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DEUTERIUM NMR STUDY OF UNIAXIAL-BIAXIAL PHASE TRAN-
SITIONS IN A SMECTOGEN

X. SHENT and RONALD Y. DONG!»
JrPhysics Department, University of Manitoba, Winnipeg, Manitoba R3T

2N2
*Department of Physics and Astronomy, Brandon University, Brandon, Man-

itoba R7A 6A9

Abstract The effects of uniaxial-biaxial phase transition on the spectral
densities measured from the deuteron Zeeman (T}z) and quadrupolar (Tig)
spin-lattice relaxation times are examined in two partially deuterated sam-
ples of 4-n-pentyloxybenzylidene-4'-heptylaniline (50.7): one deuterated at
the methine site (50.7-d;) and one with the aniline ring deuterated (50.7-
d4). The deuterated sites are chosen so that their relaxation behaviours are
not complicated by internal chain dynamics. It is found that the spectral
densities show discontinuities at the S¢ — Sy phase transition, but show
no discontinuity at the S4 — S¢ and Sp — S¢ phase transitions. Both the
smectic C and G phases are biaxial. The results are discussed in terms of
molecular reorientation and director fluctuations. Preliminary data for the
sample director oriented at 90° with the external magnetic field are reported
in the B and G phases of 50.7-d;.

INTRODUCTION

Nuclear spin relaxation measurements provide a powerful means of probing molec-
ular dynamics in liquid crystals'. In recent years, many NMR studies of liquid crys-
tals have employed the deuteron probe to measure the Zeeman (T1z) and quadrupo-
lar (T1g) spin-lattice relaxation times. These two relaxation times allow a sepa-
ration of the two spectral densities of motion Jy(wp) and J2(2wp), where wo/27 is
the Larmor frequency. The temperature and frequency dependences of these spec-
tral density parameters are useful to test different motional models in anisotropic
media. Thus far most deuteron spin relaxation studies have been limited! to uni-

axial nematic and smectic phases. Sc phase was probably the first mesophase to
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be recognized as biaxial. It was assumed? that the effects of phase biaxiality are
small and may be neglected when treating spin relaxation in S¢ phases. Biax-
ial smectic phases have been known for sometime, while biaxial nematic phases
are now found in lyotropics® and thermotropics* including polymer liquid crystals.
Deuteron NMR, spectroscopy has played®® an important role in detecting phase
biaxiality through measuring a motionally-induced asymmetry parameter 7 in the
quadupolar spin interaction. Similar information can be measured” from N NQR
spectra. The non-zero 7 gives a direct measurement of the ordering of transverse
molecular axes, e.g. bipolar orientational order®, when reasonable hypotheses re-
garding the motions involved are taken into account. It is noted that the effects of
77 on the deuteron NMR spectral patterns are only observed when the director is
not aligned along the external magnetic field.

Recently Berggren et. al.® have examined rotational diffusion of uniaxial
probes in biaxial liquid crystal phases. They have calculated orientational corre-
lation functions and spectral densities that are needed to interpret spin relaxation
data in biaxial phases. They showed that some spectral densities vanish, while
others change continuously at the biaxial-uniaxial phase transition. The “biaxial”
spectral densities are those which are non-zero in the biaxial phase and vanish in
the uniaxial phase. By examining the orientation dependences of spin-lattice re-
laxation times, we found!® that the “biaxial” spectral densities are not observed
as long as the sample director is oriented along the external magnetic field. These
findings provide the theoretical basis for the present study. The smectogen 4-n-
pentyloxybenzylidene-4"-hetylaniline (50.7) exhibits the following phase sequence:
N - 54— S¢c— 58— S¢, upon cooling from the isotropic phase. The high tempera-
ture “disordered” phases (N, S4, S¢) have been studied! in a methine-deuterated
(50.7-d;) and a ring-deuterated (50.7-d4) sample at 15.3 and 46 MHz. In this
paper, we focus on the spectral density data in the “disordered” and “ordered”
smectic phases, in particular the phase transitions among these smectic phases.

