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Electron spin-resonance (ESR) measurement of the androstane nitroxide spin-probe is
reported in isotropic, nematic and smectic A phases of the liquid crystals N{p-Octyloxy-
benzylidine)-p-toludine [OBT] and p-nitrophenyl-p-n-octyloxy benzoate [NPOB]. Mono-
domain samples in flat quartz tube were formed for the study of the angular variation of
the spectra in smectic A phase. The analysis of the spectra using the theory of Polnaszek,
Bruno and Freed (PBF) has resulted in the determination of the order parameter S, the
rotational correlation time 7z, and the anisotropic diffusion parameter N at different
temperatures. The comparison between the two samples shows that the molecular
geometry of the liquid crystals play important role in determining the value of the order
parameter. The entire smectic A phase in OBT is characteristic of slow tumbling region
(r2 > 107° sec) and the anisotropic parameter N shows an anomalous increase in this
phase. This indicates that the slowly relaxing local structure (SRLS) mechanism plays
important role in the slow tumbling region. In NPOB the incipient slow tumbling region
is almost at the end of smectic A phase and the SRLS mechanism does not seem to play
as important role as in OBT.

1. INTRODUCTION

The ESR spectra of liquid crystals in smectic A phase have the simplicity
of the spectra in the nematic liquid crystals in the sense that both show
uniaxial characteristic' and are free from the complexity of tilt angle
found in the spectra of other smectic mesophases.? At the same time,
because of increased ordering in smectic A, the spectra in this phase is

1 Presently at Physics Department, Poona University, Pune (India).
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expected to present increased slow tumbling features of the probe. In
the present paper we have made ESR study of two liquid crystals,
which have both nematic and smectic A mesophases. The spectra is
analyzed using PBF theory,’ which is valid for both motional narrowing
and slow tumbling region. The present work therefore is an extension
of our recent ESR study* where the liquid crystals showing only nematic
mesophase were investigated.

2. EXPERIMENTAL

The two liquid crystals used in the present investigation and their tran-
sition temperatures are as follows:

(i) N-(p-Octyloxybenzylidine)-p-toluidine (OBT)**

C.HHO—Q—CH—NO

67.0°C

Solid Nematic

Isotroplc

(ii) p-nitrophenyl-p-n-Octyloxybenzoate (NPOB)™*

s
LA

°C

50.5°C
Sohd — Sm A — Nematnc — Isotropnc

The OBT sample was purchased from M/s. E. Merck (England)
while NPOB was acquired by Dr. B. Bahadur of this laboratory from
Prof. Demus of Martin Luther University, G.D.R.

Since both these liquid crystals are diamagnetic it is essential for ESR
study to dope them with some paramagnetic probe. The nitroxide an-
drostane probe used earlier* is found suitable for the present investiga-
tion also. Samples with probe concentration of less than 0.1% was
taken in a flat quartz tube. The two parallel flat walls, being very close
together with separation =1 mm, can be considered as nearly equivalent
to two parallel glass plates. The nematic mesophase is obtained by
placing the sample inside the spectrometer cavity and cooling it from
isotropic phase in presence of working magnetic field (3.3 KG) acting



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:46 21 February 2013

LINE SHAPE AND ANGULAR VARIATION OF ESR 297

perpendicular to the flat faces of the tube. This aligns the director par-
allel to the magnetic field. The field was then increased to 10 KG and
the temperature was slowly lowered till Sm A phase was formed. The
N-Sm A transition was cycled this way few times in presence of high
magnetic field. This fixes the Sm A director perpendicular to the flat
face of the tube and remains so even when the tube is rotated in the
working magnetic field (=3.3 KG) for the study of angular variation of -
the spectra in Sm A phase (however, see section 4.2). The ESR meas-
urements were carried out in the temperature range 45°C-85°C by using
Varian V-4502 X-band (9.3 GHz/sec) ESR spectrometer, 100 KHz
magnetic field modulation and Varian V-4547 variable temperature ac-
cessory. The ESR spectra were recorded (Figures 1 and 2) in cooling
cycle for both the samples.

