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We have used deuterium NMR spectroscopy to investigate the director dynamics and
equilibrium behaviour in nematic liquid crystals (4-pentyl- and 4-octyl-4’-cyanobiphenyl,
(5CB and 8CB), both specifically deuteriated) when subject to magnetic and a.c. electric
fields. The angle between the magnetic and electric fields can be varied between 0 and 90° and
the most common geometry we have used is for an angle of about 45°. For 5CB and 8CB
(with positive Ay and Ag") the director orientation was measured using time-resolved NMR
both when the electric field is applied and when it is turned off. In all cases it was found that
the director alignment was uniform and the director relaxation follows closely the predictions
of the torque-balance equation given by the Leslie-Ericksen theory. In all these experiments
we have employed a 10kHz electric field; at such a relatively high frequency the director
experiences an effectively constant value of the electric field. We have now investigated the
behaviour of the nematic director for the two liquid crystals at much lower frequencies of the
electric field: several Hz to about 1000 Hz. As before, the director orientation was measured
using time-resolved deuterium NMR spectroscopy. We have employed two geometries. In
one, the electric and magnetic fields were inclined at ~50°. We found that the director
oscillates between two extreme orientations (determined by the frequency and the field
strength) in a plane formed by the magnetic and electric fields. The oscillations were observed
to continue for many cycles, indicating that the coherence in the director orientation was not
lost during this motion. The director was found to remain uniformly aligned. The two
extreme director orientations can also be determined from the NMR spectrum time-averaged
over many thousands of cycles of oscillations. At low frequencies (several Hz) these limiting
angles are essentially independent of frequency but as the frequency increases so the two
angles approach each other and become equal at high frequencies. More recently, we have
used a geometry with the angle between the fields of ~90°. A threshold behaviour is observed
in this geometry for the director orientation as a function of the applied voltage. The time-
averaged spectra at low frequencies and at certain voltages showed unusual powder-like
features. Time-resolved NMR measurements at 40 Hz and different voltages near the
threshold value were carried out to understand the oscillatory behaviour which was also
simulated. Turn-on and turn-off dynamics at high frequency were conducted revealing
intriguing differences between the two pathways for the field-induced relaxation. These
results will be discussed and interpreted in terms of the torque-balance equation with a time
dependent electric field.

important in determining the response times of nematic

The dynamic response of a uniform nematic director to
changing external electric and magnetic fields is
controlled by a number of material physical properties
namely the dielectric anisotropy, Ag, the diamagnetic
anisotropy, Ay, the rotational viscosity coefficient, yy, as
well as by the strength of the applied fields and the angle
between them. The viscosity coefficient is especially

*Corresponding author. Email: B.A.Timimi@soton.ac.uk

liquid crystal display devices. The rotational viscosity
coefficient can be determined by a method in which the
orientation of the director with respect to the magnetic
field is suddenly changed and the return of the director
to its equilibrium orientation is monitored using, for
example [1-3], deuterium NMR.

The time-resolved NMR experiment has been
extended by using an electric field both to create the
original non-equilibrium state of the system and to drive
the director [3-7]. For a uniformly aligned director
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subject to both electric and magnetic fields, the
dynamics of the changes in the director orientation
relative to the magnetic field direction, 6, are given,
within the framework of the Leslie-Ericksen hydro-
dynamic theory, by the torque-balance equation [3]

v1(d0/de) = — (' AFB? /2)sin 20

e (1)
+ (e0ATE? /2)sin 2(o—0).

Here « is the angle between the magnetic and electric
fields, po is the magnetic constant, B is the magnetic flux
density, E is the electric field and gy is the vacuum
permittivity.

When the electric field is switched on, and provided
AZ is positive, the director orientation is predicted to
change according to

tan[0(7) — 0] =tan(0p — 0, )exp(—1/1¢). (2)

Here, 0, is the initial director orientation, 0., is its final
equilibrium orientation and the composite relaxation
time, tc, 1S given by
_( -2 —1_—1 —2\—1/2
1=ty 4+ 21y 15 cOs2u+157) (3)
where 7 is the relaxation time for the pure electric field-
induced motion of the director given by

TE=V1/80A8~ E? 4)

and 7y is the analogous magnetic relaxation time given
by

TM=V1H0/A7 BZ. (5)

When the electric field is switched off, and provided A%
is positive, the director orientation now varies according
to

tan 0(¢) =tan 0y exp(—¢/tm)- (6)

The experiments combining both electric and mag-
netic fields have the advantage that the ratio of the
anisotropic susceptibilities, Ag/AY, is readily measured
from the equilibrium state, that is when the director
orientation attains the value of 6. as a result of keeping
the electric field continuously on. By measuring the
relaxation times, the rotational viscosity coefficient can
be determined provided the value of either Ag or AY is
available independently from other experiments [3, §].
The other advantage of using the electric field in NMR
is that by changing the electric field strength and/or the
angle o, we can change the relaxation time tc—see
equations (3) and (4)—and so extend the range of
conditions for the relaxation experiments. In contrast,
the magnetic flux density of modern spectrometers is

fixed and so, for any given temperature, we have no
control over the value of 1.

The director dynamics, according to the torque-
balance equation (1), also depends on the angle between
the electric and magnetic fields. In the experimental
geometry we have used we are able to change the value o
continuously between 0 and 90°. The importance of
being able to adjust the value of « is that it makes it
possible to choose between two distinct geometries. In
the first geometry the two fields are orthogonal to each
other. Here, there is a degeneracy in the way the director
can move from its initial to its final equilibrium
orientation, hence the director alignment process can
proceed through a non-uniform director distribution
before reaching the equilibrium state [9-11]. In the
second geometry, the two fields are at an angle of <45°
to each other and there is now no degeneracy; hence this
geometry provides a unique path for the director
allowing it to remain uniformly aligned during the
relaxation process [1-7]. For values of o between 45°
and 90°, theory predicts that a mixture of the uniform
and non-uniform relaxation pathways should occur (see
the appendix). In our work on the field-induced director
alignment in the presence of the two fields we have
employed both geometries, with some intriguing results
as we shall show later.

