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We report on a deuterium spin relaxation study of a 26 wt.% sample of perdeuterated
hexyloxycyanobipheny! (60CB-d,,) in octyloxycyanobiphenyl as a function of tempeg-
ature at a Larmor frequency of 13.81 MHz. The binary mixture exhibits the following
phase sequence: isotropic—nematic—smectic A—reentrant nematic—crystal. The
DMR spectrum of this sample is relatively well-resolved and permits the measurement
of the Zeeman (T,z) and quadrupole (T,,) spin-lattice relaxation times for several
distinct deuterons in 60CB-d,,. The present study considers only the ring deuterons.
In fact, there are two sets of ring deuterons and we restrict our study to the set with
the smaller quadrupolar splitting to avoid spectral overlap from the methyl deuterons.
These relaxation times were simultaneously measured by the phase-cycled Jeener-
Broekaert sequence, and the spectral densities J,(pw) (p =1,2) were found to increase
continuously with decreasing temperature. Molecular reorientation seems to be a
dominant relaxation mechanism for the ring deuterons and is discussed in terms of a
small step rotational diffusion model.

. INTRODUCTION

The reentrant phenomenon was discovered in liquid crystals in 1975
when Cladis' observed that a smectic A phase could undergo a phase
transition to a nematic phase on lowering the temperature in a mixture
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of two para-cyano substituted compounds. Later it was also observed
in a pure compound? at high pressure and finally even in pure com-
pounds at atmospheric pressure. Numerous studies,® both experi-
mental and theoretical, have been carried out to elucidate the nature
of reentrant mesophases. Among the reentrant systems, one common
system is the binary mixture! of hexyloxycyanobiphenyl (60CB) and
octyloxycyanobiphenyl (80CB) which has been extensively studied
using various experimental techniques.*~# Deuterium NMR has been
used to investigate®* subtle changes in the orientational order pa-
rameters at the transition from the smectic A (S,) to the reentrant
nematic (RN) phase in this mixture. Thus far molecular dynamics’
in reentrant mesophases has received little attention. Recently pulsed
NMR techniques have been successfully applied to deuterons in deu-
terated liquid crystals®~'2 in order to determine individual spectral
densities of motion. These spectral densities can be measured as a
function of temperature and frequency. They contain information on
the frequency spectra of fluctuations arising from motions such as
director fluctuations,'> molecular tumbling and internal motions in
an anisotropic potential. Here we report on a DMR spin relaxation
study of a 26 wt.% solution of perdeuterated 60CB (60CB-d,;) in
80CB. The DMR spectrum of this sample® is relatively well-resolved
and permits the measurement of the Zeeman (7)) and quadrupole
(T,p) spin-lattice relaxation times for several distinct deuterons in
60CB-d,,. The present study considers only the ring deuterons, since
a treatment of internal rotations and segmental isomerization in an
alkyl chain for spin relaxation in liquid crystals is still lacking. For
60CB-d,,, there are two sets of ring deuterons and we restrict this
study to the set with the smaller quadrupolar splitting to avoid spectral
overlap from the methyl deuterons.* It was argued before!4 that mo-
lecular reorientation rather than director fluctuations appears to play
a dominant role in relaxing ring deuterons. The derived spectral
densities as a function of temperature are discussed using a small step
rotational diffusion model'*-17 of a symmetric top.

II. BASIC THEORY

From the standard NMR relaxation theory'®-2° by nuclear quadrupole
interaction (assume axial symmetry) for a spin I=1, one has the
following expressions for T, and T},

T'(0) = AlJ:(w0,8) + 435(200,6)] (1)

Tig(8) = 3AJ1(w,6) 2)
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where A = (3m%/2)(e*qQ/h)?, ¢*qQ/h is the quadrupolar coupling
constant, wy/27 is the Larmor frequency, 0 is the angle between the
director n and the external magnetic field, and the spectral densities
J,(pw) for 6 = 0 (i.e. J,(pw,,0) = J,(pw,)) are given by

J(pw) = j: G, (t)cos( pwi)dt 3)

where G,(¢) is the autocorrelation function of second rank tensor
components which appear in the relaxation Hamiltonian and the sub-
script p refers to a projection index of the corresponding component.
One can derive these spectral densities of motion (for p=1 and 2)
from simultaneous measurement of T, and T, at one particular
Larmor frequency. To account for the variation of spectral densities
with temperature and frequency, one has to examine the various
relaxation mechanisms which are responsible for the spin-lattice re-
laxation of nuclear spins. One of the important relaxation processes
is restricted molecular tumbling in an anisotropic orientational po-
tential.

