Chapter 5

Switching Dynamics

of a Surface Sabilized

Ferroelectric Liquid Crystal Mixture

Flat panel displays with ferroelectric liquid crystals (FLCs) could potentially
provide the advantages of fast response, bi-stability and wide viewing angle.*"
The memory-like behavior of FLC materials also opens up new possibilities in
their applications. However, the‘design of new FLC materials often proves
frustrating since it is necessary to obtain a material with both a chiral structure and
a smectic C* (SmC*) phase. Although the‘former is o6ften achievable by synthesis,
the latter has seemed more a matter of luck. For practical applications a wide
thermodynamically stable SmC* ‘phase..isgenerally required. A method for
broadening the temperature range of thermodynamically stable C* phases is to
obtain a eutectic by mixing several LC components. The design of new FLC
components is therefore simplified to doping of chiral compounds into a mixture
with a wide thermodynamically stable SmC phase.”” This approach gains
significance in view of the fact that all commercial FLC materials are mixtures.
The properties imparted to a mixture by the addition of chiral components are more
relevant to applications than are its properties as the neat liquid.

For the interests of both fundamental research and industrial applications, many
efforts have been made to investigate the switching behavior of FLC
material.”*’®" It is important to note that upon the reversal of the sign of an
applied field, all the molecules in the ferroelectric phases switch by rotation about

a tilt cone. This is basically because coupling with the applied field is through
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ferroelectric spontaneous polarization, not through coupling with any individual
molecular dipoles. An understanding of the switching dynamics of FLC mixtures is
therefore useful, not only for the development of novel flat panel displays, but also
for the design of new FLC materials.

During the past decade, time-resolved Fourier transform infrared absorption
spectroscopy (trFTIR) had been shown to be a powerful tool for the investigation
of orientational and conformational dynamics in complex molecular
systems.”>**% This chapter describes some interesting results on the switching
dynamics of a surface stabilized FLC (SSFLC) mixture by combining trFTIR with

second harmonic generation and time-resolved electro-optical (EO) measurements.
5.1. Experimental Procedures

The SSFLC cells used consist:of two CaF; plates coated with indium tin oxide
(ITO) conducting films and-polyimide alignment layers rubbed unidirectionally.
The substrates were assembled n a-homogeneous geometry with a 2-um cell
thickness to result in a surface stabilized-structute. The cell thickness is close to the

half-wave thickness of d,, = 4/(2:An)=194m with An=0.17and 1 = 0.633um.

A chevron-mode ferroelectric liquid crystal mixture FELIX 017/100 from
Clariant was filled into a test cell at a temperature above the isotropic phase of the
FLC mixture. This material is a mixture of homologous, with a fairly wide SmC*
range from 73 °C to —28 °C, and is promising for flat panel display applications.
The test cells were slowly cooled to 35 °C and then inserted into a pair of cross
polarizers. All our SSFLC cells appear single domain examined with a polarizing
microscope.

For probing the electro-optical properties of the SSFLC cells, bipolar
square-wave voltage pulses were applied and the optical transmission was
measured as a function of time and rotation angle of the test cell about the optical
beam propagation direction. A helium-neon laser with a wavelength of 632.8 nm

was used.
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FTIR spectra from 900 to 3500 cm™ with 8 cm™ resolution were recorded with
an Oriel MIR-8000 FTIR spectrometer equipped with a liquid nitrogen cooled
HgCdTe detector. A bipolar square-wave pulse, similar to that in the EO
measurements, was applied to excite the SSFLC cells during the trFTIR
measurement.’

The Second Harmonic Generation (SHG) signals of the SSFLC cell were
measured by a pump beam with a wavelength of 1.06 um, which is the output of a
Q-switched Nd-YAG laser. The pulse duration of the pump beam is about 8 ns. A
photomultiply tube equipped with a monochromator was used as the detector to
record the SHG signal with a wavelength of 532 nm. Suitable polarization
combinations of the pump beam and SHG signal were controlled with a pair of
polarizers. The timing between the laser probing and the electrical driving field on
the SSFLC cell was controlled with a eombination of function generator and digital

delay generator.

5.2. Second Harmoni¢c Generation and Polarized FTIR
Absor ption Spectroscopy of an SSFLC

The azimuthal absorption pattern of an infrared beam propagating through a

sample can be expressed as’?
N7z 2
Aw) =7 j (1B, T £ Q)0 5.1)

where N denotes the number density of the Kth IR dipole

moment ,ug(K) =du, /E)QK , @ 1is the angle between the incident infrared

polarization Er and the laboratory X-axis, and f() represents the orientation
distribution of ﬂg(K). For normal incidence on the XY plane (see Fig. 5.1), the
integrated absorbance by an atomic group with IR dipole moment parallel to the

molecular long axis (3=0) can be expressed as

A(D) = (cos@ cos D + cos ¢ sin O sin D) (5.2)
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where 0 denotes the cone angle of FLC, and ¢ the azimuthal angle of molecular
long axis relative to the layer normal X;. The chevron angle o of the SSFLC is
small and can be neglected in this discussion without causing significant difference.
For an atomic group with IR dipole moment parallel or perpendicular to the
molecular long axis, the equations for the azimuthal pattern of integrated IR

absorbance can be simplified to be

| 0
—sin“(®F0), ¢=
2 /4

A(®@) = (5.3)

%[3 —c0s(28) — 2cos’ @cos(2D)], ¢ = z

2

(b)

> 71

FIG. 5.1. Schematic diagram showing the relationship among the molecular frame
(ENQ), layer frame (X;YZ,) and laboratory coordinates system (XYZ).
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Figure 5.2 presents the calculated IR absorbance patterns for parallel and
perpendicular infrared dipole moments. Within the calculation we assume the IR
dipoles to be collectively rotated along the layer normal from ¢ = 0 to © by
changing polarity of the applied field. Note that the angular shift of the azimuthal
patterns is about twice the apparent cone angle.