In order to measure the relaxation times, tp and zc,
we need, according to equations (2) and (6), to follow
the time dependence of the angle 0(z). We have used
deuterium NMR spectroscopy to monitor 6() utilizing
the simple dependence of the liquid crystal deuterium
NMR spectrum on the angle between the director and
B. For a uniformly aligned nematic containing a group
of equivalent deuterons, the deuterium NMR spectrum
consists of a single quadrupolar doublet, provided any
dipolar couplings are negligible. One of the advantages
of using NMR spectroscopy in investigating director
dynamics is that the quadrupolar splitting, AV, depends
on the angle 0 according to

AV(0) = AV P5(cos ). (7)

Here, AV is the quadrupolar splitting when the director
is parallel to B and P,(cos#) is the second Legendre
function. In our experimental investigations we have
employed a high frequency electric field, typically
several kHz, to ensure that disruption of the director
orientation by conductive motion of ions is eliminated
[3]. In this case, the electric field in the torque-balance
equation (1) is taken to be constant (equal to Vims)-
Clearly the periodic variation in the square of the
electric field will, under certain conditions, influence the
director dynamics; thus as the electric field increases so
the relaxation time given by equation (3) will decrease
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caused by a reduction in tg, and as the field decreases so
7c will increase caused by an increase in tg. In addition,
the direction of the director alignment will be reversed
when the electric field starts to decrease; however the
precise moment when this occurs will depend on
the frequency of the electric field in comparison with
the composite relaxation rate, 7o . The importance of
these variations in the electric field to the validity of the
analysis, based on the assumption that the electric field
is constant, will also depend on the frequency of the
electric field and the composite relaxation rate for the
director. Here, we review briefly the results of our
investigations obtained using a high frequency electric
field, and then consider the question of using low
frequency electric fields both theoretically and experi-
mentally. Some of the results at low frequencies
obtained using two basic experimental geometries
in which the value of 0. is <45° [7] and ~90° will be
given. As we shall also see, considerations at low
frequency electric fields have led us to a novel variation
in the NMR method used to study field-induced
director dynamics and hence determine certain nematic
properties [7].

2. [Experimental

The liquid crystals used in our studies were the
mesogens 4-o,0-d>-pentyl-4’-cyanobiphenyl (5CB-d,)
(Tn1=307.5K) [12] and 4-a,0-d»-octyl-4'-cyanobiphenyl
(8CB-d,) which has a nematic and a smectic A phase
(Tni=312.1 K and Tsnman=304.7K) [13]. Both of these
liquid crystals are deuteriated in the a-position of the
alkyl chain and both have positive Ag and A% values.
This deuteriation pattern gives us the simplest deuter-
ium NMR spectrum. As we shall find, the deuterium
NMR spectrum of a monodomain of 5CB-d, and 8CB-
d, contains the expected single quadrupolar doublet.
The liquid crystal samples were contained in cells
composed of two glass slides each coated with indium
oxide to form the electrodes and varying in thickness
between 50 and 100 um. The surfaces of the electrodes
were not treated in any way and so the surface
anchoring strength was of the order of 10~ /Jm 2
corresponding to weak anchoring [14]. The sinusoidal
electric field was produced using a function generator,
Wave Factory WF1943, NF Electronic Instruments,
and a high power amplifier, model 4005 NF Electronic
Instruments.

The deuterium NMR spectra were measured using
a JEOL Lambda 300 spectrometer which has a
magnetic flux density of 7.05T. A quadrupolar echo
sequence, sketched in figure 1, was used to record
the free induction decay (FID) which, after averaging,
was Fourier-transformed to obtain the conventional

90° 90°
*H observation
: L :
| | | 1
! I
' |
Voltage i !
: i :
I AN i
| b . 1
) 1 1 : : (. 1
Time ! ——— — t }
<> lelala—!
|
| PI3 ty L, :PD:
: t :
Trigger pulse Trigger pulse

Figure 1. The pulse train for the time-resolved measure-
ments. The trigger pulse from the spectrometer initializes one
FID measurement: it switches E on; after a time PI3 one FID
is acquired during z,. following the quadrupolar echo pulse
sequence; the electric field is turned off after time ¢,; finally
after a delay time PD the next trigger pulse initialiates another
FID measurement cycle.

frequency domain spectrum; also shown in this figure is
the sinusoidal electric field pulse. For the turn-on
experiments, this field was applied for a time, 7,
corresponding to an integer number of electric field
oscillations, and finishing after the FID acquisition was
complete. The dead time of the receiver coil, tp, was
about 10us, the time between pulses was 40us, each
pulse was 7.5 us long, the acquisition time for the FID
was about 1ms and finally the delay time, PD, was
given values in the range 50 to 200 ms with the longer
times being used at the lower frequencies. This delay
allows the director to be realigned parallel to the
magnetic field following the removal of the electric field
and, incidentally, allows the deuterium spins time to
relax back to their equilibrium distribution. The
experiment was performed by activating a trigger pulse
from the spectrometer to switch on the electric field; at
the same time the trigger pulse initiates the pulse
sequence to measure a single FID. The time at which the
measurement takes place, following the application of
the field, is controlled by the interval PI3 (see figure 1)
although the total time to the acquisition of the FID is
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the sum of PI3, the dead time, the time between pulses
and the acquisition time. The second trigger pulse
shown in the figure initiates another complete cycle
allowing the FIDs to be averaged before Fourier
transformation to give the spectrum. To obtain spectra
with a good signal-to-noise ratio depends on the cell
thickness, the natural spectral linewidths and spectral
line broadening caused by the spread in the director
orientation; sometimes tens of thousands of FIDs were
typically averaged. For the turn-off experiments, the
same pulse sequences shown in figure 1 were used
except now the FID was acquired after the electric field
is turned off.

