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A deuteron NMR study of molecular dynamics in the partial bilayer smectic Ad and reentrant nematic phases
of a pure chain-deuterated compound is presented. The deuteron spin-lattice relaxation timesT1Z andT1Q were
measured as a function of temperature for two different frequencies~15 and 46 MHz!. The experimental results
were interpreted in terms of the internal conformational motions of a chain decoupled from the molecular
small-step rotational diffusion and the order director fluctuations. The latter motion was found to be essential
to the fit of experimental results in the reentrant nematic phase. The fitting parameters obtained by using a
global target fitting method are acceptable when compared with those obtained from other deuteron and proton
NMR studies of the same mesophases.

PACS number~s!: 61.30.2v
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I. INTRODUCTION

NMR spectroscopy is a very powerful technique in t
study of liquid crystals@1#. Both proton and deuteron NMR
studies were carried out in liquid crystals in order to bet
understand the molecular order and dynamics in these m
rials, in particular in the nematic and smectic-A mesophases
@2–14#. Valuable information on the dynamical processes
these compounds such as molecular reorientations~MR’s!,
internal rotations~IR’s!, translational self-diffusion~SD!,
and collective motions known as order director fluctuatio
~ODF’s! can be obtained with these techniques. The res
obtained from deuteron and proton studies can be com
mentary, since deuteron and proton NMR relaxations can
sensitive to different types of motions.

The proton NMR spin-lattice relaxation timeT1Z is sen-
sitive to all types of movements, but due to dipolar intera
tions it is not possible to separate internal motions from
overall molecular reorientations. However, these studies
cover a very broad frequency range~500 Hz to 500 MHz!
when combining standard and fast field cycling NMR tec
niques @13,15,16#. Due to the large frequency range, it
usually possible to separate the ODF from SD and MR
laxation mechanisms. On the other hand, deuteron NMR
site specific, and by means of multipulse techniques two
PRE 621063-651X/2000/62~3!/3679~8!/$15.00
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ferent deuteron spin-lattice relaxations times,T1Z ~Zeeman!
andT1Q ~quadrupolar!, can be simultaneously determined
various atomic sites. The extraction of the spectral densi
J1(v0) andJ2(2v0), wherev0 is the Larmor frequency, can
then be carried out. Indeed, an IR relaxation mechanism
the side chain~s! of a flexible mesogen can best be studied
deuterons as a probe, when the internal conformatio
changes in the molecules may be assumed to decouple
molecular reorientations@1#. A deuteron NMR study of a
chain-deuterated 4-n-octyloxy-48-cyanobiphenyl ~8OCB!
@17# which demonstrates the ability to study molecules w
an increasing number of conformational transitions, was
cently reported. However, the nuclear quadrupolar inter
tion of the deuteron’s spin (I 51) is dominant, which makes
the spin-lattice relaxation mainly sensitive to intramolecu
relaxation mechanisms. Therefore, only in a very indir
way is it possible to include the influence of the translatio
motions of the molecules. The deuteron measurements
usually made at frequencies above 10 MHz, where the c
tribution of the collective motions is negligible in th
smectic-A phases@13,18#, but can be as much as 30% of th
overall relaxation rate in the nematic mesopha
@13,14,18,19# when compared with molecular reorientation
As the proton studies show@13,18# that, above 10 MHz, the
ODF mechanism can be masked by both the MR and
3679 ©2000 The American Physical Society
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FIG. 1. A typical deuteron
NMR spectrum of 8OBCB-d17

showing the peak assignment, to
gether with a 8OBCB molecule
showing the various coordinat
systems used in the text.
lp

te
g

th

en

s
o
po
e
e
ar
bi

iu
ch
ol
f

lo
a

r
ow
ge

t-
r
of
able
o
fol-
ter-
tal
n.

to
ata

s

a

l

lit-
relaxation mechanisms, deuteron studies can be very he
since they are insensitive~in a first approximation! to SD’s.
Nevertheless, the small contribution of ODF’s at the selec
frequencies and the high correlation between the stren
factor A and the high frequency cutoff of ODF’s@20–23#
have made it difficult to separate their importance to
relaxation model.

