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Time Resolved Infrared Spectroscopy of Electro-optic Switching of SCB

Won Gun Jang

Abstract

Time resolved infrared IR absorption spectroscopy is carried out to investigate the dynamics of electric field induced

reorientation of the biphenyl molecular core and alkyl tail sub-fragments of the nematic liquid crystal 5CB (4-pentyl-4-cyano-
biphenyl). The planar to homeotropic transition for high pre-tilt planar aligned cells, is studied for switching times ranging
from 200 psec down to 80 psec, the latter a factor of 1000 times faster than any previous nematic IR study. The reorientation
rates of the core and tail are found to be the same to within experimental error and scale inversely with applied field squared,
as expected for the balance of field and viscous torques. Thus any molecular conformation change during switching must

relax on a shorter time scale.

A simple model shows that no substantial differences exist between the reorientational dynamics of the tails and cores

on the time scales longer than on the order of 10 ps.

Keywords : FT-IR spectroscopy, dipole absorption, SCB nematic LC, reorientational dynamics, hydro carbon tail & biphenyl
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1. Introduction

The rod shaped molecules which form liquid crystals
(LCs) typically have a rigid central core (to provide the
steric interaction of rigid rods that stabilizes orientationally
ordered phases) and flexible tails (to suppress crystalli-
zation).

In electro-optic applications the LC mean molecular
long axis n (r) reorients in applied field with an over-
damped response limited by orientational viscosity.
Molecular optical anisotropy is then exploited to achieve an
electro-optic effect. An important aspect of such electro-
optic behavior of LCs is the intra-molecular dynamics
probed by the measurement of the reorientation response
of different molecular sub-fragments during switching.
Such studies provide information on molecular confor-
mation change during reorientation, which can be cor-
related with the distribution of field induced torques and
intermolecular forces applied to the molecule. In this paper
we study, using time resolved Fourier transform infrared

(FTIR) spectroscopy, the field-driven reorientation of the
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core and tail groups of the nematic liquid crystal 4-
pentyl4’-cyanobiphenyl (5CB), shown in Fig. 1 during
electro-optic switching of n (r). |
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Fig. 1. Schematic diagram of the experimental geometry, the
liquid crystal SCB (4-pentyl-4’-cyanobiphenyl), and its phase
diagram.
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In recent years, FTIR spectroscopy has been a
powertul probe of the molecular conformation and ori-
entation in LC phases [1], and both have been applied in
dynamical studies. Vibrational spectroscopy selects mole-
cular vibrational modes, each of which has a transition
dipole and polarizability tensor, fixed relative to the
molecule or a molecular sub-fragment, which couples the
vibration to incident IR or visible light, respectively.
Measurement of IR absorbance or Raman intensity vs.
polarization orientation relative to the symmetry axes of a
macroscopically single domain sample then enables the
moments of the transition dipole or polarizability tensor,
and therefore, moments of the molecular orientation
distribution to be determined. Improvement in electronics
and data acquisition processes have enabled time resolved
vibrational spectroscopy with time resolution approaching a
few nanoseconds [2].

So far, although there have been a number of studies
of intra-molecular LC dynamics utilizing vibrational
spectroscopy, mostly focusing on the relative motion of
core and tail, no coherent picture of intra-molecular motion
has emerged. Some have reported no considerable dif-
ferences in reorientation rates of the mesogenic core and
tails [3-6]. In other reports, the motion of the flexible tail
part precedes that of the core [7,8], and still in others, the
motion of the core precedes that of the flexible part [9-14).

This report analyzes the switching dynamics of a
planar aligned cell of high pre-tilt nematic liquid crystal
5CB by observing changes of absorbance due to vibrations
of the biphenyl core, cyano group and alkyl tail, as a
function of time following application of the external
electric field. SCB has a large positive dielectric anisotropy,
Ag=g; - €,, arising almost entirely from the C=N dipole
parallel to the core axis, so that the driving field acts on the
core.