3. Dynamics at several kHz electric field

We have used high frequency electric fields utilizing the
pulse sequences shown in figure | to investigate the
equilibrium director distribution as well as the dynamics
of its alignment in the turn-on and turn-off modes for
the nematic phase of specifically deuteriated SCB and
8CB [3, 4, 6, 12, 15]. In these investigations the
experimental geometry was carefully chosen so that
the angle between the electric and magnetic field as well
as the electric field strength are such as to ensure that
the director follows a uniform relaxation pathway. In
figure 2 we show some typical time-resolved spectra for
S5CB-d, at 295K [4]. The spectra consist of the
anticipated quadrupolar doublet indicative of a uniform
director distribution (monodomain) throughout the
relaxation process. In the turn-on process, the quad-
rupolar splitting decreases and saturates with time after
~3 ms. In the turn-off process, the quadrupolar splitting
increases with time as the director moves towards the
magnetic field and becomes parallel to it after ~3 ms.
The spectra shown in figure 2 contain weak oscillatory
spectral features associated with the director rotation
during the acquisition time for the FID [16]. When these
oscillations are on the inside of the main spectral peaks
they indicate that the director is moving away from the
magnetic field; when they are on the outside of the main
peaks they indicate that the director is moving towards
the magnetic field [16]. The presence of these weak
spectral oscillatory features does not affect the final
analysis of the time dependence of 6(f). The time
variations of the director orientation at any given time,
0(¢), for the turn-on and turn-off processes was found to
fit equations (2) and (6), respectively, very well in all the
cases investigated. As an example we show in figure 3
the best fits for 8CB-d, [6]. As can be seen, the fits are
indeed very good confirming that the alignment path-
way for this geometry is uniform and that the dynamics
of changes in the director orientation follows the
torque-balance equation based on the Leslie—Ericksen

v/kHz

295K (b) turn-off

N
N
N
.
N

J\ J\_&lms
A A 7.1ms

40 20 0 20 40

v/kHz

Figure2. Time-resolved deuterium NMR spectra measured
during the director alignment of 5CB-d, in the nematic phase
at 295K for a 56.1 um cell at V=50V and «=45°. (a) Typical
turn-on relaxation spectra, 0.=30° (b) typical turn-off
relaxation spectra from 0y=30° [4].

hydrodynamic theory, see equation(1). Equations(2)
and (6) describe very well the uniform relaxation of the
director in the nematic phase over a wide range of
temperatures and values of o. For 5CB, for example, the
dynamic measurements covered the temperature range
0°C to the nematic-isotropic transition at 35.5°C [4, 5].
Equations (2) and (6) were also found to be valid for all
molecular sites of the nematogen used to monitor the
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Figure3. The time variation of 0(¢) for the turn-on, at 308 K,
and turn-off, at 306 K, processes for 8CB-d,. The solid lines
are the best fits calculated according to equations (2) and (6),
respectively [6].

relaxation processes and to yield the same relaxation
time for all these molecular sites [5]. Furthermore, the
measurement of the turn-on and turn-off relaxation
times from the dynamic experiments, combined with the
equilibrium measurement of the director orientation
when the electric field is applied continuously, offered a
reliable method of obtaining the material properties:
AE/AY, v /AT or y,/AE [4]. In particular, when the
electric field is applied continuously and the director
attains its equilibrium orientation 0.., the left hand side
of equation (1) will be zero and so we find [4]

(ﬂ _ Eeop

It should be pointed out here that E is the RMS value.

From the measurement of the equilibrium director
orientation with the electric field we obtain 6. and
from equation (8) the ratio of the material parameters
(A7/AZ) is then obtained (see [17]). Knowing either of
A% or AZ we can then determine the rotational viscosity
coefficient, v, from, for example, the measurement of
v and equation (5). We have used this procedure to
determine the values of y; at different temperatures [4,
6] utilizing the published values of AZ [18].

4. Dynamics at low frequency electric fields
4.1. Theoretical considerations

The key consideration for the low frequency (in the
sense that the reciprocal of the frequency is greater than
the composite director relaxation time) case is to replace
E? in the torque-balance equation by the time-depen-
dent sinusoidal expression

E? =EZ sin® 2nft, (9)

where f'is the frequency of the sinusoidal electric field.
The torque-balance equation can then be written in the

following form using generalized or scaled co-ordinates

[7]
d0/dr* = —(1/2)sin 20

(10)
+(p/2)sin®(2nf * *)sin 2(o—0).
In this equation
t*=t/tm, (11)
r=1 ! (12)

and the parameter p is the ratio of electric to magnetic
anisotropic energies

Ej (AT
= pgin 2 (22 13
) uoaoBz(A%) (13)

which depends, therefore, on the material property
Ag/AY and the experimental parameter Ey/B. For a
given value of o, the time dependence of the director
orientation will be determined by p and the scaled
frequency, f*. An analytical solution to the time-
dependent generalized equation could not be found
and so the equation was solved numerically [7]. Figure 4
shows the results of these calculations for « equal to
44.7°. The ratio p used was 3.47 which is typical of 5SCB
and the field strengths employed in our experiments. As
can be seen from figure 4 for the highest value of f* of
15.4, the director orientation 0(¢) increases smoothly
from zero and then levels off. The time variation of the
director orientation is, apart from extremely weak
oscillations superimposed on this curve [7], indistin-
guishable from that given by equation (2) based on the

