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Abstract—Measurements of the quadrupole and proton spin-lattice relaxation
times, T';, in selectively deuterated terephthalbis-(4-amino-fluorobenzene) as
well as proton relaxation in other compounds are compared with a calculation
for T', which recognizes molecular reorientations in addition to the collective
order fluctuations. Further, spin-lattice relaxation times in the rotating
frame have been measured in p-methoxybenyzlidene-p’-butylaniline to deter-
mine the effect of an applied magnetic field on spin-lattice relaxation. These
measurements, made at a constant spin-locking field strength, are found to be
independent of the strength of the applied magnetic field up to 10 kG.

Introduction

The existence of long range order fluctuations®# in liquid crystals
is clearly established by the light scattering properties of these
systems. @4 Nuclear spin-lattice relaxation is also sensitive to these
collective modes,® but they are affected by a different regime of the
fluctuation spectrum. That is, measurements of the spin-lattice
relaxation time 7', , at normal NMR frequencies correspond to wave-

1 This research was sponsored in part by the Air Force Office of Scientific
Research, Office of Aerospace Research, U.S. Air Force, under Contract
No. F44620-69-C-0021.

1 Presented at the Third International Liquid Crystal Conference, Berlin,
August 24-28, 1970,
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lengths of these modes which are more than an order of magnitude
shorter than the wavelength of light.

Nearly all of the 7', measurements in liquid crystals to date have
been on the proton spins.®~%) While theory can, within reason,
account for these measurements, the agreement between theory and
experiment has not been as good as one would like. For example,
the frequency dependence of 7', for protons in p-azoxyanisole
follows the expression 7= A4 +Bw'®. A theory®®® of 7, for
protons based on order fluctuations gives the w'/? dependence but
fails to account for the intercept 4. The temperature dependence,
however, appears to be in good agreement with the theory® if one
recognizes the presence of molecular reorientations in addition to the
long range order fluctuations.

There are two possible causes for the discrepancy in the frequency
dependence. First, T'; measurements for protons are sensitive to
those fluctuation modes near their short wavelength limit. The
quadratic dispersion relation which deseribes these collective modes
would not be expected to hold in this short wavelength regime and
would therefore affect the frequency dependence of 7',. A second
and perhaps more realistic reason for the discrepancy is that the
mechanism which has been used in calculating 7', for protons has
been too simple. In these calculations it has been assumed that the
nuclear dipole-dipole interaction has been modulated by fluctuations
in the orientation of the molecule. One might also expect the transla-
tional motion of neighboring molecules to modulate the interaction
and also relax the spins.

In this paper we describe 7', measurements®!) in a nematic liquid
crystal. These measurements are sensitive to those fluctuations
where the quadratic dispersion relation is thought to be valid. Since
magnetic field effects on the collective modes® are thought to be
significant in this range we also present 7', , measurements at different
magnetic field strengths. To check the spin-lattice relaxation
mechanism we have made measurements of the quadrupole spin-
lattice relaxation times for a selectively deuterated liquid crystalline
molecule. The proton spin-lattice relaxation in this system was
measured as well. The spin-lattice relaxation measurements for
deuterons should give better agreement with theory, as one would
not expect the quadrupole interaction in these systems to be as
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strongly perturbed by the motion of neighboring molecules. To
compare the dipole with the quadrupole relaxation we have
generalized the theory® for 7', .

Theory

A theory for the temperature dependence as well as the frequency
dependence of 7'; in nematic liquid crystals has been described in an
earlier paper.® In that paper it was shown that a calculation of 7',
should be based not only for the collective order fluctuations but
also the molecular reorientations which are characteristic of liquid
crystals. An expression for 7', was calculated for the specific case
where the internuclear vector responsible for spin-lattice relaxation
was parallel to the molecular axis. For the data presented in this
paper it will be necessary to generalize that expression for 7', to
account for the case where the internuclear vector of the dominant
dipole—dipole interaction is at some arbitrary angle with respect to
the molecular axis.

The nuclear spin-lattice relaxation time for two like nuclei of spin
1 having a constant separation distance may be expressed as®?)

Tyt = gy it y(w) + J5(20)] (1
where vy is the nuclear gyromagnetic ratio and r is the internuclear
separation distance. The J,(w) are the Fourier intensities at the
frequency w of the correlation functions given by the expression

o

Tahe) = | (FA(0) F(t)) et dt (@)
for h = 1, 2 and where )
Fyt) =1~ 3n?
Fi(t) = (+im)n (3)

Foft) = (I +im)?