2. Experiments

The overall experimental setup is illustrated in Fig. 2.
FTIR time resolved spectroscopy was carried out using a
step-scan Bruker IFS 66 spectrometer, equipped with a
photovoltaic mercury cadmium telluride detector, a 50
MHz pre-amplifier, and an internal ADC board to detect
modulated IR signal. A periodic sequence of bipolar pulses,
of amplitude V ;. and width for each polarity interval Tpulse

35

(50 < Tpuse < 1000 psec), shown in Fig. 2, is applied to the
liquid crystal cell using a function generator which can
generate pulses with up to £1000 Volt amplitude with ~10
nsec rise time [10]. Bipolar pulses were employed in order
to maintain DC balance on the liquid crystal and 7T, was
decreased with increasing V. such that the pulse ended
soon after switching was completed, in order to reduce the
occurrence of dielectric breakdown of the LC at high
voltage. The pulse frequency selection of 1 kHz was based
on the trade-off between maximizing the data collection
rate (favoring a higher frequency) and allowing the director
to relax between pulses (favoring a lower frequency).
Synchronized TTL trigger pulse signals for data sampling
are fed onto the bit analog to digital converter of the main
spectrometer. Spectrometer transmission is collected while
both interferometer path difference and time delay |
following reversal of the voltage on the LC cell are
evolving. Thirty independent measurements are made at
each mirror position and time delay. The computer then
sorts, averages, and Founer transforms the data to obtain
spectra vs. time delay.

The experimental cell geometry is shown in Fig. 1.
The 5CB was planar aligned in IR transparent capacitor

Bruker IFS-68
FT-iR spectrometer

Fig. 2. Schematic diagram of step-scan FTIR clectronics, showing
the bipolar pulse waveform driving the 5CB, Data collection is
carried out during the positive part of the pulse of width pulse.
The negative part of the T, provides dc balance.
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made from CaF, windows coated with a 100 A thick layer
of indium tin oxide for electrodes, and 200 A thick rubbed

Nissan RN 768 polyimide alignment layers.

The plates were rubbed anti-parallel and subjected to a
50 minute soft bake/2 hour hard bake process [16] to
produce a uniform n(r) in the x-z plane of the rubbing, pre-
tilted by ~ 13° from the plane of the substrates. The spacing
between the plate was d ~ 6 ;.Lm;

The ITO electrode is ~ 1 cm” in area, with sheet
resistivity R = 100 Q / giving the cell an intrinsic RC
time constant which determines the shortest time interval
over which an applied voltage step appears on the liquid
crystal. When filled with LC, this RC time is ~ 2 usec,
which 1s the limiting time resolution of the experiment.
This time is shorter than the fastest LC response time
observed here ( ~8 psec) and will be ignored.

IR light is incident normal to the cell plates and
linearly polarized in the y-z plane of at an angle Q relative
‘to the x-z plane. Raw spectra are then baseline corrected
and values of absorbance peaks determined. Data are
presented here for peaks at 2930, 2227 and 1606 cm™', due
to the alkyl tail CH, stretching modes, cyano and phenyl
core stretching modes, respectively.

The electrostatic torque due to the applied field E = Ex
tends to rotate n(r) to be parallel to E, normal to the plates.
‘This induced reorientation, entirely in the x-z plane, is
continuous because at t =0 n(r) is tilted from z axis, through
0,, because of the partial relaxation of n(r) between pulses.
Assuming normal incidence and n(r) to be in the x-z plane,
the two electromagnetic IR eigenmodes are linearly
polarize along z and y, and the IR absorbance can be
completely characterized by determination of A,, measured
wi_th Q = (° (the IR light polarized parallel to the x-z plane),
and A, measured with Q = 90° (the IR light polarized
perpendicular to the x-z plane). These polarizations are set
using a wire-grid IR polarizer located between the IR
source and sample. A/(t) and A, (t) were recorded at 5 psec
time intervals following voltage application at t = 0.

3. Models

A basic goal of this kind of experiment is to probe
changes in molecular conformation and/or distribution
during field-induced reorientation. Obviously, the macro-
scopic symmetry axes, as characterized by eigenvectors of
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the optical dielectric or magnetic susceptibility tensors,
reorient. In general, in addition to this reorientation the
eigenvalues, e.g., the principle refractive indices, will be
field dependent, as will the distributions of molecular sub-
fragments. We consider here a basic model of such
reorientation using a generalized variable y(t) to charac-
terize the extent to which the molecule 1s out of its
equilibrium conformation distribution during switching.
Thus, y(t) may represent the mean bend angle between the
axes of the core and alkyl tail, or may represent some
moment of the orientational distribution of a subfragment.
Alternatively, during the field induced reorientation of the
mean molecular long axis in the x-z plane the nematic
symmetry is biaxial, and y(t) could characterize the degree
of biaxiality. The effective mechanical model determining
the time dependence of (t) is shown in Fig. 3. y(t) is the
displacement of a damped harmonic oscillator driven
through a dashpot. As is almost always the case for
calculation of the viscous response of liquid crystals the
mass term in the equation of motion is negligible after a
very fast (psec) inertial relaxation and may be set to zero,
leaving the equation of motion
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‘ Fig. 3. Time variation of absorbance of the biphenyl, cyano and