Previous studies of the molecular dynamics in the re
trant nematic (Nre) phases of pure compounds@13,24# and
mixtures of compounds@10,14,25,26# with strong polar cy-
ano end groups, revealed that the molecular dynamic
these phases is not remarkably different from the one
served for the nonreentrant ones. However, the exact im
tance of ODF’s to the relaxation rate remains an open qu
tion. In the present study, we follow the methodology us
for 8OCB to examine this important question in a high cle
ing temperature compound octyloxy benzoyloxy cyano
phenyl@27,28# ~see 8OBCB in Fig. 1! which exhibits a nem-
atic ~N! phase, a smectic-Ad phase, and anNre phase. The
experimental spectral densities determined by deuter
NMR were interpreted in terms of a relaxation model whi
decouples the small-step rotational diffusion of the m
ecules@29–34# from the internal conformational motions o
the chain @35–37#. The internal motions in the octyloxy
chain were treated using the rotameric state model of F
@38#. As in 8OCB, the pentane effect, which assumes
infinitely large energy in forming ag1g2 or g2g1 linkage
in the carbon-carbon chain, is used to reduce the numbe
configurations to 577. The experimental results for the l
temperatureNre phase were analyzed using a global tar
ful

d
th

e

-

in
b-
r-
s-
d
-
-

m

-

ry
n

of

t

minimization approach in order to obtain more reliable fi
ting parameters@13,14,17,39#. In this phase, order directo
fluctuations were also considered. Owing to the limitation
the temperature range in our spectrometers, we were un
to collect data in the smectic-Ad phase at both frequencies t
warrant a detailed analysis. The paper is organized as
lows: Sec. II presents the necessary formulas for the in
pretation of our data, Sec. III outlines the experimen
method, and Sec. IV describes the results and discussio

II. BASIC THEORY

The complete description of the formulas necessary
discuss our experimental splitting and spectral density d
can be found in the literature@1,17#. The additive potential
~AP! method@40# is used to model the quadrupolar splitting
along the octyloxy chain. The OuC1 bond in 8OBCB is
taken to be fixed on the phenyl ring plane with
CaruOuC1 angle of 126.4° @41#. The CuCuC,
CuCuH, and HuCuH angles are assumed@42# to be
113.5°, 107.5°, and 113.6°, respectively. The OuC bond is
taken to be identical to a CuC bond, and the OuCuC
angle is set the same as a CuCuC angle. The dihedra
angles (f50,6112°) are for rotation about each CuC
bond, and also about the OuC bond in the octyloxy chain.
The segmental order parameter of the CuD bond (SCD

( i ) ) at
the i th carbon site is directly related to the quadrupolar sp
ting Dn i according to the relation
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Dn i5
3

2
qCD

( i ) SCD
( i ) , ~1!

whereqCD5e2qQ/h, the quadrupolar coupling constant,
165 kHz for the methylene deuterons. By modeling the s
mental order profile at each temperature, the interaction
rameters for the molecular coreXa and for a CuC bondXcc
used to parametrize the potential of mean torqueUext(n,V)
@40# can be determined. Simultaneously the order param
tensor for an ‘‘average’’ conformer of the molecule can a
be evaluated@1#.

The evolution of a spin system is governed by a s
Hamiltonian which contains time fluctuating terms as a res
of thermal motions of the liquid-crystal molecules. From t
standard spin relaxation theory for deuterons@43#, the Zee-
man and quadrupolar spin-lattice relaxation rates are g
by

T
1Z

215J1~v0!14J2~2v0!,

~2!
T

1Q

2153J1~v0!,

where the spectral densities are given by

Jm~mv!5
3p2

2
~qCD!2E

0

`

Gm~ t !cos~mvt !dt, ~3!

