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Experimental NMR spin-lattice relaxometry study in the liquid crystalline nematic phase
of propylcyano-phenylcyclohexane
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The NMR spin-lattice proton relaxation dispersionT1(nL) of the liquid crystal propylcyano-
phenylcyclohexane is studied over several decades of Larmor frequencies and at different temperatures in the
nematic mesophase. The results show that the order fluctuation of the local nematic director contribution to
T1(nL) undergoes a transition between two power regimes: fromT1(nL)}nL

1/2 to nL
a (a;1/3) on going from

low to high Larmor frequencies.
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I. INTRODUCTION

Liquid crystals have suscitated the interest of numer
studies due to their unique characteristic of behaving as
isotropic liquid or having collective motions on differen
time scales@1#. Field-cycling NMR relaxometry@2# has been
widely used to probe reorientational molecular motio
through the dispersion of the spin-lattice relaxation tim
@T1(nL)#. In thermotropic liquid crystals at Larmor frequen
cies higher than 1062107 Hz individual mechanisms of re
laxation, such as molecular self-diffusion and rotatio
dominate the relaxation. Self-diffusion modulates the
tramolecular dipolar interactions by reorientations of in
vidual molecules with respect to the external Zeeman m
netic field while they are translationally diffusing through t
liquid crystalline locally oriented domains. In addition, th
interspin vector can rotate with the whole molecule. T
process can be described by the step-by-step rotational
fusion model, widely used in frequency-dependent NM
studies@3#.

For frequencies below 1052106 Hz collective molecular
motions govern the relaxation. Thermally stimulated fluctu
tions of the local director produce orientational director flu
tuations~ODF! @1# that can be represented by overdamp
elastic modes propagating in a spherical way in the nem
mesophase. The overdamping is produced by dispersio
the elastic reorientation waves by defects. Since the
model proposed by Pincus@4# several improvements hav
been made to the theory including temperature depend
@5# and anisotropies in the elastic constants@6,7#.

The discrimination of different NMR relaxation mech
nisms is based on the identification of characteristic f
quency dispersion laws of spin-lattice relaxation. The m
known examples of ODFs are the square-root law@T1(nL)
}nL

1/2# for the nematic mesophase@2# and the linear law
@T1(nL)}nL# in smectics@6,8#. The identification of nematic
domains in the smectic phase of thermotropic liquid crys
was possible due to the observation of a transition of po
regimes from a linear dependence to a square root one@9#.

In this work we measuredT1(nL) in propylcyano-
phenylcyclohexane~3-PCH! in the nematic mesophase
several temperatures within the range of 103 Hz,nL

,108 Hz. In addition to theT1(nL)}nL
1/2, the data behavior
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shows an anomalous dispersion law ofT1}nL
a ~with a

;1/3) in the range of 231042107 Hz. We propose that the
nL

a behavior should be produced by the proton spin pa
reorientational fluctuations which could in principle be re
resented by quasielastic modes with wavelengths in the s
and medium range, as compared with ODFs and that
structure of the molecules could play an important role in
existence.

II. THEORETICAL BACKGROUND

Order director fluctuations give rise to spin-lattice rela
ation by modulating the orientation of the internuclear vec
with respect to an external magnetic field@10#. For a nuclear
pair of two spin 1/2 nuclei, with a fixed separation distancer,
the spectral density of the dipolar autocorrelation is given

J1~nL!5S2r 26E
2`

`

^dn~r ,t !,dn~r ,0!&ei2pnLdt,

wheredn(r ,t) represents a fluctuation of the directorn, S
denotes the order parameter, andnL is the Larmor frequency.
Introducing Fourier components and carrying out the ti
integration the spectral density is expressed as a sum of
tributions of normal modes representing different wave v
tors q:

J1~nL!5S2r 26 (
a51

2

(
q

^udn~q,0!u2&
2ta~q!

114p2nL
2ta

2~q!
,

a51,2 rather than (x,y) denotes a proper diagonalization
minimize the free energy expressions@1#. The mean square
amplitude for each mode can be obtained with the aid of
equipartition theorem and using the Landau-Kalatnik
equation. Replacing the summation by an integral from z
to the cutoffqz andq' values the spectral density is

J1~nL!5
9

76p2
kBTS2(

a
haE

0

qz
dqz

3E
0

q' q'dq'

~K3qz
21Kaq'

2 !214p2ha
2nL

2
, a51,2,

~1!
©2000 The American Physical Society07-1



an
ov
l

e
u
c
is

er

e
b

a

t
y
a
C
d

in
on

rnal

nt in

ra-

n-

by
he
e
es.