We present the basic theory in the next section.
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As a first approximation, we treat 50.7 as a uniaxial molecule. In a stochastic
Markovian process, the orientational correlation function for a uniaxial molecule

can be written as
GEE(8) = [ [ d2dQP(26)DE:, (%) P(R0|2t) DE.() (1)

where m and n represent the projection index of a rank L tensor in the labora-
tory frame and in the molecular frame, respectively. P({|Qt) is the conditional
probability of finding a molecule with the orientation given by the Euler angles
Q = (a,B,7) at time t if the orientation of the molecule was £ at t = 0, and

P(), the equilibrium probability, is given by the Boltzmann distribution:

exp[—U(2)/kT] @)
T dS exp[~U(Q)/kT]

P(Q) =

where U((Q2) is the potential of mean torque acting on the molecule due to its
neighbours. For uniaxial molecules in biaxial mesophases of Dy, symmetry, the
potential of mean torque depends!'? on two Euler angles 8 and «, and may be

expanded in terms of Wigner rotation matrices as

Ula ,B
S = SanDile ) ©
Following the procedures and approximations used by Nordio et al.!3, Berggren et
al. have solved the rotational diffusion equation with the above U(a, ) to give the
conditional probability that is required for evaluating the orientational correlation
functions. In general, these correlation functions can be written as sum of decaying

exponentials:
Gil'r/rlz’n(t) Z( mm’n)K exp[( mm n)K t] (4)

LL'

where (aLl, )k, the decay constants and (BLL, )k, the relative weights of the

exponentials can be found in ref. {9]. The spectral densities in deuteron NMR

experiments (L = L' = 2) can be obtained by Fourier transforming GZ,,,.(t) to

give
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5~ o K m )
[ MO(B)] (az , )%( + w2 (5)

32
Imymy (W) = —2—(qcD)2
mpmy;my
where gop = €2¢Q/h is the quadrupolar coupling constant and 8 is the angle
between the C-D bond and the molecular z axis. In uniaxial phases, eq. (4)

reduces to

J

in the notation of Vold and Vold'%, The j sums over one to three, the coefficients

al) and b

O s {9 ., depend on the nematic order parameter < P, > and {2 are

mm

the usual correlation times for diffusion of a molecule in an isotropic liquid. Hence
the possibility of observing correlation functions with my # m} exists in biaxial
phases. For uniaxial molecules in phases of the Dy, symmetry, the correlation

functions G2 are nonzero. Furthermore, the standard properties of Wigner

mpmymp

rotation matrices give

Ot mag () = (F1) G L () (7)

which indicate that the spectral densities J,,,m; (w) vanish as long as the sum of
my, and mf, is an odd number.

Using the standard spin relaxation theory’® for deuterons (I=1), the quadrupo-
lar and Zeeman spin-lattice relaxation rates for the director oriented at € in the

laboratory frame are given by

[T = 3/1(wo, Q)
[le(Q)]—l = Jl(wo,Q)+4J2(2w0,Q) (8)

where 2 = (O, ®) denotes the polar angles of the director in the laboratory frame
whose z;, axis is along the external magnetic field and J,,,(mwy, 1) are the spectral
densities that contain explicit orientational dependences on the director. Note
that J,,(mwp, 0°) = J(mwy) when the director is aligned along the magnetic field
(© = 0°). In order to interpret the angular-dependent spin—lattice rates in eq. (8),

explicit expressions for J,,(mwo, Q) are given!® below in terms of J,, Lml, (mwo):



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:05 18 February 2013

NMR STUDY OF UNIAXIAL- BIAXIAL [1585]/297

Jl(w’Q) = coszesinz @JOVQ(LU) + %(1 —30052@ +4COS4 @)lel(W)

3
2
+2 (1 —cos* @) Jy5(w) — /6 cos2® cos? O sin® O, o(w)

|

cos 2® [1 — 5cos’ © + 4 cos* @] Ji,-1(w)

!

NN =N

cos4® (1~ cos” @] Ty -a(w) (9)

']2(2“')7 Q)

4+ ool

(1- cos? @)2«]0,0(2‘*’) + %(1 — cos? @)J1‘1(2w)
5 (14605 © + cos* ©)J;.(2)

+ cos2® [1 — cos* @} J20(2w)

H;A|
>

+§ cos2® {1 — cos? @]2 Ji-1(2w)

+—é— cos 4P [1 ~ cos? @]2 J2,—2(2w) (10)

These two equations reduce to the familiar expressions!® for uniaxial phases, using
Ty (W) = I (w). The reason is that the “biaxial” spectral densities J;o(mw),
Ji-1{mw) and J, _2(mw) are nonzero only in biaxial phases®. In particular, these
spectral densities involve parameters that depend on the biaxial order parameters
(D34), (D},) and/or (Dj,). It is obvious from egs. (9) and (10) that when the
director is aligned along the external field (© = 0°), the spin—lattice relaxation

rates are independent of the “biaxial” terms even in biaxial phases.