Under the assumption that the phenyl ring rotation about the para
axis is fast and is uncoupled to the overall molecular reorientation,
the spectral densities for the ring deuterons derived from a small step
rotational diffusion model'*~'7-?! for a symmetric top reorienting in
a restoring potential U(By) = — AP,(cospB,) are given by

1.2
2 (B " — 2
Io(po) = K(pONdRBPIdRBIF T
2 (B d2(B) 2 T
+ 4x(p.D[d1:(B")[d1(B")] 1+ por(a,)
1'2

+ 4x(p,2)[d%,(B")F[d%(B")] ——22—(;5? (4)
where B” is the angle between the C-D bond and the para axis, B’ is

the angle between the para axis and the long molecular axis, and

[d3:(0)] = (3cos’0 — 1)%4
[d3,(6)]? = (3sin?20)/8

[d3,(8)] = (1 - 3cos?0 + 4cos*d)/4
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[d3.(8))2 = (1 - cos*0)/4
[d%(8)] = (3sin“6)/8
[d3,(8)F = (1 + 6cos®® + cos*8)/16

The correlation times 12, are given in terms of an axially symmetric
diffusion tensor whose principal components are D, and D,, the
rotational diffusion coefficients of the molecule about the molecular
symmetry axis and perpendicular to this axis, respectively:

()" = (D./BZ) + (Dy = D))gq’ )

The parameters B2, depend on the orientational order of the phase.
Plots of B2, versus the order parameter (P,) were given in Ref. (16).
The k(p,q) are mean square of the Wigner rotation matrices:

(p.9) = ((D7(Q)P") = |(D7,(£2))| 28,08 (6)
where (), are the Euler angles describing the instantaneous orien-
tation of the molecule in the liquid crystalline coordinate system.
These quantities account for effects of static order in mesophase and
can be expressed'” in terms of order parameters (P,)=(D3,(,)). It
should be noted that the x(p,q) values with g#0 depend on the
anisotropic rotational diffusion factor R=D,/D, and on the form of
the restoring potential. >

The deuterium NMR spectrum of a single ring deuteron consists
of a quadrupolar doublet whose splitting Av,, is given by

Avg = (312)(e*qQIh)Py(cosB’) Py(cosB”) (Po) 9

where P,(cosB) = (3cos’f — 1)/2. In using the small step rotational
diffusion model, one requires the order parameter (P,) which cannot
be measured by NMR. Raman studies?® have been used to measure
both the (P,) and (P,) in liquid crystals. These order parameters have
been reported?* for 80CB but not for the binary mixture. Therefore
we have adopted the restricted cone model® for the purpose of cal-
culating (P,) only. In this model, all orientations of a rigid rod are
equally probable within a cone of semiangle 6, and simple algebraic
expressions can be written for (P,) and (P,):

(Py) = (1/2)cos0y(1 + cosfy) 8)
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(P = (1/8)cos8,(1 + cosb,)(7cos?6, — 3) )

This procedure was used in a recent *C study? of a liquid crystal.

lil. EXPERIMENTAL

The sample was the same as that used in an earlier study.® The
transition temperatures of the sample were about 78, 46 and 28°C
for/— N,N— S, and S, — RN transitions, respectively. The sample
temperature was monitored by a copper-constantan thermocouple.

The deuterium spin-lattice relaxation measurements were made at
13.81 MHz with a Bruker SXP spectrometer equipped with a 1180
(Nicolet) FFT accessory. The external magnetic field was “‘locked”
at 21.14 kG and its field homogeneity was maximized by proper
trimming with shim coils. The longitudinal relaxation times 7, and
T, were determined by means of a Jeener-Broekaert pulse sequence
[(w/2) — 17 — (w/4) — t — (w/4)] with the proper phase-cycling®’ to
get rid of unwanted coherences. The preparation time T was chosen
according to (2n+1)/Av,. Tz and T, were derived from the sum
and difference of the doublet component intensities obtained by the
third monitoring pulse, respectively. DMR spectra were obtained by
averaging signals from about 900 sweeps. These measurements had
an experimental error of about 5%. The transverse relaxation times
were measured with quadrupolar echo experiments. Since they in-
volve a much larger error due to some experimental difficulties, we
have not derived the spectral density Jo(0).