to
er,
le,
an
12

led
ed
as
the
ase

h a
at
ei-
r to

ev-
no-
an-

e
opic
e-
r

-

. A
es,

e

R. H. ACOSTA AND D. J. PUSIOL PHYSICAL REVIEW E63 011707
whereha is an appropriate viscosity,K1 , K2, andK3 are,
respectively, the splay, twist, and bend elastic constants@1#,
q'

2 5qx
21qy

2 , kB is Boltzman’s constant, andT the abso-
lute temperature. When anisotropies in the elastic const
are considered the integration in the wave space is done
different volumes. Blincet al. @8,7# considered a cylindrica
volume of integration and later Vold and Vold@6# considered
an ellipsoidal one. The integration over different volum
gives rise to different expressions for the low frequency c
off but the same dependence of the order fluctuation-indu
spin-lattice relaxation time on the Larmor frequency which
the well-known square root law derived by Pincus@4#.

The fitting model for ODFs is@11#

1

T1 ODF
5An21/2S 12

1

p H F tan21S A2n/nc

n/nc21D
1tanh21S A2n/nc

n/nc11D G2Q~n/nc21!J D
with A5const, Q the Heaviside function, andnc the low
cutoff frequency.

Individual motions contribute to the relaxation in a low
time scale and can be described, for rotations as@12#

1

T1 rot
5Bt1(

p51

2
p2

11~ppnt1/3!2

with B5const andt1 the time reorientation constant. Th
self-diffusion contribution to the relaxation process can
written as@13#

1

T1 dif
5CtD (

p51

2

p2F x

2
2

1

x
1@F~x!1H~x!#e2xG 1

x4
,

with

F~x!5S x

2
2

1

xD sinx,

H~x!5S x

2
1

1

x
12D cosx,

x5A12ppnLtD, C5const, andtD is the constant of
translational molecular jump.

III. EXPERIMENT

ExperimentalT1 profiles were recorded by means of
conventional (53106 Hz,nL,108 Hz) and a fast field cy-
cling (103 Hz,nL,107 Hz) NMR spectrometer. With
both instruments the random error of the individualT1 points
is less than 10% after appropriate signal averaging and
sample temperature has been controlled with an accurac
at least 0.2 °C. The FFC experimental setup is homem
@13#. The design is based on a electronically switched FF
NMR spectrometer which uses a special air core magnet
sign and a MOSFETs magnet control and power switch
@14#. Additional coils are used for shimming the detecti
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magnetic field. The earth field is compensated by an exte
pair of dc driven Helmholtz coils. The relaxation fieldBr
was measured by means of a double resonance experime
a sample of water where no quadrupolar dips@15# were
found. During the relaxation period, water protons are ir
diated with a second pulse of frequencyn r . Absorption of
the second frequency is produced just as the relationgBr
5n r is met. The quantitygDn r , which is extracted from the
convenient scan of the rf absorption atn r , gives us a mea-
sure of theBr dispersion. In the frequency range of our i
terest we have, for instance, a dispersion inBr of approxi-
mately 0.5 and 0.1 % at, respectively,nL5400 Hz and 2
MHz.

Propylcyano-phenylcyclohexane (C16H21N1) purchased
from Merck Co. was first recrystallized and then purified
local fusion in the solid state, this is, melting a layer of t
cylindrical sample scanning it slowly from the bottom to th
top and vice versa. This process is repeated several tim
Local fusion allows heavy and light residual impurities
migrate to the bottom and the top of the sample contain
respectively. Afterwards the top and bottom of the samp
containing the impurities, are removed with the aid of a cle
cutter. Glass sample containers of 10 mm diameter and
mm in length were filled with the purified sample and sea
under vacuum. Due to the hysteresis of 2 °C in the purifi
samples we applied the following treatment: the sample w
heated to the isotropic state and then cooled to 26 °C in
nematic phase with the strongest static field present. Ph
transitions of the purified compound were measured wit
homemade DTA. The nematic-isotropic transition occurs
46 °C and the crystal-nematic at 16 °C. This compound n
ther has a conjugated aromatic central system, nor, simila
cyanobiphenyls, a functional group in the central part. N
ertheless, it has very low bulk viscosity compared to cya
biphenyls due to the weaker dispersion forces from the
isotropic molecules caused by the cyclohexyl ring@16#. Bulk
viscosity is proportional to its flow viscosity coefficienth
and to its elastic coefficientsK.