EXPERIMENTAL AND INTERPRETATION

The 50.7-d, sample is labeled at the methine site and has a nematic-isotropic
transition temperature T, = 77.6°C, while the 50.7-d4 sample is labeled at the
aniline ring and has a T, = 76.2°C. The transition temperatures of 50.7-d; are
close to the literature values!” for 50.7 (S¢ — Sp at 38°C, S5 — S¢ at 52°C, S¢ —
Sa at 55°C, S4 — N at 64°C and N — [ at 78°C). When comparing the data of
50.7-d;, and 50.7-d4, we scale the temperatures to give a common T, of 77.6°C.

Broadband Jeener-Broekaert (J-B) sequence!® with the appropriate phase-cycling
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and Tig. In order to illustrate the marked differences in the behaviours of spectral
densities between the disordered phases and the ordered smectic phases, we present
in figure 1 the smoothed data''® in all the mesophases of 50.7-d4. The smoothed
data'® in the ordered smectic phases of 50.7-d; are shown in figure 2. It is clear
from figure 1 that the spectral densities of the ring deuterons show discontinuities
at the S¢ — Sp transition. This is also the case for the methine deuteron. We will
see below that such discontinuities are not directly linked to phase biaxiality but

to the nature of molecular motions.
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FIGURE1  Smoothed spectral density data versus 7,—T in the mesopases
of 50.7-d4. Solid and dotted lines denote Ji(w) and J,(2w) at 15.3 MHz,

respectively, while long and short dashed lines denote J;(w) and Jo(2w) at
46 MHz, respectively.
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FIGURE 2 Smoothed spectral density data versus T, — T in the Sp and
S phase of 50.7-d; at 15.3 MHz (a) and 46 MHz (b). Solid and dashed
lines denote Ji(w) and J2(2w), respectively. O and O represent respectively
J1(w,90°) and J(2w,90°), taken with the director normal to the external

field.

From these figures, we see that no discontinuities are detected in the spectral
densities of these sites at the S4 — S¢ and S — Sg transitions. The observation is

consistent with the fact that the director in the Sg phase of 50.7 is aligned?® along
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the external magnetic field (O = 0°) while the layers are tilted, and in S¢ phases
the average director is also aligned®! by the external field. Since uniaxial spectral
densities for molecular reorientation vary continuously® at the unaxial-biaxial tran-
sition, the theory indeed agrees with the above experimental observation. It also
suggests that spin relaxation in S¢ and S phases of 50.7 can be treated as that in
a uniaxial phase. As seen in figures 1 and 2, the J;’s of both the deuterated sites
show no frequency dependence!! in the disordered phases, while in the Sp and Sg
phases they show a large frequency dependence as do their corresponding J;’s. We
also note that the J;/J; ratios are quite different for the two deuterated sites in the
ordered smectic phases. To explain the temperature and frequency dependences

1119 t5 describe various mo-

of the spectral densities, it is necessary to use models
tions that are responsible for the relaxation of methine and ring deuterons in the
mesophases.

In the disordered phases, we have identified!! director fluctuations and molec-
ular reorientation as relaxation mechanisms for the methine deuteron. For the ani-
line ring deuterons, internal ring rotations must also be included for spin relaxation.
A rotational diffusion constant Dpg is used to describe free rotation of the aniline
ring about its pare axis. It was found that molecular reorientation can best be
modeled by the “third rate” model'®. In this model, the rotational diffusion tensor
of a uniaxial molecule is chosen to be diagonal in the director frame with principal
diffusion constants D, and Dg, which describe rotational diffusion of the molecule
around the director and about an axis perpendicular to the director, respectively.
The third rate constant D., describes the fast rotation (y-motion) of the molecule
about its long axis. Director fluctuations can be characterized by a “material”
prefactor Apr. The Apr value has been found!? to be relatively constant at 1.38
%108 573/2 for 50.7. The reader is asked to refer to ref. [11] for the analyses. To
give an idea of the quality of fit, we summarize in table I some representative results
from quantitative fitting of the experimental spectral densities from the methine
and ring sites at both Larmor frequencies. The derived diffusion constants all show

Arrhenius temperature behaviours.
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TABLE I: Results in the disordered phases from a four-parameter mini-
mization of sum squared error!! between experimental spectral density data (in
parentheses) and those calculated with the third rate model and director fluc-
tuations. At each temperature, first row gives data at 15.3 MHz and second
row gives those at 46 MHz.