with the time-autocorrelation functions

Gm~ t !5^Dm0
2
„VLQ~0!…Dm0

2* „VLQ~ t !…& ~4!

given in terms of the Wigner rotation matrixDmn
2 (V) in the

fluctuating spin Hamiltonian, the angular brackets denote
ensemble average, and the Euler anglesVLQ(t) specify the
orientation of the principal axes of the electric-field-gradie
tensor with respect to the laboratory frame whosezL axis is
defined by the external magnetic field. Now different m
tional processes like IR’s, MR’s, and ODF’s can influen
the spin Hamiltonian. These motional processes occur o
sufficiently different time scales such that small couplin
among them can often be neglected. For flexible molecu
forming uniaxial mesophases, the orienting potential nee
in solving the rotational diffusion problem is first establish
from the order tensor of an ‘‘average’’ conformer. For t
deuterons in the chain, the decoupled model@36,37# is used
to describe correlated internal rotations in the octyloxy cha
and an extension of the Nordio model is used@29# to account
for rotational diffusions of the molecule. Hence, the spec
densitiesJmR

( i ) (mv) for the deuterons on the Ci carbon of the
chain formÞ0 are given in the notation of Ref.@29# by

JmR
( i ) ~mv!5

3p2

2
~qCD

( i ) !2(
n

(
n8

(
k51

577 S (
l 51

577

dn,0
2 ~bM ,Q

( i ) l !

3exp@2 inaM ,Q
( i ) l #xl

(1)xl
(k)D S (

l 851

577

dn8,0
2

~bM ,Q
( i ) l 8 !

3exp@2 in8aM ,Q
( i ) l 8#xl 8

(1)xl 8
(k)D

3(
j

~bmnn8
2

! j@~amnn8
2

! j1ulku#

m2v21@~amnn8
2

! j1ulku#2
~5!
-
a-
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n
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where bM ,Q
( i ) l and aM ,Q

( i ) l are the two polar angles for th
CiuD bond of the conformerl in the molecular frame~Fig.
1! attached to the molecular core,lk andxW (k) are the eigen-
values and eigenvectors from diagonalizing a symmetri
transition rate matrix, and (amnn8

2 ) j /D' ~the decay con-
stants! and (bmnn8

2 ) j @the relative weights of the exponentia
in Gm(t)] are the eigenvalues and eigenvectors from dia
nalizing the matrix of the rotational diffusion operator@29#.
The rate matrix describing conformational changes in
octyloxy chain contains jump constantsk1 , k2, and k3 for
one-, two-, and three-bond motions@37,44# in the chain. The
rate matrix is not symmetrical, owing to the fact that tran
tions among two possible conformations via one of elem
tary jump constants are weighed differently by their equil
rium probabilitiesPeq(n).

The effect of chain flexibility on the ODF contribution t
the spectral density was discussed previously in Ref.@19#.
When considering ODF’s to second order, for the Ci deuter-
ons one obtains

J1DF
( i ) ~v!5

3p2

2
~qCD

( i ) !2
A~124a!

~123a!2
~SCD

( i ) !2I~vc /v!/Av,

~6!

whereI(vc /v) is the cutoff function@45# with vc being the
high frequency cutoff,A is the standard prefactor which de
pends on viscoelastic parameters of the sample,a is a pa-
rameter related toA which gives a measure of the magnitud
of ODF’s, and a much smaller contribution

J2DF
( i ) ~2v!5

3p2

2
~qCD

( i ) !2
A2

~123a!2
~SCD

( i ) !2
1

3p

3 ln@11~vc/2v!2#. ~7!

The factor (124a) in Eq. ~6! is needed to account for th
second order ODF contribution@46#. The calculated spectra
densities for the Ci deuterons are now given by

J1
( i )~v!5J1R

( i ) ~v!1J1DF
( i ) ~v!, ~8!

J2
( i )~2v!5J2R

( i ) ~2v!1J2DF
( i ) ~2v! ~9!

under the above mentioned assumptions.

