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Rotational viscosity, dynamic phenomena, and dielectric properties in a long-chain liquid crystal:
NMR study and theoretical treatment

A. V. Zakharov* and Ronald Y. Dong†

Department of Physics and Astronomy, Brandon University, Brandon, Manitoba R7A 6A9, Canada
~Received 18 August 2000; published 18 December 2000!

The rotational diffusion constantsD' andD i , rotational viscosity coefficientsg i ( i 51,2), the orientational
correlation timestmn

L , and the dielectric permittivities for nematic liquid crystals~NLCs! are investigated.g i

are calculated by a combination of existing statistical-mechanical approach~SMA! and NMR relaxation theory,
both based on a rotational diffusion model. In the rotational diffusion model, it is assumed that the reorienta-
tion of an individual molecule is a stochastic Brownian motion in a certain potential of mean torque. According
to the SMA,g i are found to be a function of temperature, density, rotational diffusion constant for tumbling
motions, and the orientational order parameters. The order parameters and rotational diffusion constant are
obtained from an analysis of NMR measurements. Reasonable agreement between the calculated and experi-
mental values ofg i for 4-n-octyloxy-48-cyanobiphenyl~8OCB! is obtained. The orientational correlation
times, and the longitudinal and transverse components of the realx j8(v) and imaginaryx j9(v) ( j 5i ,') parts
of the complex susceptibility tensor for 8OCB molecules in the nematic phase are also obtained.

DOI: 10.1103/PhysRevE.63.011704 PACS number~s!: 61.30.Cz, 33.25.1k
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I. INTRODUCTION

Liquid crystals are characterized by a long-range orien
tional order among mesogenic molecules whose struct
usually consist of a rigid central core to which attached o
or more flexible hydrocarbon chains. It is known that m
lecular flexibility is crucial in determining the physical prop
erties of liquid crystals~LCs! @1#. Recent experimental an
theoretical studies have shed significant light on the role
internal degrees of freedom on the NMR observables, n
bly measurements of deuterium quadrupole splittings@1–3#
and spin-lattice relaxation times@1–8# in mesogens. The the
oretical treatment of dynamical processes of flexible m
ecules in an anisotropic medium is not an easy task@1–5#.
This often requires a certain number of simplifying assum
tions which may only be justified by comparison between
model predictions and experiments. But there is an additio
avenue which would allow us to further examine the valid
of our models; it is to carry out a statistical-mechanical tre
ment of the coupling between macroscopic LC proper
and molecular structure, and is then followed by compa
sons of, for example, rotational viscosity and dielectric s
ceptibility coefficients with the experimental data. This im
plies that the rotational diffusion constants and the set
orientational order parameters can be obtained from N
measurements of quadrupolar splittings and deuteron Z
man (T1Z) and quadrupolar (T1Q) spin-lattice relaxation
times in LCs as a function of temperature. Using these
sults for calculations, in the framework of the statistic
mechanical approaches~SMAs! @9–13#, the autocorrelation
times, rotational viscosity and dielectric properties of a
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realistic mesogenic molecules, such as 4-n-octyloxy-
48-cyanobiphenyl~8OCB!, can be studied in the nemati
phase.

In this work, we use information obtained from an ana
sis of deuteron spin-lattice relaxation timesT1Z and T1Q

measurements for a chain-deuterated 8OCB-d17 sample
which shows a nematic (N) and smectic A~SmA! phase
upon decreasing the temperature@8#. From these relaxation
times, the extraction of the spectral densitiesJ1(v0) and
J2(2v0) is possible, wherev0/2p is the Larmor frequency.
These spectral parameters at different carbon sites allow
to separate the internal conformational changes in the m
ecules from the global molecular reorientations. In particu
the measured spectral densities of chain deuterons sh
contain dynamical information on reorientation of molecu
as well as internal rotations of various carbon-carbon bo
in their chains. The reorientation of the molecules in LCs c
be described by the rotational diffusion model@14,15#, which
assumes a stochastic Brownian process for molecular re
entations in which each molecule moves in time as a
quence of small angular steps caused by collisions with
surrounding molecules and under the influence of a poten
of mean torque set up by these molecules. Each molecu
characterized by a rotational diffusion tensor whose princi
elements (Dxx5Dyy5D' ,Dzz5D i) are determined in a
frame fixed on the molecule. When dealing with molecu
with internal degrees of freedom, the number of differe
conformations in the chain of the molecule can be genera
using the rotameric state model@16#. It is customary to treat
molecular dynamics of flexible molecules using a decoupl
model @6,17,18#, in which conformational transitions within
the chain are assumed not to depend on the reorientatio
the entire molecule. The rotational diffusion tensor is a
sumed to be the one for an ‘‘average’’ conformer. The mo
allows us to obtainD' and D i as function of the tempera
ture.