T(°C) methine (s71) ring (s71) D (s71)
Jl(LU) JQ(ZLU) J](W) J2(2L4J)

725 19.1(19.1) 7.5(7.8) 9.92(9.9) 6.0 (6.0) D =2.05x 10°
14.0 (14.0) 7.4(7.1) 8.98(9.0) 6.0 (6.0) Ds=1.14x 10°

D, =17.25 x 10°

Dp = 1.02 x 10°

62.5 21.1(21.1) 9.6(9.6) 13.4(13.6) 7.6 (7.6) Ds=163x 10°
16.0 (16.1) 9.6 (9.6) 12.5(12.3) 7.6 (7.6) Ds=0.68 x 10°

D, = 6.87 x 10°

Dg = 0.44 x 10°

52.5 25.8 (26.0) 14.5 (14.0) 21.4 (21.8) 11.4 (12.0) D, = 1.18 x 10°
20.7 (20.4) 14.5 (14.0) 20.4 (20.1) 11.4 (12.0) Dg = 0.45 x 10°

D, = 4.71 x 10°

Dp = 0.09 x 10°

It is noted that Dg becomes small in the Sg phase and that ring rotations
are ineffective for spin relaxation in the ordered smectic phases. Now director
fluctuations are also ineffective in the ordered smectic phases. The remaining
relaxation mechanism in these phases is the molecular reorientation. To describe
molecular reorientation in the ordered smectic phases, we have modified!® the third
rate model to account for a biased y-motion. The rotation of the molecule about
its long axis is limited to a librational motion with a diffusion constant Dy and
an angular amplitude of +¢¢/2. The model parameters D,, Dg, Dy and ¢y were
again derived by minimizing the sum squared error. It was found that the Dg
values are very small (< 10? s7!) and putting D = 0 makes trivial difference
on the minimized sum squared errors. Also, the D, value has a relatively large
error because of its small magnitude. We summarize our representative results
of the Sp and Sg phases in table II (Dg = 0). Finally, we present in figure 2
some preliminary data of 50.7-d, in which the director has been oriented at 90°

with respect to the external magnetic field. We found that at both frequencies,
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J1(wo,90°) ~ J;(we, 0°) while J3(2wo, 90°) is roughly a factor of two smaller than
J2(2wp, 0%) in the Sp and S phases. These data also show continuous change at
uniaxial-biaxial phase transition. The interpretation of these interesting results

awaits further investigation.

TABLE II:  Results in the ordered smectic phases from a three-parameter
minimization of sum squared error between experimental spectral density
data (in parentheses) and those calculated by the third rate model with a
biased y-motion. At each temperature, first row gives data at 15.3 MHz and
second row gives those at 46 MHz.

T(°C) methine (s~1) ring (s7!) ¢o (deg.) D (s=1)
J](w) J2(2Lu') J1(UJ) J2(2w)
47.5 25.8 (26.0) 24.4 (25.0) 32.3(32.0) 21.0(20.3) 200 D, =2.2x108
202 (21.3) 21.0 (20.6) 29.6 (28.3) 17.0 (17.6) Dy = 3.1 % 10°
415  35.1(34.3) 32.5(33.0) 425 (44.0) 279 (28.2) 198 Do =3.4x 10°
26.0 (27.2) 27.6 (26.7) 38.1(36.3) 22.2 (22.4) Dy = 2.4 x 10°
335 510 (53.2) 47.7 (51.7) 64.4(68.2) 39.3 (44.2) 195 Do =4.7x 108
39.1(38.3) 40.7 (36.9) 57.0 (53.3) 322 (30.2) Dy = 1.5 x 10°
CONCLUSION

We have studied spin relaxation of two deuterated sites in the mesophases of 50.7.
Molecular reorientation and director fluctuations are important in the disordered
phases, while biased y-motion can account for the observed spectral densities in
the ordered smectic phases. A change in the nature of y-motion and the quenching
of director fluctuations are responsible for the observed discontinuities in spectral
densities at the Sc - Sp phase transition. We have shown that as long as the
director is aligned with the external magnetic field, the “biaxial” spectral densi-
ties remain unobservable in biaxial phases. No discontinuity is observed in the
spectral densities at the uniaxial-biaxial phase transition as long as the director is
aligned along the external magnetic field and the relaxation mechanism(s) remains

unchanged through the transition.
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