LI B B B B S B S B B B B B B S B

30

o(t)°

...I....I....I....:
0 2500 5000 7500 10000
t*
Figure4. The scaled time dependence of the angle made by

the director with the magnetic field, 0(¢*), calculated with
o=44.7° and p=3.47 for f* equal to 15.4, 1.54 and 0.154 [7].
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torque-balance equation, equation (1), in which E is a
constant. However, when f* is reduced by a factor of
ten to 1.54 the magnitude of the oscillations has grown
significantly and these are now clearly visible. We find
that the frequency of the oscillations is equal to that of
the square of the electric field although the director
orientation exhibits a phase lag with respect to the
electric field. Of more interest is the fact that the
director is predicted to rotate through an angle greater
than that expected at high frequencies, when the
director experiences the root mean square field. This
occurs because the slower rate of change in the electric
field allows the director a greater opportunity to
respond to the higher electric field, E,. As the scaled
frequency is further reduced by a factor of 10 to 0.154,
the oscillatory motion of the director is now very large
indeed. The maximum director orientation has
increased significantly and the reduction in the mini-
mum orientation is even larger. As the rate of change in
E? is slowed the director is able to follow the electric
field more closely and will approach the limiting value
of Ohax given by [7]

cos20°  =(1 +pcosZoc)/(l +2p cos2oc+p2)1/2, (14)
where the superscript zero indicates the maximum value
at zero frequency; by analogy the minimum angle at

zero frequency should be denoted by 0°. and here this

is zero. For f* of 0.154, 0°. is not reached because the
relaxation time is too long to enable the director to
follow the electric field instantaneously. Only at much

lower frequencies of the electric field, for example at
/*=0.0154, would 0°. reach the value of zero [7]. Also

min
the calculations at longer times predict that the director
oscillations continue unattenuated indefinitely. The
calculations further show that the director oscillations,
after several cycles, achieve a quasi-equilibrium or
stationary state when the values of 0., and 0, no
longer vary with time. In this limit, it is found that the
difference between 0., and 0,;, changes with fre-
quency as shown in figure 5. Since this scaled frequency
depends on the magnetic relaxation time the values
of Opax and 0., therefore, contain information
concerning the field-induced dynamics. This is a very
interesting result as it offers a new, indirect route, via
time-averaged NMR as we shall see later, to study the
field-induced director dynamics. As we can see from
figure 5, as f* tends to zero, both 0,,,, and 0., reach
their limiting values and become constant. At high
frequency both angles approach, in a non-symmetric
way, the limiting high frequency value of 0. In
between the low and high frequency limits, the values
of Onax and O, at intermediate values of f* will be

40
30
O(f )0}

10

Q001 000 0T T ™Mo

f*

Figure5. The scaled frequency dependence, shown on a
logarithmic scale, of 0,,,,x and 0,,;, predicted for a system with
a=44.7° and p=3.47.

determined by the director dynamics, i.e. Ty, as well as
by p and o.

4.2. Results for 0~=50°

We have measured the time-resolved and time-averaged
deuterium NMR spectra at a range of low frequencies in
order to verify the predictions described in §4.1. We
show typical time-resolved spectra in figure 6 for SCB-
d, at 295K, Ey was 1.26MVm ™! and f was 100 Hz [7];
these clearly indicate the oscillations in the quadrupolar
splittings. In figure 7 we show 60(z), obtained from the
time-resolved spectra, as a function of time. Figure 7
also shows the simulated curve as well as the time
variation in E*. The oscillation in the director orienta-
tion at 100 Hz is very clear. The simulated curve is
calculated with 7y; equal to 1.54 ms (see [4]), p of 3.45
and the value of « set equal to the experimental value of
44.7°. Incidentally, figure 7 also shows the phase lag
between E? and the director orientation (7). The overall
agreement between the simulated curve based on this set
of parameters and the experimental values is very good,
as is clearly apparent from the comparison in figure 7.
We have also studied the same sample cell for a
significantly longer time. The results show that the
oscillations in 6(7) extend over many cycles without any
indication of attenuation and that at longer times the
oscillations reach a steady state so that values of 0,
and 0On.c level off. The prediction of the time
dependence of 6(¢) based on the hydrodynamic theory,
see equation (10), for longer times was found to be in
very good agreement with the experimental results,
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Figure6. The time dependence of the deuterium NMR
spectrum of 5CB-d, recorded at 295K with an a.c. electric
field of 100Hz for different values of time following the
application of an electric field of strength 1.26MVm ™.

providing strong support for the validity of the analysis,
the parameters and the experiment [7].

The director oscillations are predicted to increase in
magnitude with decreasing frequency (see figure 4). We
have confirmed this by carrying out time-resolved
NMR measurements at the very low frequency of
10 Hz for the electric field for just over the first cycle.
The experimental data for the time dependence of the
director orientation agrees quite well with the prediction
of the hydrodynamic theory [7]. Because the motion of
the director is higher than the rate of change of the
electric field at such a low frequency, it was found that
the director remains parallel not to the field itself but to
the effective field resulting from the combination of the
electric and magnetic fields [7].