The direction cosines I, m and n describe the internuclear vector r
in the laboratory coordinate system (z, y, 2) with the z-axis in the
direction of the magnetic field H. It is the time dependence of /,
m and n which must be described in order to determine 7', .

We visualize the molecules in nematic liquid crystals as reorienting
about a nematic director N which is itself executing small fluctuations
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about the preferred direction of orientation which is the direction of
the magnetic field H. In order to describe the instantaneous orienta-
tion of N in H we follow the same prescription as used in an earlier
paper® by making a transformation of the direction cosines to a
frame (primed frame in Fig. 1) where the Z’-axis is parallel to N(r, ¢).
In order to account for the fact that the internuclear vector may not
lie along the molecular axis we make a second transformation to a
frame which is fixed to the molecule with the Z;-axis parallel to
the long axis of the molecule. The transformed direction cosines
become

(I+im)/J2 (lo+img)[ V2
(I -im)[J2 | = MY, 80, ¥)M (=, B, y) | (Io —imy)/ /2 4)
7 ’ﬂo

where ¢, 80, ¥ and «, B, y are the appropriate Euler angles?® for
each successive transformation and the matrices M~ are

i 6+0) 0 “Lew g0
0 o= (@+9) * e—it 88
N2
-1 ')
— e 86 — e 89 1
V2 V2
and
gitaiy (1 +COS B) gita—y) (1 — €08 B) =3 gnsin 8
2 V2
gicain (L 7C08F) iy (Lhcosf) @ B
2 2 NE)
_ie'ysin,B i e~ sin B cos B
_ et — e~ 8In
V2 2l >

It is the time dependence contained in the first transformation matrix
which is governed by the order fluctuations, that is, fluctuations in
N(r,¢). As deviations in the orientation of N are small, only the
terms to the first order in 86 are retained. The second transformation
matrix describes the reorientation of the molecule. If we take the
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Figure 1. The internuclear vector r and the various coordinate systems:
the laboratory frame with the z-axis in the direction of the applied magnetic
field, H; the primed frame with the z’-axis in the direction of the instantaneous
nematic director, N; and molecular frame with the z,-axis parallel to the long
axis of the molecule.

molecule to be cylindrically symmetric or rod shaped it is free to
rotate about its long axis while its long axis is partially ordered
about N. The direction cosines l,, m, and n, describe r in the
molecular frame and are taken to be fixed as a rigid molecule is
assumed.

Using Eq. (4) the correlation functions in Eq. (2) take on the form

(FAO)FE(E)) = 5 {(€%® 86(0) e~ ) 36(t))
* x (1 -3cos?B(0)) (1 -3cos?ft)YF3  (5)
+SIMILAR TERMS

The terms not shown in Eq. (5) all contain terms periodic in y and «.
By assuming the fluctuations of the director to be uncoupled from
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the molecular reorientations and by noting the large disparity in
time scales between the two motions Eq. (5) becomes®

FAO)F3(t)) = (e 30(0) e~ 80(t) )

- x (1 - 3cos?B(0) Y2 F? (6)
where F, = 1 -3n}.

The terms periodic in y and « which were not written down in
Eq. (5) all average to zero. Since all of the terms in (F,(0)Fy(t))
are periodic in y and « this correlation function does not contribute.
The terms 30 ¢ are the fluctuations 8N studied by the Orsay Liquid
Crystal Group. The second term on the right in Eq. (6) is the square
of the degree of order, §, and Eq. (6) can thus be written

(F1(0)F(t)) = }<BN(0)3N(t)) S*(1 - 3 cos?0,)? (7)
where 8, is the fixed angle between the internuclear vector and the
long axis of the molecule. From Eq. (2) it follows that

Jilw) = 181 —3cos290)2j

©

(SN(0) 3N () et dt (8)

The long range order fluctuations involve modes in which the
frequency ) associated with a wave vector ¢ is w(q) = ©(Kq® + AdyH?)[y
where K is the deformation constant of the nematic liquid crystal;
7, an average of the Leslie coefficients; 4y, the anisotropic part of
the diamagnetic susceptibility and H the strength of the external
magnetic field in which the liquid ecrystal sample resides. The
thermal amplitude®) of the modes is ¥7/(Kq*+ dxH?)V where V is
the volume and Kq?+ dyxH? is the energy density of mode q.