3. THEORETICAL CONSIDERATIONS

The spin-Hamiltonian for an androstane nitroxide probe, with isotropic
g-tensor and axial hyperfine tensor,’ can be written as'®!!

I =gBBS+aSl+ Y, AID(Q)D2(00)TS ¢}

[}

where a is isotropic hyperfine parameter equal to (g + 2a.)/3, while a
and a. are parallel and perpendicular components respectively of hy-
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FIGURE ! ESR line shape simulations for the liquid crystal OBT using PBF theory.
—————— Theoretical, Experimental.
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FIGURE 2 ESR line shape simulations for the liquid crystal NPOB using PBF theory.
------ Theoretical, Experimental.

perfine tensor referred to the molecular axis (N—O bond) of the probe.
() and Qp are Eulerian angles specifying the orientations of the probe
molecule and the magnetic field B with respect to the director axis of
the liquid crystal. D% s are Wigner rotational matrices and

A= \/g(an ~ai)
T = \/g [Izsz - 41(1..5‘+ + I+S-)] )

1
T3 = :F% (IeSz + I2S:]; 79 = 5 (1:8%)

For fast tumbling the dynamical Hamiltonian JCcan be replaced by a
pseudo-static spin-Hamiltonian.

JC =(I)=gBB.S +aS.I+ Y, SAD:(Qs)TS 3)
q

Where S = (D3(£)) is the order parameter. JC is equivalent to a spin-
Hamiltonian of a paramagnetic center with axial hyperfine components
given by'®!!

= SAY+ a, ﬁ;=—-;—SA‘z’+a @)
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To first order in hyperfine interaction the spacing between the adjacent
hyperfine components in ESR spectrum is given by’

(a()) = {@} + @ — &) cos® o} )

Here a is the angle between the magnetic field and the director. Eq. (5)
gives angular variation of (g) in the smectic A Phase. In the nematic
phase, since the magnetic field and the director axis always point in the
same direction, (a) shows no angular variation.

Equation (4) is derived on the assumption of fast tumbling and is not
expected to give correct value of the order parameter for slow tumbling
region (rotational correlation time 7z > 107 sec). The correct value of
the order parameter S is calculated using the following expression

S = (D%(8)) = l d0 sin @ % (3 cos’ 8 — 1)Po(0)

Po(0) = exp(\ cos® 6)/ f d6 sin 0 exp(A cos® ) (©)
0
A =—e/kT

The value of A at different temperatures is decided by the best simula-
tion of the spectra using PBF theory® and one term Maire-Saupe po-
tential U = € cos® §, where @ is the angle between the N—O bond di-
rection of the probe and the director. The equations utilized for the
simulation are those appropriate for anisotropic viscosity rotational
diffusion and are given in Ref. 4. The computations are done for a = 0
only, that is for the situation when the magnetic field and the director
point in the same direction.

4. RESULTS AND DISCUSSION

4.1 Order parameter

The order parameter § for the two liquid crystals calculated using Eq.
(6) are compared in Figure 3. S is zero in the isotropic phase where the
probe molecules are oriented at random and (3 cos @) = 1. The order
would be maximum if the long axis of the probe is completely aligned
to the director, that is when the probe molecular axis (N—O bond di-
rection®) is perpendicular to the director. This corresponds to 8 = /2
or § = —0.5. The order parameter S, therefore, lies between 0 and
—0.5. Its magnitude increases with decrease in temperature in the ne-
matic phase of both the liquid crystals. | S| increases with decreasing
temperature in smectic A phase also, though the temperature depend-
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FIGURE 3 Temperature variation of order parameter.

ence is less than that in nematic phase. Sudden jump (Figure 3) in the
value of § for OBT at nematic~-smectic A transition temperature sup-
ports the first order nature of this transition.”® The curve for NPOB
shows only a little break and indicates that the phase change in this case
is a weak first order or second order.