We turn now to the results obtained for the time-
averaged spectra determined at different frequencies.
These spectra show how the director distribution is
affected by the oscillations induced by the low
frequency electric fields. The time-averaged spectra are
normally obtained by switching the a.c. electric field on
and leaving it on while tens of thousands of FIDs are

30

0"°,,

10

2 4 6 8

p—
e

Figure7. The time dependence of 0(¢) determined for 5CB-d,
at 295K, with an a.c. electric field of 100 Hz and strength of
126 MVm ™ !. The solid line was calculated with p=3.45,
tm=1.54ms and «=44.7°. The dashed line shows the time
dependence of E2.

acquired. Figure 8 shows such time-averaged spectra
for SCB-d, at 288 K and for a range of frequencies from
1000 to 10Hz. It is apparent that, instead of a single
quadrupolar doublet expected for a monodomain
nematic at high frequency, there are two doublets with
spectral intensity between them. This indicates that the
director adopts a range of orientations, extending from
Omin t0 Omax corresponding to the range AV, to AV,
during the application of the electric field, see equa-
tion (7). A time-averaged spectrum can be understood
as the sum of the time-resolved spectra over one cycle of
director orientations during the stationary state of
director oscillations. We have also simulated the time-
averaged spectrum for 5CB-d; at 10 Hz and 288K by
dividing one cycle of director oscillation, for the steady
state of oscillations, into a very large number of discrete
time values, calculating the time-resolved spectrum
for each of these discrete time values and then summing
all the time-resolved spectra for such a cycle. The
agreement with experiment was found to be very
good which provides additional support for the validity
of the theory to evaluate the time dependence of the
director orientation. It also suggests that the director
oscillations continue unattenuated for the several
thousand oscillations involved in measuring the time-
averaged spectra [7].

In figure 8 we see that at the lowest frequency of the
electric field the spectral extent is significant, corre-
sponding to the large oscillations in the angle made by
the director with the magnetic field. As the frequency of
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Figure8. The time-averaged spectra for 5CB-d, measured
for values of the frequency, between 10 Hz and 1kHz, of the
a.c. electric field with Eg of 1.41MVm ™' at 288 K.

the electric field is increased the oscillations in the
director orientation are reduced in magnitude and with
this the extent of the spectrum. At higher frequencies
the spectral width decreases still further until the two
doublets collapse to a single doublet, indicating that the
director adopts a unique orientation, in accord with the
analysis presented in figure 4. The values of the two
extreme quadrupolar splittings, which can be estimated
directly from the time-averaged spectrum, are plotted,
scaled to AV, as a function of frequency in figure 9.
This presentation is in preference to plotting 0, and
Omax as a function of frequency because of the large
errors in the value of 0,.;, extracted from the
quadrupolar splittings when the director is close to the
magnetic field (see [7]). The predicted frequency
dependence of the splittings is shown as the solid line
in figure 9 and the agreement with the experimental
values is clearly very good. By measuring time-averaged
NMR spectra at different frequencies (which is techni-
cally an easier NMR experiment to perform than the

0.9
0.8
AV(f )/ AV o7k

0.5

0.4EF

Banl o vvopnl 0ol

FERTITT BENRPRETIT BECRTRETI
0.1 1 10 100 1000 10000
f/Hz

Figure9. The limiting quadrupolar splittings AVmax( = Omin)
and AVpin(=0max) scaled with A% for 5CB-d, at 288K as a
function of frequency (logarithmic scale) determined from the
time-averaged spectra. The solid line is calculated with
p=4.37, t\y=2.6 ms determined previously and «=44.7° [7].

time-resolved experiment) we obtain a new route to
certain material properties of the nematic, namely,
y1/A%. It should be noted here that real dynamic
information can be obtained only from the portion of
figure 5 (or figure 9) where significant changes in the
values of the extreme director orientations with
frequency occur.

4.3. Results for a=90°

In this section we discuss some recent measurements in
which the geometry of the experiment was changed so
that the electric field is very close to being orthogonal to
the magnetic field, i.e. =90°. With this geometry the
possibility exists of degenerate routes for the director to
follow when it is aligned during a turn-on or turn-off
alignment process. The liquid crystal we have used in
these measurements is 8CB-d, in the nematic phase.
This liquid crystal, which has a smectic A phase, was
chosen in order to compare its behaviour with that of
the nematic liquid crystal 5CB used in the earlier
investigation.

For this unique geometry, and for the weak anchor-
ing condition we use, we expect, in contrast to the
behaviour for a=50°, the director orientation 0 to show
initially no change as we increase the value of Vius and
then to increase sharply as we approach a threshold-like
voltage. Above this threshold voltage the director
orientation is expected to saturate to near 90°. We
show in figure 10 the results for the variation of the
director orientation with voltage using an electric field
of 5kHz applied to a 100.6 um cell containing 8CB-d,
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Figure 10. The variation of the quadrupolar splitting ratio,
AV/ AV, with the voltage applied to a 100.6 um cell containing
8CB-d; at 307 K. The frequency of the applied electric field is
5kHz and «=88.7°, the solid line is calculated from
equation (15) (see text).

in the nematic phase at 307 K. In figure 10, instead
of plotting the director orientation 0, we plot the
equivalent quantity, the experimentally measured ratio
AV/AVy, see equation (7). The quadrupolar splitting is
seen to be essentially constant until the voltage reaches
about 70 V when it begins to change. At this point the
director orientation changes sharply from being nearly
parallel to the magnetic field to nearly parallel to the
electric field as the voltage changes from ~72 to ~77 V.
The threshold voltage, taken as the midpoint on the
sharply changing portion of the plot, is ~75V. The
individual experimental points in figure 10 correspond
to the equilibrium orientation .., which can be written
in terms of the variable p and the angle « as [3, 7]