III. EXPERIMENTAL METHOD

A home-built superheterodyne coherent pulse NMR sp
trometer was operated for deuterons at 15.1 MHz usin
Varian 15-in. electromagnet, and at 46.05 MHz using a 7.
Oxford superconducting magnet. The temperature grad
across the sample in the NMR probe was estimated to
better than 0.3 °C. Thep/2 pulse width is about 4ms. Pulse
control and signal collection were performed by a GE 12
minicomputer. A broadband Wimperis sequence@47# was
used to simultaneously measure theT1Z andT1Q spin-lattice
relaxation times. Signal collection was started 10ms after
each monitoringp/4 pulse, and averaged over 96–160 sca
at 46 MHz and up to 640 scans at 15.1 MHz depending
the signal strengths. A description of data reductions w
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previously given@48#. The experimental accuracy in measu
ing the relaxation times is estimated to be about 5%.

Due to its high clearing temperature and the tempera
limitations in our NMR probes, the chain-deuterat
8OBCB-d17 sample was not heated to the isotropic phase
aligning the director. Fortunately we were able to achieve
alignment of the director along the external magnetic field
theNre phase. The peak assignment of a representative s
trum of 8OBCB-d17 is also shown in Fig. 1. The splitting
assigned to various deuterons on different carbon sites
assumed to decrease monotonically from the core down
octyloxy chain, with the exception of deuterons on the c
bons 5 and 6 which present similar splittings, as can be
ferred from the line intensity@28#. This seems to be consis
tent with our measured spin-lattice relaxation times at th
carbon sites, as well as our modeling of segmental or
parameters. Due to the lack of specifically site-deutera
compounds, we have no reason to reverse splittings at ca
3 and 4, as was assumed in 8OCB@17#.

IV. RESULTS AND DISCUSSION

Figure 2 shows the experimental segmental order par
eter SCD

( i ) as a function of temperature in the Nre and SAd

phases of 8OBCB-d17. An optimization routine~AMOEBA!
@49# was used to minimize the sum squared errorf in fitting
the experimentalSCD

( i ) ,

f 5(
i

~ uSCD
( i ) u2uSCD

( i )Calcu!2, ~10!

FIG. 2. Plot of segmental order parameters vs the tempera
Solid squares, circles, up-triangles, and down-triangles denote1 ,
C3 , C5,6, and C7 sites, respectively. Open squares, circles, a
up-triangles denote C2 , C4, and C8 sites, respectively. The solid
curves are the theoretical calculations for C1 to C7 starting from the
top.
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where the sum overi includes only the methylene deuteron
in C1 to C7. The f values at different temperatures are of t
order of 1023. We have not included the methyl splitting i
our minimization, since it has been known to be sensitive
the assumed value of the CuCuH angle of the methyl
group. Furthermore, the relaxation of the methyl group w
not considered due to possible complication from methyl
tations about its threefold axis. In the AP method, we
Etg(CuCuC)53500 J/mol and Etg(OuCuC)54900
J/mol. TheseEtg values are slightly lower than those used
8OCB. The calculated segmental order parameters are
cated in Fig. 2 as solid lines. The derived interaction para
etersXa and Xcc are plotted versus the temperature in F
3~a!. We found that these values are comparable to th
found in other cyanobiphenyl compounds@14,17#. It is inter-
esting, however, to note thatXa is nearly temperature insen
sitive, in contrast with that found for 8OCB. This may be d
to the Nre phase being below a more ordered smectic-Ad
phase. The interaction parameters found from fitting the q
drupolar splittings are used to find the equilibrium probab
ity Peq(n) of conformern. Furthermore, the order matrix o
an ‘‘average’’ conformer of 8OBCB has been evaluated
each temperature. Figure 3~b! shows its principal element
^P2& and^Sxx2Syy& as functions of temperature. While^P2&
varies from 0.66 to 0.38 upon approaching the isotro
phase in 8OCB, it changes only from 0.7 to 0.62 upon
tering the smectic-Sd phase in 8OBCB. Despite some obv
ous deviations between calculated and observed segm
order parameters in Fig. 2, in particularSCD

(4) and SCD
(6) , the

derived Peq(n) and the potential of mean torque are qu
satisfactory for treating our relaxation data below.