The SSFLC structure shown in Fig. 5.1 exhibits a C, symmetry with the
Cy—axis along the Z-axis. The non-vanishing second-order non-linear optical

() () 2 @

susceptibility components are: X(Z)ZZZ, X YYZ= X(Z)YZY:

()]

XXZ= X xXzX= X zxxs X

X zYY, X(z)XYZ = X(Z)sz, X(Z)XZY = X(Z)zxy, X(z)sz = X(z)zyx. We can calculate
optical second-harmonic signal with®'

L,=121&, 7 :68, (5.4)
For a rod-shaped FLC molecule, we assume that there is a single dominant
nonlinear polarizability component along the molecular long axis. From Eq. (5.4),
we note that the chevron FLC sstructute-can net generate SHG signal at normal
incidence.® SH azimuthal pattéms with various optical polarization combinations
were therefore calculated by using geometrytwith/an inclined incidence, with the
X-axis being along the cell rubbing directions The results with an SSFLC at ¢ =
1/2 are presented in Fig. 5.3. No S-polarized SH output can be generated when the

cell is excited with an s-polarized fundamental beam. SHG activity also disappears

in an SSFLC at ¢ = 0° or 180°.

(a) b
FIG. 5.2. Theoretical curves of the azimuthal FTIR patterns with (a) IR dipole
moment pointing to B = 0° or (b) B = 90° of an SSFLC. Here ¢ of the dipole
moment is assumed to be 0° (dashed curve) or 180° (solid).
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FIG. 5.3. Theoretical curves of azimuthal patterns of second harmonic generation
for an SSFLC cell with various optical beam polarization combinations.

5.3. Results and Discussion

5.3.1. Steady-State Properties of an SSFLC

An SSFLC cell was prepared and characterized with infrared absorption
spectroscopy; the results are“shown in Fig: 5.4. We shall emphasize that these IR
absorption peaks are contributed:from-multiple’ molecular species of the FLC
mixture. The observed simplicity of each IR absorption line profile indicates that
these molecular species possess high structural similarity. If IR dipoles from
different FLC species are not aligned, the resulting azimuthal pattern for each IR
absorption line shall reveal no clear azimuthal anisotropy. This is also true in a
field-induced reorientation process. A clear time-resolved FTIR azimuthal
anisotropy shall indicate a correlated movement of IR dipoles among different FLC
species. Therefore a FTIR study on an FLC mixture should yield useful
information about the inter-species alignment and field-induced reorientation

dynamics which is not available from a study with neat FLC.
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FIG. 5.4. FTIR spectra of an SSFLC measured without applied electric field,
plotted as a function of the angle between the incident IR polarization and the
rubbing direction of the cell (i.e., the X-axis).

Our objective in this study is:to determine whéther the molecular fragments of
different FLC species in an FLE mixture moyve correlatively in a steady dc field or
during a field-induced reorientation process. For this purpose, we categorize the
observed FTIR absorption lines into two grdups: the FLC core modes and modes
associated with flexible alkyl chains. To help further discussion, an effective
medium picture with a schematic molecular structure is presented in the inset of
Fig. 5.4. The schematic structure is distinguished with a rigid core part and flexible
alkyl chains. The major features of the IR spectra shown in Fig. 5.4, which
originate from normal modes associated with the FLC cores, are at 1169, 1250,
1439, 1516, 1608, and 1763 cm'l; and those from the alkyl chains are at 2851 and
2924 cm™.® The highest two peaks at 2851 and 2924 cm™ are attributed to the
symmetric and anti-symmetric CH; stretching along the alkyl chains of the FLC
molecules. The peak at 1763 cm™ is due to the C=O stretching, and the features at
1608 and 1516 cm™ are mainly from the C—C stretching of the FLC core. The 1439
cm’ peak arises from the combination of the C—C stretch and the in-plane wag of
the C—H on the FLC core. The remaining normal modes at 1169 and 1250 cm™ are

associated with the C—O—C motion of the FLC cores.
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In Fig. 5.4, the rubbing direction of the SSFLC cell is aligned with @ = 0°. The
measured azimuthal patterns show that the IR polarizations, which yield maximum
absorption by functional groups associated with the FLC core, are all parallel to the
averaged molecular long axis. However, for C—O and CH; groups the maximum IR
absorption occurs with the IR polarization being perpendicular to the averaged
molecular long axis. A similar result had also been observed on neat FLC
materials.** The mutual orthogonality between the azimuthal patterns of IR
absorption peaks from the core and alkyl chains can also be observed in the
field-free state.