2o (15)

cos 20, = (2+pcosZoc)/(4+4pcos 20+ p?)
The solid line in figure 10 is fitted to equation (15) with
%=88.7° and the material parameter AZ/A7=8.13 x 10°.
As we are using measurements covering the widest
range in the equilibrium director orientation 0.,
employing this geometry could, in principle, provide
us with an accurate method of determining the material
ratio AZ/A7. A better method, however, would be
to measure the variation in 0, with p for a range of
values of a« from ~50° to ~90° and use equation (15)

to fit the data and so find the optimum value of Ag/AY
[17].
4.4. Time-averaged NMR spectra at low frequencies

We consider first the time-averaged behaviour of
the nematic director when the cell is subject to low
frequency electric fields. We show in figure 11 some
typical time-averaged spectra at different voltages and
frequencies. Here the situation in the presence of the
threshold behaviour is more complicated than the case
when o is considerably smaller than 90°. Inspection of
the spectra in figure 11 shows that the values of both
voltage and the (low) frequency have a drastic effect on
the time-averaged spectra. It has to be remembered that
these time-averaged spectra are in fact averages of the

| | V=100V, f=2.5Hz
MIOOV, f=10Hz
|| VE100V, f=20Hz
L), V8oV, f=SHz
M6OV, f=5Hz
n | V=55V, f=5Hz
Wﬁv, f=30Hz
M%V, f=40Hz
W%V, f=100Hz

50 -25 0 25 50
v/kHz

Figure11. Time-averaged spectra at different voltages and
low frequencies for the nematic phase of 8CB-d, in a 100.5 um
cell at 307K and with «=88.7°.
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time-resolved spectra resulting from the dynamic
director oscillations produced by the low frequency
sinusoidal electric field in competition with the static
magnetic field. We can interpret the spectra shown in
figure 11 at a qualitative level in the following way. For
frequencies of 20 Hz and below and voltages of 65V and
above, the spectra are characterized by the presence of
two sets of quadrupolar splittings corresponding to the
lower and higher values observed in the threshold plot
of figure 10 (i.e. corresponding to 6. values of 0 and
~90°). The director spends its time proportionally
either at 6,.,~0° or 6..~90°. For the lower voltages of
60 and 55V, the director now resides most of the time at
0.~0°. For electric fields with frequencies of 30 to
100Hz and a voltage close to the threshold value,
the situation appears more complex. The spectra
in figure 11 at 75V and 30, 40 and 100 Hz exhibit
considerable complexity (with powder-like spectral
features) and this suggests that during its oscillations
the director may be residing most of the time in the
threshold region. The quantitative interpretation of
these time-averaged spectra requires the measurement
and simulation of the time-resolved spectra at different
voltages and frequencies. In the next section we present
a selection of such measurements at one frequency
(40Hz) and two values of the voltage (75 and 77.5V)
close to its threshold value.

4.5. Dynamics at 40 Hz

Because of the complex time-averaged spectra we have
observed at ‘intermediate’ frequencies and the threshold
voltage (see figure 11) we chose to investigate the
dynamics of the director oscillations at 40 Hz and at
the threshold voltage of 75 Vrms and close to it at
77.5Vrms. We wanted to know if the powder-like
spectral features of the time-averaged spectrum at
V=75V and 40Hz are caused by the time-averaging
of powder-like spectra from a non-uniform time-
resolved director distribution or from a uniform time-
resolved spectrum associated with a director distribu-
tion covering a wide range of orientations. We show in
figure 12 some typical time-resolved spectra found for
an electric potential of 75V and at 40 Hz. It is clear that
the time-resolved spectra are for an essentially uniform
director distribution. The spectral lines in the doublet at
16 ms are sharp with a large splitting corresponding to a
director orientation close to the magnetic field, see
equation (7). The splitting decreases after 18 ms with
some line broadening. This trend continues until at 21
and 22 ms the doublet collapses into essentially a single
line at the magic angle. Then the splitting starts to
increase, as the director orientation, 6(f), decreases,
until at 26 ms the splitting is almost as large as it was at

Joo
A 18ms
NN 1oms
A 20ms
AN 21ms
A 22ms

Mh//‘ﬂ\»w%,ms

N 2
N /\_ 25ms
A

50 -25 0 25 50
v/kHz

Figure 12. Time-resolved spectra for 8CB-d, at 307K in the
nematic phase during the director oscillation using a voltage
of 75V and 40Hz frequency electric field applied to a
100.6 um cell and for «=88.7°.

16ms

26ms

18 ms and we notice here also that there is some line
broadening indicative of a small spread in the director
orientation.

In figure 13 we show some typical time-resolved
spectra for the director alignment but now for a slightly
larger electric potential of 77.5V at the same frequency.
The spectra exhibit some line broadening similar to, but
perhaps smaller than, that observed in the spectra in
figure 12. Another interesting feature displayed by the
spectra is the pattern of changes in the splitting between
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Figure 13. Time-resolved spectra for 8CB-d, at 307 K in the
nematic phase during the director oscillation using a voltage
of 77.5V and 40Hz frequency electric field applied to a
100.6 um cell and for «=88.7°.