The correlation function (8N (0) SN(¢)) based on these modes was
first worked out by Pincus® then by Blinc™ who included the
magnetic field terms. The effect of the magnetic field on 7', is
discussed in the next section.

Magnetic Field Effects on Spin-Lattice Relaxation

The effects of an external magnetic field on order fluctuations
have been discussed by deGennes and the Orsay Liquid Crystal
Group.®) The results of their theory have been applied by Blinc
et al.® to calculate the correlation function (§N(0)8N(¢t)) in Eq. (8).
Using their results Eq. (8) becomes
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I S2 kTo'?  sin[{tan"Yw/R)] 1
Jiw) = & (1 —3cos?f,y)? KRl (R7w)2]”4 sin[[itan‘l(c(u//R);] wll?
9)
where B = Ay H?*/n.

If we take dy ~ 107%, 5 ~1072 poise and H ~10* G as typical
values for these parameters then we obtain B ~10%sec™. It is
seen from Eq. (9) that for values of w ~ R = 10%sec™, one would
expect to observe magnetic field effects. Experimentally, this can
be accomplished in two ways: by use of 7', measurements? or
by making 7', measurements on nuclear spins which have low values
of y. The use of T,, measurements have the advantage that one
can hold w in Eq. (9) constant by making all of the measurements
at the same magnitude of the rotating magnetic field H; while the
external magnetic field H is varied.

We have made T,, measurements on protons in p-methoxy-
benzylidene-p’-n-butylanaline (MBBA) over a variety of magnetic
field strengths for constant values of H, = 13 +2G. It is seen from
Eq. (9) that if o or yH, is sufficiently small one might expect the
condition B > o to be met. In this case it follows from Eq. (9) that
for constant w

Jw) ™t H. (10)

If on the other hand R < w, that is no external field effects, J(w) is
of course independent of H.

The results of 7', measurements are shown in Fig. 2. The
measurements were made on a Briiker B-KR-332s pulsed system
with the sample maintained at the temperature 7,4 = 96. The
result shows no field effects within the error of the experiment
although there is a trend in the direction predicted by Eq. (9) if
these effects were becoming significant at the values of H, used. It
would therefore seem appropriate to neglect the effect of the applied
magnetic field on spin-lattice relaxation measurements.

Temperature and Frequency Dependence of 7',

Using Egs. (1) and (8) we write 7', for protons as

Trt = Z5y*h2r~8(1 — 3 cos?h,)2 S? fm (3N(0) 8N ()Y ettdt (11)
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Figure 2. Spin-lattice relaxation in the rotating frame for proton spins in
MBBA at Tpq =96 where the spin-locking field strength H, was kept at a
constant value of 13 G while the applied magnetic field /1 was varied.

Since magnetic field effects can be neglected we follow Pincus@®
in calculating (8N(0)éN(f)). Including the diffusion constant, D,
the expression for 77! now becomes
LRV 82 kT 1
-1 _ rhroq - 2gyal I
Ti' = T g 7o L3008 00l g oy o
Equation (12) can be easily adapted to spin 1 nuclei which relax via
the quadrupole interaction. The quadrupole Hamiltonian for a
spin of 1 is formally equivalent to the dipole-dipole interaction
Hamiltonian for two interacting nuclei of spin } provided (y#)?/r®
is replaced by e2q@Q/2 where q is the electric field gradient, @ the
quadrupole moment of the nucleus and e the electronic charge. If
¢’ is now taken to be the angle between the direction of the principal
axis of the field gradient and the molecular axis, 77" becomes
9 efg()? 82 kT 1
L Th, 2y § agne 2 ____ T
e L VT

(12)

(13)
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Figure 3. The molecule and deuteron spectra for terephthalbis-(4-animo-
fluorobenzene), TAFB, in the nematic liquid crystalline phase at T' = 163°C.
The deuterated positions are the z positions in the diagram.

We compare these relationships with measured values of 7', for
protons in terephthalbis-(4-amino-fluorobenzene), TAFB and deu-
terons in TAFB-d;. The molecular structure of TAFB-d; is shown
in Fig. 3 along with its corresponding quadrupole spectra. Figure 4
shows 7', for protons in TAFB at temperatures extending through
the nematic range and into the isotropic liquid at frequencies
8 MHz, 20 MHz and 50 MHz. The values of 7'y for the deuterons
in TAFB-d; are shown in Fig. 5. These plots are made versus
Treq = 1007/T, where T is the absolute temperature and 7, the
absolute temperature of the clearing point.