From Egs. (5.2) and (5.3) we note that, without an applied field, the averaged
molecular long axis should lie on the XZ-plane with ® = 1/2.%* When an electric
field is applied, the averaged molecular long axis can rotate from the XZ-plane to
® = 0 or m depending on the polarity “of the applied voltage. The resulting
azimuthal patterns from each-IRdipole are. presented in Fig. 5.5. The Table 5.1
lists the deduced dichroic ratios D = A/ A, "and the angular shift of azimuthal
patterns by the electric field: Note-that-with a pesitive applied field the dichroic
ratio for IR absorption by molecular segments associated with the FLC core is
larger than that with a negative applied field. This suggests that the orientation
distributions of these atomic groups are more ordered with a positive voltage than
with a negative voltage. For these FLC core groups, the observed angular shifts of
the azimuthal patterns are fairly close to the effective cone angle of the FLC
medium (~28°) as shown by Eq. (5.2). For CH, groups, the dichroic ratios with
positive and negative voltages are small and nearly identical. The IR absorption
patterns shift only 21° from +5 to —5 V, reflecting a flexible and less ordered
alignment than the core groups. With a given applied voltage, all core group
azimuthal patterns form approximately a single pattern, which indicates that none
of these atomic groups change their relative orientation in the steady-state
alignments with a dc voltage of opposite polarity. This also appears to be true for

CO and CH; groups. This is an interesting result considering that each observed IR
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absorption peak can originate from atomic groups, which may belong to different
FLC species, and thus strongly supports that the molecular fragments in the FLC

mixture are aligned in unison with a dc field.
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FIG. 5.5. Normalized IR azimuthal patterns of various atomic groups associated
with the FLC core (upper), and the alkyl chains and C—O moiety (lower) are
presented. Curves with solid symbols are the azimuthal patterns obtained with
negative voltage while open symbols indicate the result with positive voltage.

The model of all FLC species rotating in unison can also be used to describe
second harmonic generation. We note that the second harmonic intensity from our
SSFLC cell is fairly weak at normal incidence.® In order to yield a better SH
azimuthal anisotropy we fix the incident angle of the fundamental beam to be
about 15°. The resulting SH azimuthal patterns are presented in Fig. 5.6 without
applying an electric field. The measured SHG patterns qualitatively agree with

calculated curves shown in Fig. 5.3. The non-vanishing s-in/s-out SH intensity and
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asymmetric pattern with p-in/s-out suggest that the C, symmetry in our SSFLC
may be partially broken.

As shown in the theoretical analysis, SHG activity from an SSFLC with & = 0°
or 180° disappears with a maximum SHG signal occurring at ® = /2. By rotating
all FLC species in unison from ® = 0° to 180° with a triangular wave form, we
found that the angular position for maximum SHG indeed occurs at ® = /2. The

result is shown in Fig. 5.7 with a p-in/p-out polarization combination.

Table 5.1. Dichroic ratio D of infrared absorption peaks and angular shift A® of
azimuthal patterns with a steady dc field of opposite polarity.

Peak/cm’! D(-5 V) D(+5 V) AD/°
1169 5.77 7.30 27
1250 5.39 6.11 26
1439 9.15 9.27 27
1516 7.70 8.08 26
1608 1130 13.99 27
1763 0.22 0.21 24
2851 0.60 0.57 22
2924 0.39 0.39 21
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FIG. 5.6. Azimuthal patterns of the second hazmonic generation signal from an
SSFLC with various polarization:combinations. The X-axis (the rubbing direction)

of the SSFLC cell is oriented to-align with @ = 0.
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FIG. 5.7. The p-polarized second harmonic signal (filled dots) from an SSFLC cell
excited by a p-polarized fundamental beam. The SSFLC cell is driven by a
triangular wave form shown by the solid line.
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5.3.2. Field-Induced Reorientation

We now analyze the time-resolved electro-optical response of the SSFLC cell to
yield information about the field-induced reorientation of the FLC mixture. We
insert the SSFLC cell into an optical setup involving a crossed polarizer-analyzer
and orient the rubbing direction to align with the transmission axis of the input
polarizer. Bipolar square-wave pulses are then employed to excite the SSFLC cell.
The field-on period with +10 V extends from 0 to 110 usec, followed by a
field-free duration ranging from 110 to 500 usec. Then a —10 V period extends
from 500 to 610 psec. The time-resolved optical transmission is monitored as a
function of azimuthal angle of the SSFLC.

From the results presented in Fig, 5.8, it can be seen that during the field-on
period the symmetry axis of the azimuthal pattern rotates rapidly with a reduction
of modulation depth. During-the field-free period; the orientation of the azimuthal
pattern does not change significantly, instead a slow recovery of the modulation
depth is observed. A better presentation-can be-achieved by fitting the measured
patterns to A(®) = b(t) + a(t)sin’[ @=o(t)]+ c(t)sin’[2 @ — 2m(t)]. The resulting a(t),
b(t), c(t), and W(t) are shown in Fig. 5.9. The time curve of the switching SSFLC
director appears to be symmetric in the positively and negatively driven periods.
The contrast ratio of the optical transmission decreases during the field-on period,
as shown by a rapid increase of the isotropic component b(t). The isotropic
component then slowly decreases with an accompanying increase of a(t) and c(t)
after the field is switched off. The optical axis of the SSFLC cell can complete a

field-induced rotation in 66 psec.
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FIG. 5.8. Electro-optical azimuthal paittei‘nsmeasqred on an SSFLC during (a) the
field-on, and (b) field-free durationé.’nThe directi_on of the incident polarizer is
along the 0 degree. A square-wave veoltage pulse of duration 110 psec and
amplitude of —10 V (top) and +10 V (bottom) was used.

