry axis that is parallel to the sample axis
Ys. The EPR spectrum in this case is the sum of the spectra
with different angles of turn around the Ys axis. Therefore,
to calculate spectra, vector r (eq 3) should be transformed by
rotation around Ys with angle ay and used for determination of
Hyq (egs 10 and 11). The obtained expression is substituted in
eq 12, which then is integrated additionally over variable ay. The
small difference between X- and Z-dependences in Figure 9b
is obviously caused by the presence of two command surfaces.
The two command surfaces lead to somewhat larger number of
molecules oriented vertically relative to the number of molecules
oriented horizontally. This circumstance was taken into account
in the following way. In the course of integration over ay with
the use of the trapezoid method (21 grid points), the spectra at
oy = 0 and @y = 7 were taken with coefficient 1 instead of
coefficient 0.5. In this way we slightly increased the weight of
the spectra from vertically aligned material in the course of
integration.

The experimental data for SmC phase (Figure 9¢c) were found
to be satisfactorily described when dipole—dipole interac-
tions with two neighboring molecules were included. These
two influencing neighbors are located in opposite directions,
as is presented in Figure 6. It was found as well that correct
experimental Z-dependence is reproduced only if the smectic
layer has limit case 1 orientation (angle y = 0, see Figure Sa).

The dependence for SmC* phase (Figure 9d) was not
described yet as we do not have information concerning the type
of structural organization in this medium. As was mentioned
above, structural requirements and boundary conditions cannot
be satisfied simultaneously in the case of SmC* phase. The
resulting structural distortions manifest themselves as dimin-
ished orientation order demonstrated in section 6 and as specific
features of angular dependence that are seen in Figure 9d.
Knowledge of the nature of these distortions is necessary for
quantitative description of the observed spectra.

Values of structural parameters were chosen in the course of
description of experimental angular dependences. The values
corresponding to the best descriptions are collected in Table 3.
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Figure 10. Change of angular dependence when parameter value is changed. y = 7/2, 6 = 60° (limit case 2) (a); =0, o = 58° (limit case 1) (b); =0,
0= 62° (limit case 1) (c); other parameters are optimal for SmC phase (Figure 9¢, Table 3). X-dependences are solid lines, Z-dependences are dash lines.

Figure 11. Crystal structure of (S,S)-3 determined by X-ray crystallographic analysis (a), relative position of a pair of molecules in the crystal (b), and
spin density distribution in the same pair by quantum chemical calculations (c). The hydrocarbon chains are omitted for clarity in panels b and c.

The used method was found to be very sensitive to parameter
values. Figure 10 demonstrates the changes of angular depend-
ences brought about by the change of parameters. The
dependences presented in Figure 10 should be compared with
dependences shown in Figure 9c. Essential changes in the
shape of angular dependences induced by variation of parameters
are seen. The influence of other parameters is illustrated in
Appendix E.

8. INTERMOLECULAR INTERACTIONS IN LC PHASES

On the basis of the structural parameters of mesophases listed
in Table 3, the relative molecular alignment in the liquid
crystal phases can be estimated. For comparison and reference,
the molecular structure and crystal packing of an analogous
compound (S,5)-3 determined by X-ray crystallographic analysis
are used (Figure 11a).>° We have picked out a pair of molecules
in the crystal lattice, which can satisfy the parameters in Table 3.
The chosen pair consists of two molecules in the adjacent
layers shown in Figure 11a. The distance (12.8 A) between the
paramagnetic nitroxide moieties of the two molecules is in good
agreement with the values (r,,) in Table 3 obtained from the EPR
spectra. It is easily envisaged that the LC phases are formed by a
sequence of such pairs of molecules which continuously change
the partners during molecular rotation.

A negative value of order parameter P,, for the SmC phase
indicates that vector r connecting interacting molecules lies
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predominantly in the plane of the command surfaces. Taking
into account that the limit case 1 (Figure Sa) is realized in our
experiments, it is clear that vector r tends to be in one plane with
the director and C-director of the SmC phase. In contrast, the
N phase is characterized by a positive P,, value. This means
that the projection of vector r on plane XsYs in the N phase
tends to orient perpendicular to command surfaces. Thus, two-
particle distribution demonstrates small biaxiality of the SmC
and N phases.

It was found that in the case of the SmC phase any
paramagnetic center is in spin exchange with two neighboring
molecules. Therefore, long chains of molecules undergoing the
spin exchange are formed in the SmC layer. As the obtained
structural parameters for the N and N* phase are close to those
of the SmC phase, one can conclude that similar intermolecular
interactions operate in these phases, too. However, a molecule
in the N and N* phases on average undergoes the spin exchange
with only one neighboring molecule.