With exception of special cases®® the temperature dependence
for the protons in TAFB is typical of that seen in compounds such
as p-azoxyanisole. That is, the variation throughout the nematic
range is not large; less than a factor of two. The same appears
to be true for deuterons. In order to make a fit of Egs. (12) and (13)
to the data it would be necessary to know the details of the tem-
perature dependence of the Leslie coefficients as well as the diffusion
constant. Unfortunately, such information is not available although
a rough approximation can be made. Since K o« 82, Egs. (12) and



Downloaded by [Tomsk State University of Control Systems and Radio] at 08:11 23 February 2013

1 1 T 1
r\’ NEMATIC IIISOTROPIC

30} . o -

- A I .
ZO-WI l
® A

:/ 15 = - ___r_'______'_..’a——-r'f"_._ I e [ ] i
= Ly [ !
10 I -
05} | i
_y Il 1 L L
85 90 95 100 - 105

Tred

Figure 4. Proton spin-lattice relaxation times versus reduced temperature
in TAFB at 8 MHz (squares), 20 MHz (triangles) and 50 MHz (circles).
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Figure 5. Quadrupole spin-lattice relaxation times for deuterons in TAFB-d,
taken at a frequency of 8 MHz.
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(13) predict 7'; « DV?/T for modes whose lifetimes are diffusion
limited and T'; « S/7T for those which are not. Since neither of the
last two expressions are expected to be strongly temperature
dependent the data would not appear to contradict the theory.

The measured frequency dependence of 7', for three different
compounds is shown in Fig. 6. Within experimental error the data
appear to follow the relation 7 = 4 + Bw!?. On the basis of
Fig. 6 one would not expect a large variation of 7T, for varying
values of H, where H, is kept greater than the dipolar line width.
This is in fact what is seen in Fig. 7 for MBBA. The implications of
this measurement are discussed in a latter section. Similar data
have been observed for PAA.(14) The finite value of the intercept 4

1] 1) LE 1
B MBBA
®TAF3B
020} APAA 440 _
=
(o=
@ 0.15 -105
N -
iy :
: 0.10 - 2.0'_‘__|
m —~
= w
o
0.05 410~
L 1 1 H

2 y 6 8
7 (i

Figure 6. Frequency dependence of the proton spin-lattice relaxation times
for: p-methoxybenzylidene-p’-butylaniline, MBBA, at Treq = 96; .tere-
phthalbis-(4-animo-fluobenzene), TAFB, at Tpeq = 96; and p-azoxyanisole,
PAA at Tieq =99.
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Figure 7. Spin-lattice relaxation in the rotating frame for M protons in
MBBA at Tpeq =96 in which the spin-locked field strength, H,, was varied.

is disturbing since it is not predicted by the theory described in this
paper. There is a tendency at first to attribute the intercept to
other additive frequency independent relaxation mechanisms;
however, this would give T ! = 4 + Bw™1/? which is not what is
observed.

As a check on the mechanism used in arriving at Eqs. (11) and (12)
we have calculated and measured the ratio of (7))proton/(T1)quad
in TAFB-d;. Reasoning that the quadrupole relaxation would be
less likely to be affected by neighboring molecules it would stand
a greater chance of agreeing with theory. Using Eqs. (12) and (13)
we get

(Ty)arpote _ (€%9Q/2%) (1 ~3cos?@'y® _ (A
(Tquea  (YA[r%)*(1 -3 cos?6,)*  (4H)

Using 19G for quadrupole splitting from Fig. 3 and 3.6 G for the

dipole splitting@® at the same T4 = 87, we obtain a ratio of

(14)
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[(T)p/(T1)oleare = 30. This is to be compared with the measured
value of 10 taken from Figs. 4 and 6 at T',oq = 87. This would tend
to indicate that the protons are being relaxed at least in part by
intermolecular interactions. It should be mentioned here that the
value of T, for protons in TAFB and in TAFB-d, at 8 MHz was the
same within experimental error.