alkyl modes as a function of time upon application of a 25 V for
IR polarization parallel to (A;) x-z plane of rotation of n. A (t) is
independent of t since the polarization is normal to n throughout
its reorientation. A,(t) — A, (t) at lagge t.
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K y(t) = D didt [w(t) - o axt) ] or -T w(t) = d/dt
WO - @ )],

Here D is the dashpot dissipative coefficient, K is the
effective force restoring the equilibrium state (at the
relaxation rate I' = K/D), a is a coupling coefficient, and
o(t) is the driven director angle of orientation, evolving
from ®~0 to ®~m/2 through the planar to homeotropic
transition. For planar to homeotropic field-induced swi-
tching doxt)/dt is a peaked function of width comparable to
the switching time tz, of maximum value approximately
equal to T/2ty, and of time integrated area ~ w/2. For slow
switching (I' tg > 1), dy(t)/dt is negligible and y(t) = I""
d_/dt (o0 o(t)] proportional to the reorientation rate, with a
maximum value Winax ~ O T/ 21R.

For fast switching (I' tzg < 1), o(t) can be approximated

as a linear ramp from @ = 0 att =0 to @ = 7/2 at t = tg,
during which ¥ = o (t). At the termination of the
switching Y(t = tg) = Ymax = O 0/2, exponentially decaying
for t > tg with the rate I' : Wy (t > tg) = (o0 w/2) exp [ -I(t -
tg) ]. This model shows that in order to observe
dynamically induced conformation conditions the latter
situation ( I tg < 1 ) is the most favorable, and would
appear as a partial dichroism change over a time during
switching depending on applied voltage, followed by a
field independent relaxation to complete the change.
- In absence of such relaxational effects the re-
orientation response is limited by viscosity. In order to
qualitatively compare the reorientational dynamics of the
three modes, we calculate the normalized absorbance
change 8Ax (t),

OA/N(t) = [Aysar — A / [Apsar — Ay(0)] (1
where A,(t) 1s the absorbance measured with IR
polarization in the x-z plane of rotation of n (r), and A,(0)
is the initial absorbance, determined by the t = 0 tilt of n(r)
él,nd Ay 1s the final absorbance in the field-induced
homeotropic orientation with n(r) / x. If n(r) is initially
uniform and tilted by the angle 9, at t = O then, in response
to a voltage step, n (r) will remain vmform [17] at an angle

0 (t) given by the solution to the equation of motion d 0 (t)-

/dt = (A€E?/ 4y) sin 28 (t). This solution is tan 6 (t) = tan6,
exp (AE°/ 4y)t, for which

8A/x (t) = [1+ tan®0,] / [1+tan’0, exp (AeEY/ V] (2)

37

This equation was used to fit the normalized time
variation of absorbance.

4. Results

In a nematic the dicroism ratio D = A,/ A, 1s
determined for each mode by [}, the angle between its
absorption dipole and the molecular long axis and by the
nematic order parameter S. The biphenyl core and cyano
stretching vibrations have B ~ 0°, and thus the largest D ;
the alkyl CH, stretching vibration has § ~ 90°, for an all-
trans tail and thus D < 1, with D made closer to 1 because
of disorder in tails. Fig. 3 shows time evolution of A, and
A, of the three modes for Ve = 25 V, Toue = 1000 psec.
At t =0, Dyipheny1 > 1, Deyano > 1 and Dyt < 1, as noted
above. With application of the electric field, A, is
essentially unchanged, as expected for induced reorien-
tation of n (r) in the x-z plane. On the other hand, the
induced reorientation of n (r) in the x-z plane decreases Ay
biphenyl aNd A cyano, While increasing Ay a1, With D—1 for
all three modes, indicating that the field induces n normal
to the plates in the bulk of the cell. The OA (), measured
for the phenyl, cyano, and alkyl peaks at T =29 °C for V e
=25, 35, 50, 70 and 100 V are shown in Fig. 4. (We did not
carry out temperature scaning at this time).