IV. RESULTS AND DISCUSSION

Quadrupolar splittings for various deuterons of 60CB-d,, in the binary
mixture of 26 wt.% 60CB/80CB were reported* earlier. Av,, for the
ring deuterons (say ring A) with a smaller doublet splitting was used
to calculate (P,) using Eq. (7). One encounters the difficulty of not
knowing the exact molecular geometry in extracting (P,) from Av,,.
Fortunately it was observed® that Av,, for pure 60CB (or 80CB) is
similar to that of 60CB (or 80CB) in the binary mixture over the
same temperature range. Using eqQ/h = 183 kHz and B" = 60°, we
have chosen an effective value of 32.6° for B’ such that the (P,) values
(see Figure 1) derived from Avg between 15° = Ty, — T = (° coincide
with that of 80CB from Raman data.?* The B' value appears to be
large for the angle between the para axis and the long molecular axis,
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FIGURE 1 Plots of order parameters for 60CB/80CB mixture versus temperature.

(P,) is calculated from the quadrupolar splitting, while (P,) is calculated using the
restricted cone model (see text). x and O denote (P,) and (P,), respectively.

but this is necessary to make (P,) not close to one in the RN phase
and not below 0.3 at the clearing temperature. It is also used later
in Eq. (4) for consistency. Using the restricted cone model (Eq. (8-
9)), {(P,), was evaluated from (P,), as shown in Figure 1. In com-
parison with (P,) of 80CB, the (P,) values at temperatures just below
T, are less negative. The negative or low (P,) value has been ascribed?®
to “‘dimerization” (see below) in para-cyano substituted compounds



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:44 19 February 2013

SPECTRAL DENSITY OF MOTION 39

which would suggest that 60CB/80CB may have less dimerization than
pure 80CB.

The spectral densities of motion, J;(w,) and J,(2w,), for the ring
A deuterons were calculated from T, and T, using Egs. (1-2) and
A = 0.5 x 10"2s~2, These are plotted versus the reciprocal temper-
ature in the N,S,, and RN phases in Figure 2. Both spectral densities
are seen to increase continuously with decreasing temperature, even
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FIGURE 2 Plots of the spectral densities J,(w,) and J,(2w,) versus the reciprocal

temperature. 0 and x denote J,(w,) and J,(2w,), respectively. Lines a guide through
points only.
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at phase transitions. The rotational diffusion coefficients D, and D,
were evaluated using Egs. (4) and (5), with B2, given by Agostini et
al.** and k(p,q) given by Freed.® The equations for J,(w,) and J,(2w,)
reduced to a quartic in R(=D,/D,) and D,, which was solved® by
either the method of bisection (when wt?, < 1 in the fast motion
limit) or Newton’s method. In the N and S, phases, it was found that
the fast motion limit applies, while the full equation was needed in

the RN phase as the motion is in the intermediate motion regime.

D"(S_l)
(6)]
]l]lll
/
L1 ol

/

: 7 o~o \O\OOI\O\O
w0 l T~ =
& F N
sk -
i 1. 1 1 1 1
29 3.1 33
103/ T (K™)

FIGURE 3 Plots of rotational diffusion coefficients D, and D, versus the reciprocal
temperature.
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The derived rotational diffusion coefficients are plotted versus the
reciprocal temperature in Figure 3. As seen in the figure, D, follows
an Arrhenius temperature behavior with an activation energy E, of
47.5 kJ/mole in the N and S, phases and shows a slightly higher E,
in the RN phase. The behavior of D, is rather different, since the
E,'s are different in the various phases, with a progressively larger
value in lower temperature phases (11 kJ/mole, 20 kJ/mole and 46
kJ/mole in N, S, and RN phases, respectively). There seems to be a
discontinuity of D, at the N-S, transition but not at the S,-RN tran-
sition. As noted for other liquid crystals,” we note that the error
bars for D, are much larger than those of D; and depend on the
accuracy of the relaxation data. The anisotropic factor R varies from
240 at the clearing temperature to about 30 in the RN phase. The
range of RN phase in the binary mixture is small and therefore one
cannot determine its E, value for D, with great certainty. However,
the observed doubling in the E, value at the phase transitions is
interesting. The para-cyano substituted compounds show strongly
antiparallel dipole association. At the S ,-RN transition, pairing favors
the nematic phase, depairing favors the S, phase.*® In other words,
there is saturation of dimer formation in the RN phase. In the §,
phase, the partial bilayer structure does not allow effective packing
of dimers within each layer, and therefore allows easy flipping of a
molecule around a short axis. This could explain why the E, value
for D, is much larger in the RN phase.

In summary, molecular reorientation seems to be a dominant re-
laxation mechanism for the ring deuterons of the binary mixture of
60CB-d,,/80CB. The spectral densities of motion can be quantita-
tively interpreted using a small step rotational diffusion model of a
symmetric top. The derived rotational diffusion coefficients may be
useful for shedding light on the height of nematic barrier.!