On the other hand, in contrast to isotropic liquids, wher

ca
es,
sia.
©2000 The American Physical Society04-1



-

A. V. ZAKHAROV AND RONALD Y. DONG PHYSICAL REVIEW E 63 011704
FIG. 1. A typical deuteron
NMR spectrum of 8OCB-d17

showing the peak assignment, to
gether with the chemical formula
of 8OCB.
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single rotational viscosity coefficient is sufficient to chara
terize the flow properties, liquid crystals, and other ani
tropic systems require several such coefficients. A comm
approach for determination of viscosity coefficients us
statistical-mechanical theory@9–13,19–21# and is based on
the rotational diffusion model@22#. In such a treatment, th
system is determined by the time-dependent single-par
orientational distribution function~ODF! governed by a
Fokker-Planck-type kinetic equation. Recently, we inve
gated @12# the validity of various theories where the rot
tional viscosity coefficients were expressed as certain p
nomials of equilibrium orientational order parameters a
inversely proportional to the rotational self-diffusion coef
cient in the nematic phase.

Measurements of the dielectric constants of nematic
uid crystals~NLCs! have been a subject of interest from t
beginning of investigations of these materials@23–29#, and
continue to do so. The reason why many reports are
concerned with the dielectric constants of well-known ma
rials such as 8OCB@24,25# is that the measurements are f
from being trivial. The outline of this article is as follows.
brief description of the deuteron NMR study of molecu
order and dynamics is given in Sec. II. The statistic
mechanical approaches for the rotational viscosity and
merical calculations forg i ( i 51,2) are given in Sec. III. A
description of the theory of dielectric relaxation is given
Sec. IV. Conclusions are summarized in Sec. V

II. DEUTERON NMR STUDY OF MOLECULAR
DYNAMICS

Molecular motions have the effect of modulating the a
isotropic part of magnetic interactions, producing a rand
time-dependent perturbation which ultimately induc
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nuclear spin relaxation. In anisotropic media, the magn
interactions are not averaged to zero. Hence NMR spec
patterns will reflect ordering of molecules in such media.
this section, a brief description of essential results from
deuteron NMR study of 8OCB@8# is given to aid the discus
sion of rotational viscosities and dielectric relaxation belo
The details in data analysis using the decoupled model
the correlated internal motions can be found in Ref.@8#. The
rotational diffusion model@30,31# is employed to describe
small step diffusions of molecules in a potential of me
torque. Figure 1 shows a typical deuteron NMR spectrum
8OCB-d17 together with its chemical formula. As seen in th
figure, each distinct quadrupolar doublet can be assigned
particular methylene deuterons and the smallest split
arises from the end methyl deuterons. As 8OCB contains
alkyloxy chain, it has many distinct chain configuration
Using the additive potential method@1#, the observed qua
drupolar splittings were modeled to give the potential
mean torque experienced by each molecule. As a co
quence, the second-rank order parameters of an ‘‘avera
conformer were obtained at each temperature. This in t
gives the potential parametersa20 anda22 @30# in the second
rank potential of mean torque

U~b,g!

kBT
5a20S 3

2
cos2 b2

1

2D1a22A3

2
sin2 b cos 2g,

~1!