15 and 23ms in which this decreases continuously
between 15 and 20ms, then increases to some extent
between 20 and 22ms. This pattern of change in the
splitting is consistent with the director making a small
angle of ~7.5° with the magnetic field at 15ms, and
then this angle increases continuously until it is about
70° at 22 ms. At times greater than 22 ms the angle starts
to decrease continuously in the next part of the director
oscillation cycle. The full oscillation pattern of the

director is shown in figure 14 in which the ratio,
AV/AYW, is plotted against time for V=75 and 77.5V.
The oscillation is shallow for the first cycle and becomes
deeper and deeper for the subsequent cycles and
eventually these oscillations reach a steady state after

TN ENE NNl N RSN E TRl RN NS NN Nl AN RU RN FR R

0 10 20 30 40
t/ms

osf T

0 10 20 30 40
t/ms

Q)

Figure 14. The change in the quadrupolar splitting ratio
(AV/Avp) with time, showing the director oscillations for 8CB-
d, at 307K in the nematic phase using a 40 Hz frequency
electric field applied to a 100.6um cell and for «=88.7°.
Circles are the experimental points and the solid line shows the
predicted result. For (a) a voltage of 75V and for (b) a slightly
higher voltage of 77.5V.
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about 5 or 6 cycles [19]. The solid lines in figure 14 show
the simulated behaviour based on the hydrodynamic
theory, equation (10), and the value of p obtained from
the ratio (AZ/A%)=8.13 x 10° found in fitting the data
given in figure 10 and the value of 1y, determined in a
previous study [6]. In figure 14 (a) the agreement with
theory appears good for the second and third cycles of
the oscillations but not so impressive for the first cycle
where experimentally it is much shallower than pre-
dicted. However, the agreement between theory and
experiment for the oscillations at ¥'=77.5V shown in
figure 14 (b) is on the whole very good. At the moment
we are unable to account for the discrepancy shown in
figure 14(a) at short times.

When o=90° we expect the director to relax in
the turn-on or turn-off dynamics by following degen-
erate pathways of alignment which would cause
the director distribution to become non-uniform.
This should be apparent from the observation of
powder-like deuterium NMR spectra sometime during
the director alignment process. However, in the oscilla-
tion experiments we have just described, which could
be thought of as a turn-on and a turn-off process during
the rise and fall in the value of the electric field, the
spectra we have measured were essentially monodomain
spectra indicative of a uniform director distribution
for the alignment at 40 Hz. Because of this surprising
result it is important to investigate the behaviour
under other conditions and so we have performed full
turn-on and turn-off dynamics measurements for
this geometry but now with a high frequency electric
field.

5. Turn-on and turn-off dynamics at S kHz and «=88.7°
5.1. Turn-on dynamics

The director orientation here is parallel to the magnetic
field prior to the application of the electric field and the
start of the turn-on time-resolved dynamics measure-
ments as described in §2. In figure 15 we show some
typical turn-on time-resolved spectra obtained for 8CB-
d; at 307K in a 100.6 um cell subject to a voltage of
84V and 5kHz frequency electric field. The value of
the voltage was chosen to ensure that it is sufficiently
large to align the director close to 88.7° (see figure 10).
Most surprisingly, the time-resolved spectra show a
monodomain director alignment from 6(z)=0° at =0
all the way to 0(r)~85° at t=50ms. Hence, in this
experiment we observe the director following a uniform
alignment relaxation pathway. In fact, we were able to
fit the time dependence of the quadrupolar splitting
ratio, AV/AV, to equation (2) perfectly with t1¢=7.02 ms
and 0,.=84.8°, as shown in figure 16.

| | 0.5ms

J\ ) 5.0ms

\ \ 7.5ms
) \ 10.0ms

A A 12.0ms
oM N 15.0ms
e I 180ms
/\ 21.0ms

M\/«M—NANJ"/\)‘/\‘N\«'WM/VE3 .Oms
I 26.0ms

30.0ms

40.0ms
50.0ms

50 25 0 25 50
v/kHz

Figure 15. Time-resolved deuterium NMR spectra for the
turn-on relaxation of 8CB-d, in the nematic phase at 307 K
using a voltage of 84V and 5kHz frequency electric field
applied to a 100.6 um cell and for «=88.7°

L
[
1L

5.2. Turn-off dynamics

In this experiment, the electric field is applied to the
cell to ensure an initial director orientation close to
90° before it is removed to start a time-resolved turn-
off dynamics measurement as described in §2. In
figure 17 (a) we show some typical time-resolved spectra
for the turn-off dynamics obtained for 8CB-d, at 307 K
and for «=88.7°. It is immediately apparent from
the spectra in figure 17 (a) that during the turn-off
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Figure 16. The turn-on alignment dynamics for 8CB-d, in
the nematic phase at 307 K using a voltage of 84V and 5kHz
frequency electric field applied to a 100.6um cell and for
0=88.7°. Circles are experimental values and the solid line is
the best fit to equation (2).

alignment process powder NMR spectra are observed.
We confirmed the presence of powder NMR spectra by
repeating the turn-off measurement between 2 and
5.5ms at 0.3ms steps, see figure 17(b). These powder
spectra are indicative of the generation of non-uniform
director distributions during some stages of the align-
ment process before the director finally aligns parallel to
the magnetic field. The non-uniform director distribu-
tion could be generated by the director orientation
decreasing from its initial value at ~90°, to 0°, or
increasing to 180° with equal probability, i.e. by the
director following two degenerate alignment pathways.
This sharp contrast between the turn-on and turn-off
dynamics of the nematic phase of 8CB for this geometry
of «=90° is intriguing. At the moment we have no
quantitative explanation for the turn-off dynamics and
the contrast between the turn-on and the turn-off
dynamics for 8CB. Also we have no explanation for
the contrast in the behaviour of 8CB just described and
that of 5CB where both the turn-on and the turn-off
processes were found to follow non-uniform alignment
pathways [11]. A more detailed theory than that used
for the uniform director alignment is required in
which not only the rotational viscosity coefficient, v,
is invoked but also other viscosity coefficients as well
as the elastic constants which are needed when the
director is not uniformly aligned during its alignment
[9-11].

M 1.0ms
M 2.0ms
M.Oms
M.Om

50 25 025 50
v/kHz
@
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Figure17. Typical time-resolved spectra for the turn-off
alignment process for 8CB-d, in the nematic phase at 307K
aligned using a voltage of 100V and 5kHz electric field
applied to a 100.6 um cell and for «=88.7°. For (a) the spectra
were recorded at 1 ms intervals, while for (b) the time step was
reduced to 0.3 ms.