The spectral densityJ1(v) andJ2(2v) data at 15.1 and

re.

d FIG. 3. ~a! Plot of interaction parametersXa ~solid line! andXcc

~dashed line! vs the temperature.~b! Plots of the order parameter
^P2& ~solid line! and^Sxx-Syy& ~dashed line! of an ‘‘average’’ con-
former of 8OBCB as a function of temperature.
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46 MHz versus the temperature for all the methylene deu
ons are shown in Figs. 4 and 5. It is clear from these figu
that J1

( i )(v) shows substantial frequency dependences a
carbon sites, whileJ2

( i )(2v) shows little or no frequency
dependences. The latter seems to differ from 8OCB as
frequency dependences ofJ2

( i )(2v) in 8OCB are a bit more
pronounced@17#. As mentioned above, we will concentra
only on the spectral density data in theNre phase. As in the
N phase of 8OCB, some ODF contributions appear to
necessary in theNre phase of 8OBCB. As collective motion
are slow and only effective in relaxing nuclear spin at lo
frequencies~below 1 MHz in most cases!, we have chosenA
and the high frequency cutoff by trial and error such that
ODF contribution in Eq.~8! amounts to about 35% of th
total at 15.1 MHz. We have also assumed that the prefactA
is constant in theNre phase, while imposing a linear tem
perature dependence for the high frequency cutoff (vc/2p
535 MHz at 363 K, and decreases to 25 MHz at theNre-SAd
phase transition at 393 K!. This is consistent with the fac
that the cutoff functionI(x) approaches zero inSAd phases
at our Larmor frequencies. We found that the second or
ODF contributions toJ2

( i )(v) at 15.1 MHz are very small
while ODF’s contribute toJ1

(1)(v) between 33%~363 K! and
38%~393 K! at 15.1 MHz~about 10% for all temperatures a
46 MHz!.

FIG. 4. Plots of spectral densities vs temperature in 8OBC
Closed symbols denoteJ1

( i )(v), and open symbols denote their co
respondingJ2

( i )(2v). ~a! Squares and circles are for C1 and C3 at
15.1 MHz, while diamonds and triangles are for C1 and C3 at 46
MHz. Solid and dashed curves denote calculatedJ1 andJ2 for C1

and C3 at 15.1 MHz, while dot-dashed and dotted curves for C1 and
C3 at 46 MHz. ~b! Squares and circles are for C2 and C4 at 15.1
MHz, while diamonds and triangles are for C2 and C4 at 46 MHz.
Solid and dashed curves denote the calculatedJ1 andJ2 for C2 and
C4 at 15.1 MHz, and dot-dashed and dotted curvesJ1 andJ2 for C2

and C4 at 46 MHz. Typical error bars are shown only for C3 and C4.
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We believe that the motional biaxiality is small and ha
chosenDx5Dy5D' . The spectral densitiesJ1

( i )(v) and
J2

( i )(2v) for C1 to C7 are calculated using Eqs.~8! and ~9!,
and compared with their experimental values in a global
get analysis@39#. This approach takes advantage of the fa
that the target model parameters vary smoothly with te
perature. To get some idea about the temperature beha
of model parametersD' , D i , k1 , k2 andk3, individual tar-
get analyses~i.e., analyses of spectral densities at each te
perature! were first carried out. We found that the rotation
diffusion constants obeyed simple Arrhenius relations

D'5D'
° exp@2Ea

D'/RT#, ~11!