which is needed to solve the rotational diffusion problem.
addition, order parametersP̄2L (L51,2,3, . . . ) caneasily
be evaluated. Figure 2 summaries these order paramete
the nematic phase of 8OCB. Because of correlated inte
bond rotations in the flexible alkyloxy chain, a decoupl
4-2
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ROTATIONAL VISCOSITY, DYNAMIC PHENOMENA, . . . PHYSICAL REVIEW E 63 011704
model @1,17,18# was used to give the spectral densities
methylene deuterons onCi in 8OCB:

Jm
~ i !~mv!5

3p2

2
~qCD

~ i ! !2(
n

(
n8

(
k51

577

3S (
l 51

577

dn0
2 ~uM ,Q

~ i !l !exp@2 incM ,Q
~ i !l #xl

~1!xl
~k!D

3S (
l 851

577

dn8,0
2

~uM ,Q
~ i !l 8 !exp@2 in8cM ,Q

~ i !l 8#xl 8
~1!xl 8

~k!D
3(

j

~bmnn8
2

! j@~amnn8
2

! j1ulku#

m2w21@~amnn8
2

! j1ulku#2 , ~2!

whereqCD
( i ) 5165 kHz is the quadrupolar coupling consta

uM ,Q
( i ) l andcM ,Q

( i ) l are the polar angles for theCi-D bond of the
conformerl in the molecular frame fixed on the molecul
core,lk andx(k) are the eigenvalues and eigenvectors fr
diagonalizing the transition rate matrix, and (amnn8

2 ) j /D' ,
the decay constants, and (bmnn8

2 ) j , the relative weights of
the exponentials in the correlation functions, are the eig
values and eigenvectors from diagonalizing the matrix of
rotational diffusion operator@30#. In the above equation, th
number 577 is the number of distinct conformers available
the octyloxy chain in 8OCB. The transition rate matrix co
tains three phenomenological jump constantsk1 , k2 , andk3
for the so-called one-bond, two-bond, and three-bond m
tions, respectively. The rotation diffusion tensor is charac
ized by two principal valuesD' and D i in the molecular

FIG. 2. Plots of order parametersP̄2 ~squares!, P̄4 ~circles! and

P̄6 ~triangles! ~a! and rotational diffusion constantsD i ~circles! and
D' ~squares! ~b! as functions of the temperature.
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frame, whereD i and D' are for rotation of the molecule
about its long axis, and for rotation about one of its sh
axes, respectively. The rotational diffusion constants app
in Eq. ~2! through the decay constants (amnn8

2 ) j . Again by
modeling the observed spectral densities for carbons 1 to
two different Larmor frequencies, both the rotational diff
sion constants and jump rate constants were obtained.
completeness, we reproduce theD' and D i values also in
Fig. 2.

III. FORMULAS FOR THE ROTATIONAL VISCOSITY

The classical approach to the viscosity of LCs, in t
framework of the Ericksen-Leslie theory@32,33#, assumes
that the flow properties can be described by six Leslie co
ficients a i ( i 51, . . . ,6) which satisfy the Parodi relation
@34# a21a35a62a5 . Hence only five of the six coeffi-
cientsa i are independent. In the isotropic phase alla i , ex-
cept a4 , equal zero, anda4 is the shear viscosity of an
isotropic liquid. The coefficientsg15a32a2 and g25a3
1a25a62a5 are called the rotational viscosity coefficien
and play a crucial role in a number of applications~see, for
example, Ref.@23#!. They determine, in the absence of h
drodynamics flow, the dissipation of energy due to only t
rotation of the directorn under the action of external forces

Recently, statistical-mechanical approaches~SMAs! for
theoretical treatment of rotational viscosity@9–13,19–21#
have been proposed. These theories are based on the
tional diffusion model@22#. These approaches rest also
the concept of treating of the phenomenological stress te
@34# s̄ as an average of its microscopic equivalents based
on an appropriate nonequilibrium orientational distributi
function f (u,t) in the form s̄5*duf (u,t)s, whereu is the
unit vector along the molecular symmetry axis. Under t
assumption that microscopic molecular motion in the NL
can be considered as a rotational Brownian motion in
external mean potentialU, the following kinetic Fokker-
Planck equation determines the ODFf