The optical contrast can change with cell thickness, driving voltage and FLC
cone angle. In our case, the cell thickness is close to the half-wave thickness of the
FLC mixture. The cone angle of our SSFLC (28°) is about 5° away from the
desired 22.5°. Therefore the optical contrast of the SSFLC cell is not in the
optimum condition. However, based on the dichroic ratio of IR absorption peaks
listed in the Table 5.1, we can conclude that the alignment quality of the SSFLC

cell is either similar or even better than results shown in the literature.®*
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FIG. 5.10. Time-resolved FTIR spectra taken from an SSFLC, which is excited by
+10 V pulse extending from 0 to 110 psec.
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The switching dynamics can be better understood by monitoring the
field-induced reorientation of different molecular segments with trFTIR. The
results with an SSFLC excited by +10 V from 0 to 110 psec are shown in Fig.
5.10.

We note that the orientation distribution of molecular segments with an applied
dc voltage is narrower than for an SSFLC driven by a pulsed electric field. This
reflects the fact that contrast ratio with a dc voltage is better than in the switching
process. The FTIR azimuthal patterns of groups of atom associated with the FLC
core reorient, and the resulting angular orientation e(t) is shown in Fig. 5.11. All
the groups of atoms selected are found to follow an almost identical field-on time
course of field-induced reorientation. This indicates that the LC cores in the FLC
mixture behave somewhat as a rigid unit. during the field-on period. However,
when the applied field is switched:off, all core segments immediately reverse their
rotating direction. Then they relax from @ ~180° to the steady-state orientation (¢
~120°) with slightly different speeds.| This suggests-that the core segments in the
FLC mixture do not behave as arigid“unit in the field-free condition. Apparently,
intermolecular interaction among homologous species is not strong enough to
forbid different relaxation pathways of the core segments. This behavior does was
not observed in the EO measurement. Moreover, unlike the symmetric behavior in
the EO response, our trFTIR study also reveals that the switching process of the
core segments in the positively driven period is different from that driven by a
negative pulse. The asymmetry might relate to the broken mirror symmetry in the
chiral FLC mixture. Supporting data can also be obtained with SHG, as shown in
Fig. 5.6, where the p-in/s-out SH azimuthal pattern exhibits asymmetry about the

XZ-plane and a non-vanishing s-in/s-out SH activity was observed.
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FIG. 5.12. Transient orientations of several atomic segments associated with C=0
moiety and alkyl chain are presented as a function of delay time. The solid lines are
drawn for eye-guiding only.

For all other groups of atoms not associated with the FLC cores, the time
courses of field-induced reorientation are presented in Fig. 5.12. As shown in Fig.
5.2, the IR polarization with maximum absorbance by these IR dipole moments is
perpendicular to the FLC director. Except for the 90° difference, the C=O moiety
behaves like the core groups shown in Fig. 5.11. For CH; on the alkyl chains, a

larger deviation from the time course of the core groups was observed, which
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reflects the more flexible nature of the alkyl chains during the field-induced

reorientation process.

5.4. Summary

We have found from time-resolved electro-optical (EO) measurements that all FLC
molecules rotate in unison about the layer normal. Although the rotational motion
of the FLC director can respond quickly to the applied field, the molecular
orientation distribution is found to spread out at first and then slowly converge to
the new direction of the FLC director. The azimuthal patterns of FTIR absorption
lines associated with the FLC core follow the same time course, as shown by the
EO measurement with an electric field, When the applied field is switched off, all
core segments immediately reverse their_rotating direction, and then relax to their
steady-state direction with varying relaxation speeds. However, unlike the
symmetric behavior observed “with the<EO measurement technique, the FTIR
time-course reveals that the core segments~behave differently in a positively
driving field from when driven by’ a megative pulse. A more rapid field-free
relaxation was observed for the core groups after the negative driving pulse.
Among groups of atoms not associated with FLC cores, the C=0O moiety behaves
like those core groups, while CH, groups on the alkyl chains are more flexible
during the field-induced reorientation process. We conclude that submolecular
fragments of different molecular species in the FLC mixture can move
correlatively in a steady dc field and during the field-induced re-orientation

process.
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Chapter 6

2D IR Correlation Spectroscopy
of a Neat Surface Stabilized
Ferroelectric Liquid Crystal

Owing to the advantages of fast response, bistability and wide viewing angle,
ferroelectric liquid crystal (FLC) has;become a promising material for the next

376 For the interests.of both fundamental research and industrial

generation display.
applications, many efforts: have been .made- to investigate the molecular
deformation and the switching behavior of FL.C materials.”*"®" Polarized Fourier
transform infrared (FTIR) “.absorption spectroscopy and time-resolved IR
spectroscopy had been used to probe molecular conformation in a ferroelectric
liquid crystal during the large-scale collective reorientation induced by the an

23.2526.8087 One of the most controversial issues in this kind

external electric field.*>
of studies is whether the electrical field-induced reorientation of FLC molecules is
rigid or flexible. The answer could be obtained with the study of a neat FLC
material.

Two dimensional (2D) correlation spectroscopy is a technique where the
spectral intensity is plotted as a function of two independent spectral variables.®’
By spreading peaks along the second spectral dimension; one can gain advantage
to sort out complex or overlapped spectral features that normally cannot be
detected along the first spectral dimension. Owing to the enhancement of spectral

resolution and sensitivity of perturbation-induced spectral variation, the 2D

correlation analysis has been introduced into the IR spectroscopic studies of the
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FLC material.***! However, most studies focus on steady states with single
perturbation parameter such as the temperature or the IR polarization angle, and
the results are only illustrated qualitatively.