D i5D i
°exp@2Ea

D i/RT#, ~12!

while the jump constants showed temperature behav
which could be approximated by

ki5ki81ki9~T2Tmax!, ~13!

where i 51, 2 or 3, andTmax is 393 K in this study. The
pre-exponentialsD'

° andD i
°, and their corresponding activa

tion energiesEa
D' andEa

D i , are the global parameters. Sim
larly k18 , k19 , k28 , k29 , k38 , andk39 , are the remaining globa
parameters in our global target analysis. Instead of Eqs.~11!
and ~12!, these were rewritten in terms of the activation e
ergies and the diffusion constantsD'8 andD i8 at Tmax. Indeed
k18 , k28 , k38 , D'8 , andD i8 were first obtained at 393 K by a
individual target analysis. The ODF prefactorA was inputed,

.
FIG. 5. Plots of spectral densities vs temperature in 8OBC

Closed symbols denoteJ1
( i )(v), and open symbols denote their co

respondingJ2
( i )(2v). ~a! Squares and triangles are for C5,6 at 15.1

and 46 MHz, respectively.~b! Squares and triangles are for C7 at
15.1 and 46 MHz, respectively. Solid and dashed curves are ca
lated spectral densities at 15.1 and 46 MHz, respectively.
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and found ‘‘best’’ at 4.731026 s1/2, a value consistent with
those found in other liquid crystals@17,19#. Again AMOEBA

@49# was used to minimize the mean-squared percent de
tion (F). The fitting quality factorQ is defined as

Q5

(
k

(
v

(
i

(
m

@Jm
( i )calc~mv!2Jm

( i )exp t~mv!#k
2

(
k

(
v

(
i

(
m

@Jm
( i )exp t~mv!#k

2
,

~14!

where the sum overi covers C1 to C7, the sum overv is for
two different Larmor frequencies, the sum overk is for seven
temperatures, andm51 and 2. Since the signals from C5 and
C6 deuterons overlapped, and their calculated spectral de
ties were different, we have taken the average for these
sites in the minimization. We have a total of 196 spect
densities to derive ten global parameters. We foundQ
51.0%, and the calculated spectral densities are also sh
in Figs. 4 and 5 as curves. Although there exist some s
tematic deviations between experimental and calcula
spectral densities, the overall fits are quite satisfactory gi
the many simplifications~in particular the use of the ‘‘pen
tane’’ effect! in the motional model used in the prese
study. In Fig. 6 we present the site dependences of spe
densities at 378 K, and note the agreement between ca
lated and experimental values is quite good. We have
indicated in the same figure the ODF contributionsJ1DF

( i ) (v)
at 378 K.

FIG. 6. Variation of the spectral densitiesJ1(v) ~solid symbols!
andJ2(2v) ~open symbols! with the deuteron position in the reen
trant nematic phase of 8OBCB (T5378 K!. Circles and squares
denote data from 15.1 and 46 MHz, respectively. Solid and do
lines are predictions forJ1 andJ2, respectively, while dashed lin
denotes the theoreticalJ1DF

( i ) (v).
a-
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l
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so

All model parameters are summarized as plots shown
Fig. 7. The three-bond motions are found to be very fast a
other liquid crystals including 8OCB@17#, and occur on a
time scale of femtoseconds. Bothk2 and k3 decrease with
increasing temperature, whilek1 shows an opposite tempera
ture behavior. Indeed,k1 could also be approximated by a
Arrhenius relation. Similar temperature dependences fork1
and k2 were observed in 6OCB@14# and 8OCB@17#. The
activation energyEa

i (552.8 kJ/mol! is higher than the acti-
vation energyEa

'(526.7 kJ/mol!, which seems unphysica
This merely reflects the difficulty in obtaining informatio
about the tumbling motion of the molecule, a phenomen
often encountered in NMR studies of liquid crysta
@4,50,51#. We note that theD i /D' is of the order of 100 in
the Nre phase of 8OBCB, which is consistent with that foun
in the N phase of 8OCB. The error limits forEa

i lie between
51.8 and 53.7 kJ/mol, and those forEa

' lie between 25.7 and
27.6 kJ/mol. The error limit for a particular global parame
was estimated by varying the one under consideration w
keeping all other global parameters identical to those for
minimumF, to give an approximate doubling in theF value.
The pre-exponentials in Eqs.~11! and ~12! are D'