ḟ 2“u•F f D'“uS log f 1
U

kBTD G
1“u•@ f M•u1p f~E2nn!•W•u#50, ~3!

wherekB is the Boltzmann constant,T is the temperature,p
is a particle geometric factor usually taken asp5(a2

21)/(a211), a is the length-to-breadth ratio of the mo
ecule, andE is a unit tensor, andM andW are the symmetric
and antisymmetric parts of the flow velocity gradientv i , j
5]v i /]xj @19,20#. The external mean potential in Eq.~3! is
given by Eq.~1! except for simplicity in solving the above
equation, we have seta2250. This is justified by the smal
values of molecular biaxiality found for 8OCB@8#. Note that
the last two terms of Eq.~3! correspond to the molecula
reorientations and the interaction between the low veloc
gradient and the director, respectively. Four combinations
a i , namely,a1 , a21a3 , a4 , and a51a6 are connected
4-3
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A. V. ZAKHAROV AND RONALD Y. DONG PHYSICAL REVIEW E 63 011704
with the symmetric part of the stress tensors i j
s , whereas

other twog15a32a2 andg25a21a3 with the asymmetric
part s i j

a @34#. The average of the symmetric part of stre
tensors̄s, in according with the Kuzuu-Doi method,@19# can
be calculated exactly without solving the Fokker-Plan
equation, and by just replacing the statistical averaging w
nonequilibrium distribution function by the expression co
taining only the known equilibrium one. As a result, a set
microscopic expressions for the symmetric Leslie coe
cients can be obtained@19#. Thus, the expression for theg2 ,
in according with the Kuzuu-Doi~KD! method can be writ-
ten as

g252
kBTr

D'

pP̄2 , ~4!

wherer5N/V is the number density of molecules.
On the other hand, a separate calculation ofg1 requires

the averaging of the antisymmetric part of the microsco
stress tensor,s̄a5*duf (u,t)sa. This can be done using a
appropriate nonequilibrium ODF, determined by solving E
~3!. In case of small velocity gradient, one can writef in the
form f 5 f 0(11h), wheref 05 f 0(n•u)5 f 0(cosb) is the lo-
cal equilibrium ODF and depends only on the polar angleb
between the director and the molecular symmetry axis,
the stationary correctionh

h5g0nn:M1g1ne:W1g2ne:M1g3ee:M , ~5!

wheree is the unit vector perpendicular to the director,gi are
scalar functions dependent only on the polar angleb. We use
the invariant multiple dot convention innn:M5ninjM ji ,
where the convention of summing over repeated Carte
indices is used.

According to the analysis based on the statistic
mechanical averaging of the microscopic stress tensorg1
can be rewritten in the form@19,20#

g15E
0

p

f 0~cosb!
]U

]b
g1~b!sinbdb. ~6!

A particular form ofg1(b) should be provided by the solu
tion of the orientational Fokker-Planck equation@Eq. ~3!#,
which governs the Brownian motion of a particle in th
‘‘flowing’’ anisotropic medium. In the stationary case, E
~3! can be transformed to linear, nonhomogeneous differ
tial equations of second order for the functiong1(b) @13,21#.
The general solutiong1(b) for Eq. ~3! can be obtained by a
numerical method, for example, using the second-or
Runge-Kutta method@13#.

Recently, a general method for calculations of the visc
ity coefficients in biaxial NLC, based on the change in t
Helmholtz free energy caused by the shear flow was p
posed by Fialkowski@11#. The appropriate kinetic equatio
is also written in the approximation of the low velocity gr
dient field, which rotates each molecule with a certain av
age angular velocity. In the limiting case of vanishing biax
order, the system becomes uniaxial and the expression fog1
can be rewritten in the form
01170
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g15
rkBT

D'

j1
F , ~7!