In the following study, a home-built multichannel time-resolved polarized
FTIR (trPFTIR) system is employed to investigate the molecular conformational
and orientational variations of a surface-stabilized FLC (SSFLC). By using 2D
correlation analysis of trPFTIR, interesting results regarding about the electric
field-induced switching process of an SSFLC are obtained. The material studied in
this chapter is a neat FLC material. This chapter is organized as follows: Sec. 6.1
offers the experimental details. Some theoretical simulations of the 2D IR
correlation spectroscopy are depicted in Sec. 6.2. Section 6.3 presents the

discussion of the experimental results.
6.1. Experimental Procedures

The SSFLC cells used consist-of two CakF, plates coated with indium tin oxide
(ITO) conducting films and polyimide alignment layers rubbed unidirectionally.
The substrates were assembled in"a homogeneous geometry with 1.5 um cell
thickness to form a surface stabilized structure. The pretilt angle is controlled to be
about 2°. A ferroelectric liquid crystal (S)-(-)-1-cyano-2- methylpropyl 4-(4'-
(5-hexenyloxy) biphenyl-4- carbonyloxy) benzoate (CMHCB; Fig. 6.1) was filled
into a test cell at a temperature above the isotropic phase. The test cells were then
slowly cooled to 108 °C to result in SmC* phase.

Time-resolved FTIR spectra from 900 to 3500 cm™ with 4 cm™ resolution
were recorded with a commercial continuous-scan FTIR spectrometer equipped
with a liquid nitrogen-cooled HgCdTe detector and home-made data acquisition
electronics. Bipolar square-wave pulses were used to excite the SSFLC cell. The
waveform includes a +15 V field-on duration extending from 0 to 140 psec,

followed by a field-free period from 140 to 500 psec. Then a —15 V duration
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extends from 500 to 640 usec, followed by a field-free period from 640 to 1000
usec. For each polarization angle of the incident infrared beam, a total of 32
time-resolved interferograms were collected.” The synchronous and asynchronous
2D correlation analysis with different infrared polarization angles were calculated
based upon an algorithm developed by Noda,”® which was implemented in
software named 2Dshige composed by S. Morita.’?
0 o} CN
HZCZCH(CH2)4—Oy)—O—@%—O—!ﬁH—CH(CHﬁ

K _1035C  =* _ 1B17C  p_ 1534C

>

FIG. 6.1. Structure of CMHCB and the phase transition temperature.

6.2. Theoretical Considerations

6.2.1 Absorbance Profiles of Polarized IR Spectra

To describe the arrangement of a molecular fragment, two important parameters of
molecular orientation and alignment are generally introduced. These two

parameters can be deduced from the absorbance profile A (®) which can be

obtained from the polarized IR spectra. For normal incidence on the cell substrate,

the integrated infrared absorbance by an atomic group p can be expressed as*
A (D)=A,+U, sin’(@-D ;) (6.1)
where A jand U denote the isotropic, and the uniaxial component of atomic

group p in the film, respectively; and @ is the angle between the incident infrared
polarization Ejr and the laboratory x-axis (i.e., the rubbing direction on the cell

substrate). The parameter @, represents the fragmental orientation. A dichroic
ratio DR of the angular pattern A (®)can be defined asDR=(U ,+ A, )/ A,,.

The dichroic ratio, which reflects the degree of uniaxial alignment in an anisotropic
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film, is decreased with increasing isotropic component Ay .

6.2.2 Theory of 2D IR Correlation

Two dimensional (2D) correlation spectroscopy is a technique where the spectral
intensity is plotted as a function of two independent spectral variables.”” By
spreading peaks along the second spectral dimension; one can gain advantage to
sort out complex or overlapped spectral features that normally cannot be detected
along the first spectral dimension.

To construct generalized 2D correlation spectra, we shall first calculate a set

of dynamic spectra®™

l(v;®,t)—1(v,t) 0<P<2rx

I'(v; ®,t) :{ 0 (6.2)

otherwise
Here | (v; @, t)denotes a set of infrared absorption spectra, measured with infrared
polarization angle @, and t denotes the perturbing parameter, which can be time

or temperature. The reference spectrum (v, t)_is conveniently defined as
[ [0, Hdo (6.3)
9 27[ 0 b b M

We can generate two kinds of 2D correlation spectra, known as synchronous
Sn(v,.t;;v,,t,) and asynchronous Asyn(v,,t;;v,,t,) spectra, from the set of
dynamic spectra

C(Vl 9t1 a V2 atz) = <r(V1 a q)atl )r(vz ’ q)atz )>0§(1)§2;r

) (6.4)
=3V, t;v,, 1) +HiAsyn(v,,t;v,.1,)
The correlation operation <...>¢ in Eq. (6.4) is defined as
~ ~ 1 27 ~ ~ .
(TP, t) (v,y;D,1,)) peaer :—Iz | (vi;o.t)l (v,;o,t,)dw  with
ST 2mY (6.5)

T 27~ —iw®
I(V;a),t):L I (v;®,1) e ®dd

Eq. (6.4) provides a functional comparison of intensity variation [ (v;®,t) at

different spectral variables v; and v, within a fixed interval of the perturbing

82



variable 0 < ® <27

6.2.3 Determination of Molecular Configuration with 2D Correlation

Analysis

The synchronous and asynchronous correlation spectra directly correspond to the
alignment and orientation of the monitored atomic groups, therefore can be utilized
to determine the arrangements of molecular fragments. For a set of infrared

absorption spectra |(v; ®,t) measured with infrared polarization angle®, and
parameter t, which can be the time or temperature. The 2D correlation analysis can
be performed on the spectra at the same t to yield synchronous Syn, (v,,v,) and
asynchronous Asyn,(v,,v,) correlation, or on the spectra at t; and t, to yield
hetero synchronous correlation ™ Syn(v,,t,iv,,t,) and hetero asynchronous
correlation  Asyn(v,,t;;v,,t;), respectively. ' The relations between the

synchronous/asynchronous =correlation peaks 'and the fragment alignment/

orientation are discussed as following.