Figure 1 showsT1(nL) at two temperatures: 31 °C in th
nematic phase and 66 °C in the isotropic phase. The isotr
data are fitted with a rotation of the long axis with a corr
lation time oftRI53.331029 sec. In the nematic phase fo
frequencies higher than 63106 Hz two rotations and self-
diffusion are assumed. ThenL

1/2 behavior is present fromnL

;103 through 104 Hz. A constant value is reached for fre
quencies below 53103 Hz. A transition fromnL

1/2 to nL
0.37

occurs atn t54.83104 Hz and extends to 63106 Hz.
Figure 2 shows the experimental data ofT1 in the nematic

phase at four different temperatures 26, 31, 36, and 41 °C
typical nematiclike behavior is present at all temperatur
this is, the low frequency plateau and thenL

1/2 dispersion law.
The transition frequency fromnL

1/2 to nL
a is seen to decreas

with temperature from 63104 Hz to 2.33104 Hz while the
exponenta50.3760.02 remains almost constant.

IV. DISCUSSION

In Fig. 1, a typical nematiclike behavior ofT1(nL)}nL
1/2 is

seen between 102 Hz and 4.83104 Hz for a temperature of
7-2
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FIG. 1. Frequency dependence of the sp
lattice relaxation of 3-PCH in the isotropic me
sophase (T566 °C) and in the nematic me
sophase (T531 °C). Departure from theT1

}nL
1/2 to nL

0.37 can be seen atn t530 KHz.
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31 °C. The plateau inT1(nL) is reached for frequencies be
low nc553103 Hz. This low-frequency cutoff is assoc
ated with a coherence lengthjc5A2pK/(hnc), of 1.36
3104 Å. The values for the effective viscosityh and elastic
constantsKi measured by Schadet al. @17# were used in the
calculation ofjc . A transition from thenL

1/2 regime to anL
0.37

FIG. 2. Spin-lattice relaxation time in 3-PCH showing the d
crease in theT1}nL

1/2 regime with temperature.
01170
regime occurs atn t54.83104 Hz and is present up to 6
3106 Hz, where individual relaxation mechanisms dom
nate T1. Two rotations influenceT1, one in the range 5
3105253106 Hz with t152.631027 sec and another fo
frequencies higher than 23107 Hz with t25431029 sec.
Self-diffusion has a characteristic time oftD53.5
310210 sec. As it is well established for other nematic a
smectic liquid crystals@18# t1 is assigned to rotations abou
the perpendicular axis andt2 about the axis of the molecule
Note that at 66 °C rotations about the long and short a
havet1 andt2 of the same order of magnitude as expec
for an isotropic liquid.

Figure 2 shows the experimental data ofT1 in the nematic
phase at four different temperatures. In Table I we obse
two different behaviors:nc decreases with temperature whi
n t increases. The first behavior is consistent with a rec
study carried out on 4-PCH@19# and means that the cohe
ence length decreases as temperature approches the ne
isotropic phase transition. For frequencies higher thann t the
values ofT1 fall below the continuation of thenL

1/2 curve,
this indicates that there exists another mechanism contri
ing to the relaxation rate. As the frequency domain wh
this process takes place is larger than that of 3D-ODF
smaller coherence length for it should be expected, this
short range molecular interactions are expected. Bendin
the molecules could generate different modes of collec
fluctuation of the local director and might be favored in th
compound because of its low viscosity. This is in agreem

-

TABLE I. Low cutoff frequency for theT1}n1/2 regime, tran-
sition frequency to theT1}na and their correlation lenghts for dif
ferent temperatures.

Temp.@°C# nc @Hz# n t @Hz# a60.02 jc @Å #

26 53103 63104 0.34 1.353104

31 53103 4.83104 0.37 1.363104

36 5.23103 33104 0.37 1.313104

41 5.53103 2.33104 0.37 1.243104
7-3
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with Fig. 2 which shows that with increasing temperatu
this is, decreasing viscosity, the frequency range for this p
cess is larger.

It was pointed out in Eq.~1! that anisotropies in the elasti
constants give rise to different cutoff parameters and
square-root law for three-dimensional overdamped ela
waves@7,6#. On the other hand, the smectic phase is of
referred to as a bidimensional liquid, so that this express
can be understood in the frame of ODF’s as undulat
waves, or waves that propagate in a bidimensional w
From Eq. ~1! this can be seen to give a linear law for th
dispersion profile by taking the limitK3!K1 ,K2 ~or K3
→0) @6#. Another example of how far the present theory c
go is to think in terms of a very simplified one-dimension
model resembling a reptation, this is, waves propagating
thez direction. In this caseK3@K1 ,K2 ~or K1 ,K2→0) gives
a T1}nL

3/2 law @10#. As a general rule the exponent ofnL
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diminishes as the dimensionality of the director fluctuatio
propagation wave decreases. The fall in the exponent in
power law would then indicate a gain in dimensionality.
we consider that some mechanism, such as, for instance,
lecular bending, is responsible for this new relaxation,
should be described by the addition of another term in
free energy expression. This would require adding anot
dimension to the integral of expression~1!. An adequate the-
oretical frame explaining this process is material for futu
research.
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