where

j1
F

P̄2
2

5p
35

5P̄2116P̄4114
,

whereP̄4 is the fourth-rank order parameter.
An efficient SMA based on the Zubarev nonequilibriu

statistical operator@35# for the calculation ofg1 in the un-
iaxial NLC was proposed by Nemtsov@10# and Zakharov
@9#. The essence of this approach is that not only the au
correlation of the microscopic stress tensor is considered
in Ref. @20#, but also additional correlations of the stre
tensors with the director and fluxes with the order parame
tensor are also taken into account. Calculations of these
relations in the NLC show that they give significant cont
butions to the viscosity coefficients@9,10#. It is so because
there are interactions between the hydrodynamical flow
the fluid and the molecular orientations. As results,g1 can be
found to be dependent on the temperature, density an
certain polynomials ofP̄2 as

g15
kBTr

D'

j1
NZ , ~8!

where

j1
NZ

P̄2
2

5
9.5412.77P̄2

2.881 P̄2112.56P̄2
214.69P̄2

320.74P̄2
4

.

Thus, according to Eqs.~4!, ~7!, and ~8!, g i ( i 51,2) are
found to be inversely proportional to the rotational diffusio
constantD' in nematic liquid crystals.

The temperature dependences of the rotational visco
coefficients for 8OCB are shown in Fig. 3. The experimen
values were obtained by using the three Miesowicz and
Leslie coefficients (a5 ,a6) which were determined by direc
measurements@36# in the temperature range correspondi
to the nematic phase. The densityr of 8OCB is equal to
1.831015m23. The KD, NZ, and Fiałkowski models wer
employed to estimate the theoretical values. Using Eqs.~4!,
~7!, and ~8! together with the parametersD' and P̄2L (L
51,2) determined from the NMR measurements, we
tained the viscosity values in close agreement with exp
ment.

IV. ORIENTATIONAL CORRELATION TIMES
AND DIELECTRIC PROPERTIES

Rotational dynamics of molecules in an anisotropic ph
can be described by the small step diffusion mo
@15,30,36#. In general, however, the rotational motion of a
uniaxial molecule in a nematic phase is conveniently char
terized using the orientational time correlation functi
~TCF!:
4-4
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ROTATIONAL VISCOSITY, DYNAMIC PHENOMENA, . . . PHYSICAL REVIEW E 63 011704
Fmn
L ~ t !5^Dmn

L* @V~0!#Dmn
L @V~ t !#&, ~9!

where Dmn
L (V) is the Wigner rotational matrix element o

rank L, and V5(a,b,g) is a set of time-dependent Eule
angles, which define the orientation of the molecular a
system relative to the director frame. The projection indexm
is related to the director coordinate system, whereas mol
lar properties are dictated by the projection indexn. Different
spectroscopic methods provide correlation functions w
different rank values ofL. First rank (L51) TCFs are rel-
evant for infrared and dielectric spectroscopies, while TC
with L52 appear in the expressions for nuclear spin rel
ation rates and Raman band shapes. The initial values o
TCFs^Dmn

L* @V(0)#Dmn
L @V(t)#& can be expressed in terms

the orientational order parameters@30#. Notice that the first
rank TCFs att50 depend onP̄2 only, while for the second
rank correlation function bothP̄2 and P̄4 are required.

In general, the correlation functions may be written
infinite sums of decaying exponentials. Here, we emplo
single exponential approximation@4,15# to give

Fmn
L ~ t !5Fmn

L ~`!1@Fmn
L ~0!2Fmn

L ~`!#expS 2
t

tmn
L D .

~10!

In order to determine molecular reorientations, we nee
model to give the correlation timestmn

L in terms of rotational
diffusion constants@37–41#. Based on the short time expan
sion of the TCFs, an expression for the correlation times w
proposed:

FIG. 3. Temperature dependence ofg i ( i 51,2) at fixed density,
calculated using Eq.~4! (g2 , open squares!, Eq. ~7! (g1 , open
down triangles!, Eq. ~8! (g1 , open up triangles!, and measured
valuesg1 ~solid triangles! andg2 ~solid squares!, respectively.
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tmn
L 5cmn

L D'1n2~D i2D'!, ~11!

where the coefficientscmn
L , which depend onP̄2 andP̄4 , are

tabulated in Refs.@37–39#. We note that thet00
1 , t10

1 , andt00
2

are solely determined by the tumbling motion

t00
1 5FD'

222P̄2

112P̄2

G21

, ~12!

t10
1 5FD'

21 P̄2

12 P̄2

G21

, ~13!

t00
2 5F 6D'

715P̄2212P̄4

7110P̄2118p̄4235p̄2
2G21

, ~14!

whereast01
1 depend onD' andD i according to

t01
1 5FD i1D'

112P̄2

12 P̄2

G21

. ~15!