6.2.3.1 Analyzing the Spectra at the Samet

A. Theinfluence of theisotropicterm Agon 2D IR correlation

To know whether the isotropic component of an isotropic film affects the auto- and
cross-peaks of 2D synchronous correlation spectrum, the polarization
angle-dependent pattern of an infrared absorption peak is described by Eq. (6.1)
with U = 1 and ®y = 0. We increase Ay from 0 to 1.5. The resulting
polarization-dependent patterns are depicted in Fig. 6.2(a). Figure 6.2(b) presents

the calculated intensities of the synchronous auto-peak Syn (v,,v,) and
cross-peak Syn,(v,,v,). The result clearly shows that the synchronous auto peak

and cross peak are essentially independent of Ay.
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FIG. 6.2. (a) Polarization angle-dependent patterns of infrared absorption peaks are
plotted as a function of ® by fixing U = 1 and ®,= 0 while varying isotropic
component Ay from 0 to 1.5; (b) the corresponding calculated intensities of the
synchronous auto-peak Syn,(v,,v,) and cross-peak Syn (v,,v,) as a function of

Ao.

B. Theinfluence of the uniaxial companent U on 2D IR correlation

To find out how the parameter Whaffects. the synchronous correlation spectra, we
assume the polarization-dependént pattern of .infrared absorbance to have Aj= 0.1
and @y = 0. Then we increase U-from 0.05 to 2.5 to simulate the correlation spectra.
The resulting polarization-dependent patterns are depicted in Fig. 6.3(a). Figure
6.3(b) presents the calculated Syn(v,v;) and Syn(v,,v,) of the 2D
synchronous correlation. We found in Fig. 6.3(b) that the two correlation signals
monotonically increase with U but in a different function form. The simulation
results show that for the synchronous auto-peak, the intensity variation with U can
be properly described by Syn, (v,,v,)=0.1318U(v,)’, while for the synchronous
cross-peak, it becomes Syn, (v,,v,)=0.1318U (v,)U(v,). Therefore, by referring to

a specific U(v,), Syn,(v,,v,) becomes a linear function of U(v,). This provides

a method to deduce the degree of uniaxial alignment U from the synchronous

cross-peak height.
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FIG. 6.3. (a) Polarization angle-dependent patterns of infrared absorption peaks are
plotted as a function of @ by fixing Ay at 0.1 and ®,= 0 while varying uniaxial
alignment parameter U from 0.1 to 2.5; (b) the calculated intensities of the
synchronous auto-peak Syn (v,,v,) (solid curve) as a function of u(,) and the

cross-peaks Syn,(v,,v,) as a function of uw,) by fixing uw,) to 0.1 (long
dashed), 1.0 (dotted), and 2.5 (dashed dotted curve).

C. Theinfluence of the orientation ®, of molecular fragment

To explore the influences from the: fragment “orientation, we assume the IR
absorbance profile to have Ay = 0.1 .and U = 1,7and vary ®, from 0° to 90° to
calculate the correlation curves: The resulting polarization-dependent patterns are
presented in Fig. 6.4(a). Figure "6.4(b) depicts the calculated intensities of the

synchronous auto-peak Syn,(v,,v,) and the cross-peak Syn,(v,,v,) . The

synchronous auto-peak height varies with o, by

SN, (v,,v,) = 0.1318 —0.0066sin*[2® (v,)] . Owing to the small prefactor of
sinusoidal function, Syn,(v,,v,) is insensitive to ®,. But for the synchronous
cross-peak (see the dashed curve of Fig. 6.4(b)), which can be expressed as
Sn, (v,,v,)=0.1318cos[2(P,(V,) —P,(V,))], it can vary sensitively with D,.

From the simulation, the asynchronous correlation is found to depend only on the
orientation and the auto-peak heights are always zero. In addition, the
be properly described
Asyn, (v,,v,) = 0.11sin[2(® ,(v,) =P, (V,))] (Fig. 6.4(c)), which is also useful to

asynchronous cross-peak can with

reflect the orientational variation of molecular fragments in a complex material.
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FIG. 6.4. (a) Polarization angle-dependent patterns ofiinfrared absorption peaks are
plotted as a function of @ by fixing Ay at-0:1;7d:= 1.0 while varying @, from 0° to
90°; (b) the calculated intensities. of the symchronous auto-peak Syn, (v,,v,)

( dashed curve) and the cross-peaks Syn@4,v,) (dotted curve) as a function of @y ;
(c) the calculated intensities of the asynchronous cross-peak Asyn, (v,,v,) as a
function of ®,(v,) by varying ® (v,) from 0°to 90°.

6.2.3.2 Analyzing the Spectra at Different t

In the case of analyzing the spectra at different t, the alignment variation of
fragments induced by parameter t can be revealed. In the synchronous hetero
correlation spectra, the auto-peak Syn(v,,t,;v,,t,) of a specific mode at v, can
be influenced by the degree of uniaxial alignment U and the orientation angle ®,.
However, the hetero asynchronous auto-peak height varies only with the fragment

orientation ®, by Asyn(v,,t,;v,,t,)=0.11sin[2(D,(v,,t,) =P, (v,,t,))]. Therefore

for a specific functional group, we can use Asyn(v,,t;;v,,t,) to reflect the
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orientation changes between t; and t,.