The nematic range in NPOB is about 10°C below the nematic range
in OBT. Also the smectic-solid transition temperature in NPOB is
about 17°C below the corresponding temperature in OBT. The
temperature consideration alone would, therefore, suggest higher or-
dering in NPOB compared to OBT, since the lower temperature implies
lesser thermal agitation and better ordering. This is opposite to the re-
sult in Figure 3, which shows that the order parameter for OBT is
higher than that for NPOB. This is due to the difference in the molecular
geometry of the two liquid crystals. The effect of ester linkage in NPOB
is to make its molecules less axial compared to the linear chain mole-
cules of OBT. The liquid crystal OBT therefore has greater tendency,
compared to NPOB, to arrange their molecules with their long axes par-
allel to each other. It must be mentioned here that the order parameter
measured by ESR is the orientational order of the spin-probe as influ-
enced by the orientation of the director and therefore the observed
order is very dependent upon the length and shape of the probe. The
probe order parameter, however, is expected to follow the same func-
tional form as the liquid crystal order provided that the molecular
length of the two are comparable.
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FIGURE 4 Angular variation of hyperfine separation (). XXX are experimental
points.

4.2 Angular varlation In smectic A phase

Figure 4 shows the angular variation of the separation between the ad-
jacent hyperfine components in the spectra of OBT at 68.54°C and
NPOB at 56.74°C. Also shown in the figure are the theoretical curves
derived from Eqs. (4) and (5) where the values of the order parameter
§ = —.310for OBT and § = —.245 for NPOB are used. These S-values
are calculated from Eq. (6) using the A-values required to give the best
simulation of the spectra for a = 0, that is when the magnetic field and
the director point in the same direction. The theoretical curves compare
well with the experimental results except near & = w/2, where the
experimental points are slightly below the corresponding theoretical
curves. This difference between the two sets of results indicates that the
Sm A is not completely aligned as 2 monodomain. The angular varia-
tion of the spectra does, however, show that by following the procedure
for a glass plate sample' a reasonable monodomain sample can be
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formed in a flat glass tube also, though the small curved surface of the
flat tube will have the tendency to disturb this alignment. It is expected
that this curved surface effect can be overcome and a better aligned
sample can be made if the N-Sm A transition is cycled in a higher
magnetic field than that presently available at our disposal (=10 KG).

4.3 Diffusion parameter and correlation time

The computer simulated ESR spectra based on PBF theory are com-
pared in Figures 1 and 2 with the experimental spectra of the two liquid
crystals at different temperatures. The effect of the anisotropic viscosity
rotational diffusion are presented in these figures in terms of the order-
ing parameter A, the anisotropic parameter N = R,/R., and the rota-
tional correlation time 7z = (1/6)R. R, and R, are the components of
rotational diffusion tensor R parallel and perpendicular to the director
axis respectively. The curves 7 versus 1/T show Arrhenius plots in iso-
tropic, nematic and smectic A mesophases of both the liquid crystals
(Figure 5). The rotational correlation time 7z in OBT is =107" sec in iso-
tropic, =107 sec in nematic and =107 sec in smectic A mesophase. In
NPOB the values are =~107"' sec in isotropic phase and =107’ sec in ne-
matic and smectic A mesophases. The activation energies for OBT are
15.14 kcal/mole in nematic and 8.58 kcal/mole in smectic A meso-
phase. The corresponding values for NPOB are 13.32 kcal/mole and
6.93 kcal/mole respectively. These are typical values for the liquid
crystals in these mesophases.*'"!*6