° 55.83
31011 s21 andD i

°51.7631017 s21. When comparing these
with those found in 8OCB, they are about three orders
magnitude smaller. This is understood by the difference
their temperature ranges, and not by the specific nature o
mesophases. The error limits forD'

° lie between 4.45
31011 s21 and 8.1531011 s21, and those forD i

° between
1.3531017 s21 and 2.431017 s21. In estimating the error
limits for jump rates, we examine their values at Tmax: k18
53.231015 s21, k285531011 s21, and k3852.431017 s21.

d

FIG. 7. Plots of jump rate constantsk1 ~squares!, k2 ~circles!,
and k3 ~triangles!, as well as rotational diffusion constantsD i
~circles! andD' ~squares!, as functions of the reciprocal tempera
ture.
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We found that any largerk38 or k18 value does not affect the
fits, and hence no upper limit can be estimated, while th
lower limits arek1852.5431015 s21 and k385331015 s21.
Indeed, there is a tendency in the minimization to overe
mate thek3 ~or k1) value. Now 4.031010 s21,k28,2.14
31012 s21. We note that the lower limit fork28 is for a 50%
increase inF only, since this lower limit has less sensitivit
in the fits. Finally, the correlation coefficients among vario
model parameters are addressed. The correlation coeffic
between diffusion pre-exponentials and their correspond
activation energies are very high~near 1!. Those for the pairs
(D i

°,D'
° ), (D i

°,Ea
D'), and (D'

° ,Ea
D i) are equal to 0.69, while

for (k18 ,k19), (k28 ,k29), and (k38 ,k39) are 0.98, 0.79, and 0.3
respectively. The correlation coefficients between one of
jump parameters in Eq.~13! with one of the diffusive param
eters in Eqs.~11! and~12! are between 0.37 and 0.74, whi
those for the remaining pairs of jump parameters range
tween 0.07 and 0.9, e.g., (k18 ,k39), (k18 ,k29), and (k28 ,k39) are
0.07, 0.9, and 0.5, respectively. The correlation coefficie
involving the prefactorA are also estimated. For exampl
those for (A,vc), (A,D'

° ), (A,Ea
D i), and (A,k38) are 0.97,

0.86, 0.47, and 0.29, respectively.
In conclusion, a consistent picture has emerged in in

preting the quadrupolar splittings and relaxation data in
Nre phase of 8OBCB. It is found that like the relaxation da
in the N andSA phases of 8OCB, the decoupled model c
describe the correlated internal dynamics of the octylo
chain, while the Nordio model can describe the overall m
tions. Also like theN phase of 8OCB, ODF contributions ar
ls

f
i

l.

k

ci

n

J.
ir

i-

s
nts
g

e

e-

ts

r-
e

n
y
-

needed to account for part of the spin relaxation in theNre
phase of 8OBCB. We believe that this observation sim
reflects the differences in the viscoelastic coefficients due
the temperature range ofNre in 8OBCB. Indeed, we found
that in the binary mixtures of 8OCB-d17/6OCB @52# or
6OCB-d21/8OCB @14# ODF were not required to explain th
measured spectral densities in its low temperatureNre phase.
Finally, the jump rate constants and the rotational diffus
constants are consistent with values found in other cyan
phenyl compounds. However, thek3 values found thus far
for the crankshaft motion in several different liquid crysta
seem a bit high, since this motion should involve relative
high activation energy even though the change in the ove
molecular shape is small. Perhaps other types of moti
which can induce transitions among allowable conformatio
should be considered in our rather simplified model. For
stance, the type II motion of Skolnick and Helfand@53#,
which involves either a gauche migration or gauche pair f
mation in the chain, may be incorporated in our decoup
model instead of thek3 motion ~the so called type I motion
by Skolnick and Helfand!. This certainly requires further in
vestigations, and is being pursued in our laboratory.
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