An important question is how the molecules in such pairs
demonstrate spin exchange in spite of large distance between
paramagnetic centers. To clarify this issue we performed
quantum chemical calculations of spin density distribution in
the studied molecule. DFT calculations were done using the
ORCA program package®' using the B3LYP functional with
6-31G basis modified to describe nitroxide radicals.”> Calcu-
lations were performed for molecular geometry obtained by

dx.doi.org/10.1021/jp410891s | J. Phys. Chem. B 2014, 118, 1932—1942



The Journal of Physical Chemistry B

X-ray data (published in Supporting Information of ref 30.).
The results of calculation for a single molecule have shown
that the spin density is completely localized near the nitroxide
group. However, calculation for the molecular pair presented in
Figure 1lc proves that appreciable spin density is transferred
on the distant aromatic ring in one molecule of the pair. This
spin polarization mechanism is most likely responsible for the
generation of positive magneto-LC effects.** >

9. CONCLUSIONS

To gain an insight into the origin of positive magneto-LC effects
operating in the LC phases of paramagnetic organic materials, the
structural parameters of the LC phases have been determined
by quantitative analysis of angular dependences of g-value and
line width of EPR spectra of compounds 1 and 2 and by DFT
calculations of spin density distribution in the interacting
molecules based on the crystal structure. Consequently, it has
been concluded that an intermolecular spin polarization
mechanism operating between the central paramagnetic center
of one molecule and the aromatic ring of another molecule,
rather than the direct through-space interactions between the
paramagnetic centers, contributes to the occurrence of the
positive magneto-LC effects.

In addition, EPR spectroscopy has proved to be an excellent
tool for analyzing the microscopic dynamic behavior of
molecules and magnetic interactions in the LC materials because
the spin exchange and dipole—dipole interactions of para-
magnetic centers manifest themselves in the shape of the EPR
spectrum. In the near future, the EPR techniques employed here
will be applied to the characterization of novel metal-free soft
materials, such as ionic LCs, micelles, emulsions, and gels, which
will be developed on the basis of the nitroxide radical chemistry.

Bl APPENDIX A

Calculation of Magnetic Parameters Averaged by Rotation
g-Tensor and tensor of hfi are averaged by rotation around the

long molecular axis. In the magnetic frame

0 O

2
gxx

A, 0 0
2 2
g = 0 gyy 0 ) A= 0 Ayy 0
2 0 0 A,
0 0 & ‘ (A1)

where g, =2.0093, g, = 2.0063, g, = 2.0023, A, = 0.5 mT, A, =
0.5 mT, and A,, = 3.22 mT.

If the Euler rotation matrix is designated as REu(a, f, 7),
tensors in the rotation frame are

grfz = REu((l, b, J/)TgZREll(a; B, }/)

T
Ay = REu(q, #, y) AREu(a, f3, y) (A2)
where index T means transposed matrix.

Let the matrix for rotation around the z axis be

cosp sing O
R,=|—-sing cos¢p O
0 0 1

Then tensors averaged in the course of uniform rotation around z
axis are
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g2 = [ R(0)'g, Rolo)do
@

Ar= [ RV AR(9)do
» (A3)
Taking into account that the experimentally determined tilt
angles for rotation axis are @ = 90° and # = 39.6°, magnetic
tensors averaged by rotation are g,, = 2.0068, g,, = 2.0068, g, =
2.0037, A,, = 0.94 mT, A, = 0.94 mT, and A, = 2.03 mT.

B APPENDIX B

Calculation of Order Parameter Averaged over Helical
Structure of Nematic Phase
In accordance with summation theorem of Wigner’s D-matrix,
under the turn of the reference frame by angle 8 around the Ys
axis, the orientation distribution function is characterized by the
following new order parameters:

S(0) = 2 st (0)

k== (B1)

where s}, are order parameters for initial distribution function
presented as a series of Wigner’s D-matrix, s, () order
parameters for reference frame turned by angle 8, and d’,;’m(ﬂ)
elements of Wigner’s D-matrix.

The integration over angle 6 is averaging of orientation
distribution function over helical structure N* phase:

(il = = [ $(0)00
T Jo

Let s}, be the local order parameters characterizing the nematic
phase, then (s),,),, are order parameters for the N* phase in the
sample reference frame presented in Figure 4b.

Taking into account that the local nematic distribution is
assumed to be axial and only rank two terms are used, it is seen
that the sum in eq B1 and consequently in eq B2 contains only
one summand. Additionally, when the molecule is considered as
axial, the third index can be omitted. In accordance with B2, the
rank two order parameter is as follows:

S
(ol = (53 = =2 [ d3,(0)00
T [

(B2)

(B3)

B APPENDIX C

Calculation of Vector r in the Case of SmC Phase
Dependence of length of r vector can be obtained using the
simple geometrical consideration presented in Figure CI.
Figure C1 represents two nitroxide groups (marked as large
points) incorporated in the structure of the SmC layer. The plane
of the layer is marked as PL. This plane is tilted by a; relative to
plane XsYs of the sample (see Figure S). Angle ¢ describes the

Figure Cl1. Determination of vector which connects two nitroxide
moieties in the neighboring molecules.
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direction to the neighboring molecule in the layer. Angle ¢ for B APPENDIX E
different pairs of neighboring molecules takes an arbitrary value.
The components of vector r are a,, and b. From geometrical
consideration, value b is calculated as:

Influence of Parameter Values on Calculated Angular
Dependencies

Angular dependences of the width of EPR spectra calculated with
b =b,, + a,sin piga,, (C1) different values of a,, and ¢y are shown in Figures E1 and E2,

Taking into account that angle i (not shown in Figure C1) respectively.

describes the orientation of the layer in the sample reference
frame (Xs, Ys, Zs), one can obtain eq 3.
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