The value of N in isotropic phase is =6 in NPOB and =4.5 in OBT. -
These values are close to the probe value* of =5. The decrease in
temperature reduces the rotational motion and the effect of ordering is
to cause preferentially more quenching of rotation along an axis per-
pendicular to the director than along the director itself. As a result N
increases in the nematic phase. Larger increase in Nin OBT from =4.5
to =9 compared to that in NPOB from =6 to =10 is expected in view of
the higher ordering in OBT. In the smectic A phase in OBT R shows
appreciable increase (Figure 6) while R, has normal decreasing trend
with decreasing temperature (Figure 5). This results in an appreciable
increase in N. It should be noted that the entire smectic A phase of
OBT is the region of the characteristic slow tumbling of the probe
(r2 > 107). In earlier studies*'"'*'S the increase in R, with de-
creasing temperature in the incipient slow tumbling region is ascribed
to the fact that the instantaneous potential on the probe is not just the
mean time averaged potential U. Instead an additional instantaneous
fluctuating potential U’(¢) with zero mean, (U’(¢)) = 0, is also present.
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FIGURE 5 Temperature variation of rotational correlation time 7z (sec/rad) in loga-
rithmic scale.

The origin of this additional potential is the coupling between the probe
modes and the localized modes of the surrounding solvent molecules.
The fluctuating torque due to U’(r) presents a local structure on the
probe molecule, which relaxes on a time scale much slower than the
reorientation of the probe molecule. This slowly relaxing local structure
(SRLS) mechanism is responsible for the apparent large increase of the
anisotropy in the diffusion tensor.'*'* In NPOB the incipient slow
tumbling region is at much lower temperature, that is almost at the end
of the smectic A phase (Figure 2). Ry in this case shows only marginal
increase (Figure 6) with decrease in temperature and the SRLS mecha-
nism does not seem to play as important role as in OBT.

xxx 0BT
000 NPOB

TR (= 1/6%,,) “Sec —=
C_J_

280 285 290 295 300 305 30
103/ T°k ) — —=

FIGURE 6 Temperature variation of rotational diffusion tensor component Ry (sec™).



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:46 21 February 2013

304

R. RAI et al.

Acknowledgment

Authors are thankful to Prof. D. Demus and Dr. B, Bahadur for providing the NPOB
sample and to Dr. S. K. Jain for help in computation. One of us (S. R. S.) acknowledges
the financial support from U, G. C., New Delhi.

References

PRVl S

~N O\

. G. R. Luckherst in Liquid Crystals and Plastic Crystals, 2, Ed. G. W. Gray and P. A,

Winsor, Ellis Horton Ltd. p. 144 (1974).

. Edward Gelerinter and George Fryburg, Applied Phys. Lett., 18, 84 (1971).
. C. F. Polnaszek, G. V. Bruno and J. H. Freed, J. Chem. Phys., 56, 716 (1973).
. R.Rai, S. R. Singhal, §. K. Gupta and V. G. Bhide, Mol. Cryst. Lig. Cryst., in press

(1982).

. B. Bahadur, S. Chandra and N. K. Sanyal, Physica Stat. Solidi, 35A, 387 (1976).
. R. K. Sarna, B. Bahadur and V. G. Bhide, Mol. Cryst. Lig. Cryst., 51, 117 (1979).
. 8. R. Singhal, S. K. Gupta and V. G. Bhide, Proc. Int. Conf. on Liquid Crystals, Ban-

galore (India), Ed. S. Chandrasekhar, Hyden and Sons Ltd. (London) p. 473 (1980).

. B. Bahadur Phys. Lett., 55A, 133 (1975).

. E. Meirovitch and Z. Luz, Mol. Phys., 30, 1589 (1975).

. G. R. Luckherst and M. Staka, Mol. Cryst. Lig. Cryst., 19, 179 (1972).

. W. Lin and J. H. Freed, J. Phys. Chem., 83, 379 (1979).

. A. Abragram and B. Bleaney, Electron Paramagnetic Resonance of Transition lons,

Clarendon Press 173 (1970).

. W. L. McMilan, Phys. Rev., 4A, 1238 (1971); 6A, 936 (1972).

. Eva Meirovitch and J. H. Freed, J. Phys. Chem., 84, 2459 (1980).
. C. F. Polnaszek and J. H. Freed, J. Phys. Chem., 79, 2283 (1975).
. P. J. Flanders, Mol. Cryst. Lig. Cryst., 29, 19 (1974).