Typical times for completion of the reorientation at
these voltages are about 150, 80, 40, 18 and 8 psec,
respectively, and Tyuise is adjusted so that the pulse ends in
about 5 times the switching time in each case. Response
times faster than 8 pusec were not studied because of the
finite RC time constant of the cell.

Because of the pre-tilt and the finite pulse frequency 0
(t) is nonzero at t = 0, and there is torque applied to the
director at t=0 so that switching (orientation) commences
immediately upon application of the field. These data show
no systematic differences among time dependences for
absorbance change of the phenyl, cyano, and alkyl peaks,
i.e., the observed differences appear to be within the
uncertainties due to measurement noise, which is con-
siderably larger for the alkyl than for the phenyl or cyano,
because of the small change in A;, for the alkyl. This is
maybe due mostly to the slight overshooting of tail
segments when it reorient due to the flexibility of them.

We are planning to change temperature to see how the
core-tail reorientation rate changes in a near future. For
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field driven changes of n (r) of a nematic we expect that tg,
the characteristic time for reorientation of a spatially
uniform n, scale as tg ~ y / AeE* ~ E where vy is the
~rotational viscosity [18]. The results in Fig. 5 show
this scaling behavior for the three vibrations, indicating
that reorientation is limited by a frequency independent
rotational viscosity down to the fastest time scale studied
here tg ~ 5 psec. Some delay in the response may be
beginning to appear at the highest voltage, but this is likely
a consequence of the finite RC time constant of the cell and
the 5 Usec step scan time employed.

The solid curve in Fig. 5 is a fit of the Ve =25 V

data to Eq. (2), which yields the effective initial tilt 8, and
tg ~ v/ AeE” The initial tilt 8, = 40° £ 5°, is governed by
pre-tilt and by the relaxation of n (t) to the field free
orientation at the pulse frequency of 1 KHz. tg is
consistent with known 5CB Ae and 7y and our estimate of

the cell thickness.

5. Discussion

The implementation of the step-scan time resolved
spectroscopy technique allows us to probe the micro-
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Fig. 4. Time dependence of the normalized absorbance for IR polarization parallel to the plane of reorientation of n of the biphenyl, cyano,
and alkyl modes upon application of pulses of indicated voltages. The overlap of biphenyl, cyano and alkyl data shows that there is no
systematic difference in the reorientation dynamics of the three molecular subunits on time scales longer than 5 ps.

38



Journal of Information Display, vol. 5, no. 1, 2004

second timescale reorientation and relaxation dynamics of
5CB cells from Planar to homeotropic transition. The
change in normalized absorbance following application of a
voltage step exhibits a universal dependence on scaled time
for the core and tail vibrational modes studied. No evidence
for differences in the reorientation of different molecular
segments was found, except perhaps at the highest voltages
and fastest (5 psec) response time observed, where the

intrinsic experiment time response is not negligible. -

Extending these experiments to give time response
behavior on time scales 5 psec and faster will require
fabrication of IR transparent low capacitance cells [19],

time (migrosec)

Fig. 5. Normalized absorbance for IR polarization parallel to the
plane of reorientation of n vs. scaled time for biphenyl, cyano, and
alkyl modes. The time axis for the different voltages is stretched
according to [scaled time = ty5y(V y14/25 V)z]. The solid curve is a
fit of the Ve = 25 V data to Eq. (2). The overall response scales

as V2 as expected for the balance of clectrical and viscous
torques.
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experiments which are being planned.

As can be seen from the model, if the internal
molecular distortion during switching relaxes at a rate T,
then the effects of this relaxation become more dramatic as

‘the switching time tg is driven at a higher field to the

regime tg < 1/I. In the limit tg << 1/T, the dynamic
response should become distinctly bimodal, exhibiting a
driven reorientation in time tg to a non-equilibrium state of
internal molecular distortion, which would relax on the
much longer time scale 1/T. The absence of such effects in
our data thus implies its absence in slower experiments, and,
indeed, no evidence for internal relaxation is found in
several slower experiments [2, 20, 21]. However, our data
appear to be fundamentally inconsistent with earlier
observations on SCB and related molecules at much longer
time scales, in which such relaxation is found [7, 8, 13, 14].
For example, Urano and Hamaguchi [7] find an apparent
delay of about 1 msec in the response of the core relative to
that of the tails, which should be quite evident with our
setup, but which we do not observe. The origin of such
differences is not clear at this time.
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