6. Conclusions

We have used time-resolved and time-averaged deuter-
ium NMR spectroscopy to investigate the field-induced
alignment of the nematic director in low molar mass
liquid crystals such as SCB-d, and 8CB-d,. In particular
we have performed deuterium NMR experiments in the
presence of a.c. electric fields of varying strength and
frequency, to study both the static and dynamic
behaviour of the director during the alignment process.
In this experimental procedure we can also control the
angle, o, between the a.c. electric field and the static
magnetic field and so control the possible alignment
pathways of the director during changes in its orienta-
tion. In the earlier experiments, using SCB-d,, a high
frequency (10kHz) electric field was employed com-
bined, in most cases, with a value of o of ~45°. This
resulted in uniform field-induced director alignment
dynamics in which the director relaxation followed very
closely the predictions of the torque-balance equation
based on the Leslie-Ericksen hydrodynamic theory.
This allowed the parameters Ag/A% and y, /A% for 5CB
to be evaluated with a high degree of confidence.
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More recently, low frequency (several Hz to
about 1000 Hz) electric fields were used in combination
with two geometries. In the first geometry, the electric
and magnetic fields were inclined at ~50°. The torque-
balance equation with a sinusoidal time dependent
electric field term was solved numerically, and the
predictions of the theory were confirmed experimentally
from time-resolved and time-averaged deuterium
NMR measurements in the nematic phase of 5CB-d,.
An oscillatory motion of the director between
the electric and magnetic field directions, which is
coherent over long periods of time, is observed.
These director oscillations become stronger as
the frequency of the electric field is lowered reaching
a constant maximum at very low frequencies
(<10Hz), however, they become very small at
high frequencies (=1000Hz). The limiting director
orientation at different frequencies can be
used to provide a new, indirect route to AZ/AY
and y,/AY from the time-averaged deuterium NMR
measurements.

The second geometry had the electric field essentially
orthogonal to the magnetic field (x=90°). For
this geometry a threshold behaviour is observed for
the director orientation as a function of the
applied RMS voltage. The threshold voltage found
for 8CB-d, in the nematic phase at 307K was ~75V
in the 100.6um cell. The time-averaged spectra for
this geometry were found to depend very strongly on
the voltage (whether it is smaller or larger than
the threshold voltage) and the frequency of the
applied electric field. Most of the time-averaged
spectra could be interpreted on the basis of the
two values of the director orientation below and
above the threshold for voltages higher and lower
than the threshold voltage. However, at the threshold
voltage and low frequencies (100, 40 and 30Hz),
the time-averaged spectra are very complex, possibly
on account of the time-sweep of the director orienta-
tions in the threshold region. But, at a frequency
of 40Hz, the time-resolved spectra for 8CB-d, in
the nematic phase at 307 K and at the threshold voltage
of 75V as well as at 77.5V were all found to be
essentially those characteristic of a uniform director
distribution. This is surprising since this orthogonal
geometry offers the possibility of degenerate director
alignment pathways upon applying the electric field
or turning it off; this should lead to a non-uniform
director distribution and hence to the appearance of
powder spectra during the oscillation in the director
orientation. The complementary time-resolved turn-on
and turn-off experiments for 8CB-d, in the nematic
phase at 307K and at high frequency (5 kHz) for this

orthogonal geometry revealed more intriguing contrasts
in behaviour; thus the turn-on process was found to
follow a uniform path of alignment while the turn-off
process was found, in marked contrast, to follow non-
uniform, degenerate paths of alignment which resulted
in the generation of powder spectra. We are presently
unable to interpret this difference in behaviour for
8CB between the turn-on and turn-off processes or
the difference in behaviour between 8CB and
5CB, where for the latter nematogen both turn-on and
turn-off alignment processes were found to be non-
uniform.
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APPENDIX

Uniform and non-uniform director alignment

x>

By

If a field is applied at an angle f, to the director will this
align it uniformly or could different directors move in
opposite directions? For the latter to occur the energy
gained by a decrease in f must compensate for the loss
in energy resulting from an increase in f. The
anisotropic magnetic energy is given by

~R2

A7 B
U=~ ' == Pa(cos p) (A1)

when the director makes an angle § with the field. This
energy is now expanded for small deviations from f,
using a Taylor series up to second order. The gradients

needed for this are

%;sﬁ) =—3cosfisinfi=— %sin2ﬁ (A2)
2
P
chsﬁ) = —3cos2p. (A3)
dp
The energy when f increases from fy by 6f is
A7 B?
UBy+0) = —ny =57

; 3 (A4)
X {Pz(cos Bo) — 35in 20 — 3 cos 2/305/32}

i.e. both the linear and quadratic terms cause the
magnetic energy to increase, as expected. When the
angle decreases by Jf the new energy is

| A7 B?
3

X

U(Bo—0p)=—ng
(AS)

X {Pz(cos Po) + gsin 2py0p— %cos 2B05ﬁ2}.

Now the linear and quadratic terms have opposite signs
but the linear term which should be bigger is positive, so
decreasing the overall energy. When both changes (6
and —Jp) take place then the total change in energy is

AR
U(By£6B)=— 1y 3 = (A6)

x { P2(cos fy) —3cos 2367}

The linear term has vanished and the sign of
the quadratic term is controlled by that of cos2p,.
If o< 45° then cos 2f is positive which means that the
magnetic energy increases, the system is more unstable
and so both fluctuations (4 0pf) cannot occur. In other
words the director can only move in one direction.
For fy>45°, cos2f, is negative, the magnetic energy
decreases and both fluctuations occur.