The above discussion shows that the synchronous auto-peaks can be
influenced by the uniaxial parameter U of the molecular fragments, while only the
variation of @y induced by parameter t can alter the hetero asynchronous peak
heights. Therefore by combining these two pieces of information together, the

correlated motions of molecular fragments in the FLC material can be resolved

unambiguously.
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FIG. 6.5. (a) Infrared absorption spectrum of an SSFLC cell of CMHCB in SmC*
at 108 °C; (b) A set of polarized IR spectra-for the SSFLC cell at 108 °C and zero
field for a number of polarizer rotation angles @ in the range 0°-180°.

6.3. Results and Discussion

6.3.1 Assignment of Infrared Absorption Bands

Figure 6.5(a) presents an infrared absorption spectrum of CMHCB. The IR spectral
peaks at 1068, 1091, 1161, 1188, 1261, 1504, 1604, 1736, and 2282 cm™ can be
attributed to the normal modes associated with the cores; and the peaks at 2939 and
2974 cm™ to the alkyl chains.”’ The peaks at 2974 and 2878 cm™ are noted to
originate from the anti-symmetric and symmetric CH3 stretching mode, whereas
the peak at 2939 cm™ are from the anti-symmetric CH, stretching along the alkyl
chains. The peak at 1736 cm™ is believed to be from the C=O stretching modes.
The peaks at 1604 and 1504 cm™ are mainly from the C=C stretching modes of the
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benzene ring. The normal modes at 1068, 1091, 1188, and 1261 cm’! are associated
with the C—O—C stretching modes. The remaining mode at 1161 cm™ is attributed
to the CH stretching modes. We can see in Fig. 6.5(b) that spectral peaks associated
with the cores exhibit an opposite angular dependence on the infrared polarization
with that associated with carbonyl group. The peaks contributed from the alkyl
chains show only slight angular dependence. Similar result had also been observed

on other FLC materials.®*
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FIG. 6.6. (a) Synchronous 2D-IR correlation plot in the 1720-1780 cm™ region
generated from the polarizationzangle dependent spectra of CMHCB at 108 °C in
the field-free virgin state, (b) the corresponding 2D IR asynchronous correlation
plots.

Owing to the abilities to decouple the overlapped peaked and to distinguish
functional groups attached to different positions in a molecule, we use the 2D IR
correlation analysis of the polarization-angle dependent patterns to gain more
insight into the correlated motion of the functional groups. Figure 6.6 shows the
synchronous (a) and asynchronous (b) correlation plots in the 1720-1780 cm’
region, obtained from an SSFLC cell in a field-free virgin state. The synchronous
correlation plot exhibits one strong auto peak at 1736 cm™ (also shown in Fig. 6.5)
which is corresponding to the stretching mode of carbonyl group. However, two
cross peaks at 1732 and 1740 cm™ were observed in the asynchronous correlation

plot. The modes at 1732 c¢m™ are mainly attributed to from the carbonyl groups

near the chiral center and the modes at 1740 cm™ are from the molecular core part.

88



The splitting band at 1736 cm™ strongly suggests that the orientational information
of the molecular fragments can be revealed with the 2D correlation analysis, even

that their IR spectral peaks are not distinguishable.
6.3.2 Polarized FTIR Spectra in the K Phase and SmC* Phase

The determination of the molecular arrangement in the various phases of an
SSFLC cell is important for the understanding of the changes of molecular
conformation and distribution in different phases. The polarized FTIR spectra of
CMHCB in the K phase (at 65 °C) and SmC* phase (at 108 °C) were measured in
field-free condition. Some major peaks are selected to analyze the azimuthal
absorbance profiles in these two phases. To investigate the correlated variations of
the functional groups, the 2D correlation analysis is performed on the resulting
polarized spectra. The relativé orientational changes of specific molecular
fragments between the K and SmC¥* phases are studied with the 2D hetero
correlation analysis.

To probe the conformation and oriéntational changes of the CMHCB
molecular fragments caused by.the phase-transition, the absorbance profiles of
selected bands were deduced from the polarized IR spectra. Figure 6.7 shows the
azimuthal patterns of peak absorbance measured at 65 °C (K phase) and 108 °C
(SmC* phase), where the 0 degree is along the rubbing direction. The dot symbols
represent the experimental data and solid curve is the fitting curves to Eq. (6.1).
Comparing the azimuthal absorbance patterns of 1604 and 1261 cm™ at 65 °C and
those at 108 °C (Figs. 6.7(a) and 6.7(b)), the maximum absorbance intensities are
larger in the SmC* phase than that in the K phase, but the minimum absorbance
intensities almost keep constant in these two phases. Since both the 1604 and 1261
cm™ correspond to the molecular core part, the maximum absorbance increase in
the SmC* phase could be attributed to the phase-induced reorientation of the
molecular core part. The minimum absorbances at 1604 and 1261 cm™ are nearly

equal in the K and SmC*, suggests that the distribution width of the molecular core
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is preserved during the phase transition. The azimuthal absorbance patterns of 2974
cm™ in the K and SmC* phases (see Fig. 6.7(c)) are almost the same, indicating
that the orientational distribution of alkyl chains are isotropic and therefore
insensitive to the phase change. However, the absorbance azimuthal pattern of the
1161 cm™ peak shown in Fig. 6.7(d) exhibits smaller maximum and minimum
absorbance, but a larger dichroic ratio at 65 °C, suggesting that the phase-induced

distribution change of the CH groups is different from that of the molecular core

part.
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FIG. 6.7. The azimuthal absorbance profiles of IR peaks at (a) 1604, (b) 1261, (¢)
2974 and (d) 1161 cm™ at 65 °C (solid symbols) and 108 °C (open symbols) in the
field-free virgin state. The lines are the fitting curves.