Results for the time correlationst00
1 , t10

1 , t01
1 , and t00

2 are
given in Table I. We also presented in Table I the values
the well known ratio between the correlation timest00

1 /t00
2 . It

should be noted that in the case of an isotropic liqu
t00

1 /t00
2 53. Having obtained a set of the correlation tim

tmn
1 , it is now possible to describe the dielectric relaxati

processes in the nematic phase of the 8OCB.
The complex dielectric permittivity tensore ik(v)

5e ik8 (v)2 i e ik9 (v) have been measured in a wide frequen
range@23#, and show Debye type of relaxation at microwa
frequencies (v/2p;1010 Hz). For the uniaxial NLCs, in
the laboratory coordinate systemXYZ, where theZ axis co-
incides with the directionn, there are only two independen
components of the tensore ik(v), one perpendiculare'(v)
5eXX(v)5eYY(v), and the other parallele i(v)5eZZ(v) to
the directorn. In the case that the intermolecular correlatio
are ignored, one can write the expression for the compon
of the normalized complex susceptibility tensorx j (v) in the
form @42#

TABLE I. The orientational time correlationstmn
L for 8OCB

molecules in the nematic phase.

T ~K! 340 345 350

t00
1 /ns 30.4 19.5 12.1

t00
2 /ns 1.68 1.52 1.36

t10
1 /ns 2.37 2.27 2.22

t01
1 /ps 82.3 56 38.4

t00
1 /t00

2 18.11 12.83 8.9
4-5
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x j~v!5
e j~v!2e j `

R̃j~v!
5Cj~0!2 ivE

0

`

Cj~ t !exp~2 ivt !dt

5Cj~0!2 ivC̃j~ iv!,

where j 5(',i), R̃j (v)5(4pm2r/kBT)Rj (v), and Rj (v)
are the frequency dependent factors of the internal field,e j `
are the high frequency limits of the components of the ten
e ik(v). Here Cj (t) and C̃j ( iv) are the components of th
tensor dipole autocorrelation function and their Fourier tra
formations, respectively, and may be represented by@42#

Ci~ t !5^mzz~0!mzz~ t !&5F00
1 ~ t !, ~16!

C'~ t !5^mxx~0!mxx~ t !&5^myy~0!myy~ t !&5F10
1 ~ t !,

~17!

where F i0
1 (t) ( i 50,1) are the first-rank time correlatio

functions,maa are the projections of the dipole moment ve
tor m on the laboratory axisa (a5x,y,z).

Using Eqs.~16!,~17! with functions

F00
1 ~ t !5F00

1 ~0!expS 2
t

t00
1 D 5

112P̄2

3
expS 2

t

t00
1 D

~18!

and

FIG. 4. The real and imaginary parts of the longitudinal susc
tibility x i(v)5x i8(v)2 ix i9(v) calculated using Eq.~20! at three
values of the temperature@T5340 ~solid lines!; 345 ~dashed dotted
lines!; 350 K ~dotted lines!#, wherev/2p is in Hz. Upper curves
correspond tox i8(v), whereas lower ones correspond tox i9(v),
respectively.
01170
r
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F10
1 ~ t !5F10

1 ~0!expS 2
t

t10
1 D 5

12 P̄2

3
expS 2

t

t10
1 D ,

~19!

we may derive the expressions for the components of
tensorx j (v) interpreted in the framework of the Brownia
motion of a particle in a mean-field potentialU(b) as

x i~v!5x i8~v!2 ix i9~v!5F00
1 ~0!F12

y1
2

11y1
22 i

y1

11y1
2G ,
~20!