Another test of the mechanism was to dissolve into MBBA a
solute which had a considerably smaller degree of order than the
liquid crystal solvent. Since 7', « S~2 one would expect a larger
value for T', for the solute. It is possible to measure 7', for the protons
of the solute apart from the liquid crystal protons provided the
disparity in their respective values of 7', is large enough. Such is the
case for tetramethylsilane (TMS) dissolved in MBBA. The value
of T, for TMS in MBBA is 0.3 sec while it is ~10~* sec for the protons
in MBBA. One can then observe a spin-echo from the TMS alone
from which 7', can be measured. The measured values of T, are

™ T T i
NEMATIC l
15 F | -
- A
o 0] ®|,
o L0 F o) I -
=t
|
05 -
I
l
0 1 L 4 1
94 96 98 100
Tren

Figure 8. Temperature and frequency dependency of T, for protons in
TMS dissolved in MBBA. 50.2 MHz (triangles), 24.2 MHz (open circles), and
12.0 MHz (Closed Circles).
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shown on Fig. 8. Although they are larger than that of MBBA
(Fig. 6) at the same frequency, nothing quantitative can be derived
since one is not sure of the magnitude of cross-relaxation processes.
It is interesting that frequency dependence is still observed. Since
the degree of order of TMS®#® is 50 small one would not expect to see
a frequency dependence at all although as mentioned earlier the
TMS spins might be cross-relaxing with the MBBA spins and thereby
displaying their 7', character.

The diffusion rate of the TMS molecules in the liquid crystalline
matrix has been measured. These measurements are described
in an adjoining article,

Preparation of Deuterated TAFB

Terephthal-bis(4-fluoroaniline)-2, 3, 5, 6, 2, 3, 5', 6'-d;, was syn-
thesized from terephthalaldehyde and 4-fluoroaniline-2, 3, 5, 6-d; by
refluxing an ethanol solution. Recrystallization from ethanol (3X)
gave the pure anil (679%,) mp, 151-151.5° (crystal-nematic), clearing
temperature, 235-236° (nematic-isotropic). Mass analysis (with an
AET MS-12 mass spectrometer operated at 70 eV, 100 uA ionizing
current, 8 kV accelerating potential, 1500 resolving power) gave
the parent ion (m/e 328) as the most intense peak in the spectrum
with the M-1 (m/e 327) jon at 66.49, relative intensity. Non-
deuterated terephthal-bis(4-fluoroaniline) has an M-1 (m/e 319) ion
at 83.59, relative intensity. Low voltage (nominal instrument
reading: 8 eV, 20 uA ionizing current) spectra of either deuterated
or non-deuterated anil show only the parent ion and no M-1 ion.
These results indicate there was no significant contamination with
anil only partly deuterated on the terminal aromatic rings.

The 4-fluoroaniline-2, 3, 5, 6-d, used for synthesist of the anil was
itself prepared (overall yield: 14.9%,) from benzene-d; (99.5%
minimum isotopic purity) by the sequence : mononitration, reduction
to aniline-d;, conversion to fluorobenzene-d, (Schiemann reaction),
nitration and reduction. The 4-nitrofluorobenzene-2, 3, 5, 6-d, was
separated from isomers by vacuum fractional distillation. The two
reduction steps were accomplished by treatment of a refluxing

T Details for preparation of deuterated TAFB may be obtained by corres-
ponding to one of the authors D.L.F.
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alcoholic solution with hydrazine and palladium. Mass analysis of
the aniline derivatives showed ratios of the parent and M-1 ions
comparable to those for non-deuterated derivatives confirming that
no hydrogen exchange occurred during reduction.

Discussion

As described earlier, one would expect the theoretical frequency
dependence to be more in accord with 7',, than 7', measurements
particularly in the case of proton spins. This follows from the argu-
ment that 7', measurements may be sensitive to those fluctuation
modes near their cut-off wavelength whereas T',, measurements
are not. From KEq. (12) one would expect an H}/? dependence for
T,,- On the contrary, we find from Fig. 7 that there is little varia-
tion of T',, with H for values of H, greater than the line width. This
seems to be consistent with the T, measurements as there is also seen
to be little variation of T, in the region near the intercept in Fig. 6
from 0.1 to 0.5 MHz which is the region of 7';, measurements. No
short wavelength limiting effects therefore appear to be present.
These results in addition to the results of the (7,)p/(7,)q ratio
indicate that intermolecular dipole—dipole interactions are important
in proton spin-lattice relaxation. Further, quadrupole spin-lattice
relaxation on deuterons, N4, ete. would appear to be a better process
for studies of fluctuation phenomena in liquid crystals. Some of
these studies have already been made.®?)
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