Acknowledgment

The financial support of the Natural Sciences and Engineering Council of Canada is
gratefully acknowledged.

References

1. P. E. Cladis, Phys. Rev. Len., 35, 48 (1975). D. Guillon, P. E. Cladis and J.
Stamatoff, ibid., 41, 1598 (1978).
2. P. E. Cladis, R. K. Bogardus and D. Aadsen, Phys. Rev. A, 18, 2292 (1978).



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:44 19 February 2013

)

w W

0~

1.

12.

13.
. P. L. Nordio and U. Segre, Gazz. Chim. lal., 106, 431 (1976). R. D. Orwoll, C.

15.
16.

27.
28.

29.

31

RONALD Y. DONG e al.

. L. Longa and W. H. deleu, Phys. Rev. A, 26, 1632 (1982) and references therein.
. R. Y. Dong, J. S. Lewis, E. Tomchuk and E. Bock, Mol. Cryst. Lig. Cryst., 122,

35 (1985).

. J. W. Emsley, G. R. Luckhurst, P. J. Parsons and B. A. Timimi, Mol. Phys., 56,

767 (1985).

. N. R. Chen, S. K. Hark and J. T. Ho, Phys. Rev. A, 24, 2843 (1981).
. R. Y. Dong, J. Chem. Phys., 76, 5659 (1982); 75, 2621 (1981).

A. R. Kortan, H. von Kanel, R. J. Birgeneau and J. D. Litster, J. Physique, 45,
529 (1984).

. P. A. Beckmann, J. W. Emsley, G. R. Luckhurst and D. L. Turner, Mol. Phys.,

50, 699 (1983). C.R.J. Counsell, J. W. Emsley, G. R. Luckhurst, D. L. Turner
and J. Charvolin, Mol. Phys., 52, 499 (1984).

. D. Goldfarb, R. Y. Dong, Z. Luz and H. Zimmermann, Mol. Phys., 54, 1185

(1985).

T. M. Barbara, R. R. Vold and R. L. Vold, J. Chem. Phys., 79, 6338 (1983). T.
M. Barbara, R. R. Vold, R. L. Vold and M. E. Neubert, J. Chem. Phys., 82,
1612 (1985).

R. Y. Dong, J. Magn. Reson., 66, 422 (1986). R. Y. Dong and K. R. Sridharan,
J. Chem. Phys., 82, 4838 (1985).

P. Pincus, Solid State Commun., 7, 415 (1969).

G. Wade and B. M. Fung, J. Chem. Phys., 63, 986 (1978).

J. H. Freed, J. Chem. Phys., 66, 4183 (1977).

G. Agostini, P. L. Nordio, G. Rigatti and U. Segre, Aui. Accad. Naz. Lincei
Mem. Cl. Sci. Fis. Mat. Nat. Sez. 2, 13, 1 (1975).

. P. L. Nordio and U. Segre, in “The Molecular Physics of Liquid Crystals” (G.

R. Luckhurst and G. W. Gray, Eds.), pp. 411-426, Academic Press, London/
New York 1979.

. J. P. Jacobsen, H. K. Bildsoe and K. Schumburg, J. Magn. Reson., 23, 153 (1976).
. S. B. Ahmad, K. J. Packer and J. M. Ramsden, Mol. Phys., 33, 857 (1977).
. R.R. Vold and R. L. Vold, J. Chem. Phys., 66, 4018 (1977).

. R.Y. Dong, Bull. Magn. Reson., (in press).

. C. F. Polnaszek and J. H. Freed, J. Phys. Chem., 79, 2283 (1975).

. See, for example, R. Seeliger, H. Haspeklo and F. Noack, Mol. Phys., 49, 1039
(1983).

. S. N. Prasad and S. Venugopalan, J. Chem. Phys., 75, 3033 (1981).

. S.J. Opella and M. H. Frey, J. Am. Chem. Soc., 101, 5856 (1979).
. R.J. Wittebort, R. Subramanian, N. P. Kulshreshtha and D. B. DuPre, J. Chem.

Phys., 83, 2457 (1985).

R. L. Vold, W. H. Dickerson and R. R. Vold, J. Magn. Reson., 43, 213 (1981).

L. G. P. Dalmolen, S. J. Picken, A. F. de Jong and W. H. de Jeu, J. Physique,

46, 1443 (1985).

R. Y. Dong and G. M. Richards, to be published.

. P. E. Cladis, D. Guillon, F. R. Bouchet and P. L. Finn, Phys. Rev. A, 23, 2594
(1981).

. L. Benguiguw and F. Hardouin. J. Physique Ler., 42, L-111 (1981).