wherey15vt00
1 , and

x'~v!5x'8 ~v!2 ix'9 ~v!5F10
1 ~0!F12

y2
2

11y2
22 i

y2

11y2
2G ,

~21!

where y25vt10
1 . The relaxation timest i0

1 and F i0
1 (0) (i

50,1) are calculated using Eqs.~12!, ~13!, ~18!, and ~19!.
The values ofP̄2 andD' are again those obtained from ou
NMR measurements for 8OCB in the temperature range
responding to the nematic phase.

The results of the calculations of the longitudial dielect
dispersionx i8(v) and absorptionx i9(v) for 8OCB molecules
at a number of temperatures (T5340,345,350 K) are shown
in Fig. 4. The results for the transverse dielectric dispers
x'8 (v) and absorptionx'9 (v) for the same thermodynamic
conditions are shown in Fig. 5. The longitudinal dielect
loss spectrax i9(v) show magnitudes which decrease wi

- FIG. 5. The real and imaginary parts of the transverse susce
bility x'(v)5x'8 (v)2 ix'9 (v) calculated using Eq.~21! at three
values of the temperature@T5350 ~solid lines!; 345 ~dashed dotted
lines!; 340 K ~dotted lines!#, wherev/2p is in Hz. Upper curves
correspond tox'8 (v), whereas lower ones correspond tox'9 (v),
respectively.
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the growth of the temperature, and have one loss peak w
shifts to the higher frequency region upon increasing
temperature. The magnitudes of the transverse dielectric
spectrax'9 (v), on the contrary, increase with increasing t
temperature, and its loss peak remains at the same frequ
of ;1.993103 MHz.

V. CONCLUSION

In this paper, we investigate the rotational diffusion co
stantsD j ( j 5i ,') and rotational viscosity coefficientsg i
( i 51,2) in the nematic phase of 8OCB.g i are investigated
by a combination of existing statistical-mechanical a
proaches and the existing NMR relaxation theory, both ba
on a rotational diffusion model. In the rotational diffusio
model, it is assumed that the reorientation of an individ
molecule is a stochastic Brownian motion in a certain pot
tial of mean torque. According to Eqs.~4!, ~7! and~8!, g i are
found to be proportional to a function ofP̄2L (L51,2), den-
sity, and inversely proportional toD' , which corresponds to
the molecular tumbling in the nematic phase. It should
pointed out that the Fiałkowski@Eq. ~7!# and NZ @Eq. ~8!#
theories exhibit different dependences on the order par
eters as manifested in the factorj1

F andj1
NZ . This difference

originates in the averaging procedures applied to the bala
equations. In the high-temperature limit, i.e., close to
clearing point, both theories predict thatg1; P̄2

2. Such be-
havior of the rotational viscosity is in agreement with t
ls

L

n

.

01170
ch
e
ss

ncy

-

-
d

l
-

e

-

ce
e

mean field approximation as was pointed out by the Gen
and Prost@34#.

We have also calculated the values of various orien
tional correlation timest00

1 , t10
1 , t01

1 , andt00
2 for 8OCB mol-

ecules at a number of temperatures. In addition to these
relation times, we have obtained values of the longitudi
and transverse components of the realx j8 and imaginaryx j9
part of the complex susceptibility tensor for 8OCB mo
ecules. We found that the components of the loss spectra
characterized by the low frequency peaks and should
both shifted to the high frequency region upon increasing
temperature, and effectively described by the Debye t
mechanism with corresponding relaxation times. Thus
combination of the NMR relaxation techniques and statisti
mechanics theories provides a powerful tool for investig
tions of both the rotational and dielectric properties of re
nematics. We believe that this paper shows not only so
useful routes for estimating the rotational viscosities, but a
analyzing the dielectric properties. Furthermore, the ro
tional diffusion constant for molecular tumblings in the d
coupled model for the chain dynamics seems to produce
sonable values ofg1 and g2 , lending support to the NMR
relaxation model.
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