The main difference between the SmC* and K phases is that, unlike in the
liquid crystal phase, the molecules in the crystalline phase are more ordered with a

periodic structure and have no liquidity. The molecular orientations in these two
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phases are schematically presented in Fig. 6.8. The molecular alignments in the
SmC* phase exhibit the orientational order and the layer structure, but lack for the
in-layer and inter-layer positional orders. However, the molecules in the K phase
possess long-range positional order in three dimensions, in which the interlayer
packing is also correlated over long distances, producing a crystalline structure.
According to the azimuthal absorbance patterns shown in Figs. 6.7(a) and 6.7(b),
the maximum absorbances of the core fragments in the two phases can be found in
the same azimuthal angle, suggesting that the FLC molecular core shall be tilted
with respect to the layer normal in the K phase. Therefore the tilting angle © of
molecular core becomes larger in the K phase, resulting in the smaller maximum

absorbances compared to those in the SmC* phase.

SmC* phase
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// // |
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| G rdl
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FIG. 6.8. The schematic illustration of the molecular orientations in the SmC* and

K phases. O is the tilting angle of the molecular core with respect to the layer
normal.

Layer normal Layer normal

The 2D synchronous correlation spectra in the 14901640 cm™ region at 65
°C and 108 °C are presented in Figs. 6.9 (a) and 6.9(b), which are generated from
an SSFLC cell in a field-free virgin state. Two main auto-peaks locate at 1504 and
1604 cm™, which correspond to the C=C stretching modes of the benzene rings,
were found in both figures. These peaks also exhibit distinctive cross peaks,
indicating significant correlation existing between these modes. We also found that
the auto peak heights at 108 °C are significantly larger than those at 65 °C. Similar

behavior can also be observed in the auto peaks at 1261 and 1188 cm™ (not shown
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here). These results indicate that the C=C bonds and C—O-C bonds in the
molecular core exhibit a higher degree of uniaxial alignment in the SmC* phase
than that in the K phase, which is consistent with the observations from the

azimuthal absorbance profiles shown in Figs. 6.7(a) and 6.7(b).
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FIG. 6.9. Synchronous 2D IR corrélationplot in the field-free virgin state
generated from the polarizationsangle dependent spectra of CMHCB in the
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FIG. 6.10. Asynchronous 2D IR correlation plot in the field-free virgin state
generated from the polarization-angle dependent spectra of CMHCB in the
14901640 cm™ region at (a) 65 °C and (b) 108 °C.

To investigate the angular spreads of molecular fragments in the different
phases, the asynchronous 2D correlation plots of the field-free structure in the
14901640 cm™ region at 65 °C and 108 °C are shown in Figs. 6.10(a) and 6.10(b).
The asynchronous cross peak features are less distinctive at 65 °C, but become

distinctive at 108 °C, indicating that significant orientational deviation may exist
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among these C=C stretching modes. This result can be understood by noting that in
the SmC* phase with unwound structure, the thermal fluctuations of the azimuthal

angle ¢ of the director about a tilted cone (Goldstone mode) are allowed.**
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FIG. 6.11. Asynchronous 2D IR hetero correlation plot in the field-free virgin state
generated from the polarization-angle dependent spectra of CMHCB between at 65
°C and 108 °C in the (a) 1150-1300, (b) 1490-1640, (c) 1720-1780 and (d)
2850-3000 cm™' regions.

The 2D asynchronous hetero correlation analysis of the polarized-angle
dependent spectra in the K phase and SmC* phase can reflect the phase-induced
reorientations of molecular segments. The asynchronous hetero correlation plots of
CMHCB in the field-free states at 65 °C and 108 °C in the regions of 11501300,
14901640, 1720-1780 and 2850-3000 cm™ are shown in Figs. 6.11(a)—6.11(d).
The absence of auto peak in Fig. 6.11(d) indicates that the fragmental orientations

of alkyl chains do not change with the phase transition. This result is similar to that
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of Fig. 6.7(c). We noted that the synchronous hetero correlation of 1740 cm™ is
negative (not shown here), which means that the distributions of 1740 cm’ at 65
°C and 108 °C are out of phase. Therefore a positive auto peak at 1732 cm™ and a
negative one at 1740 cm™ (see Fig. 6.11(c)) shall represent that the chiral carbonyl
group and the core C=0 reorient along the same directions during the K to SmC*
transition. As for the molecular fragments corresponding to the core part, negative
auto peaks are identified at 1604, 1261 and 1188 cm™', but the 1504 cm™ peak is
positive (see Figs. 6.11(a) and 6.11(b)). The different signs of the auto peaks
suggest that the phase-induced reorientations are not identical for different

molecular fragments.
6.3.3 Time-Resolved 2D IR Correlation Analysis

The switching dynamics of CMHEB in SmC* phase can be better understood by
monitoring the field-induced reorientation .of different molecular segments with
trFTIR. Bipolar square-wave pulses are employed to excite the SSFLC cell. The
+15 V field-on duration extends-from 0:to 140 {sec, followed by a field-free period
ranging from 140 to 500 psec. Then a —15.V duration extends from 500 to 640
usec, and again followed by a field-free period ranging from 640 to 1000 usec.
Time-resolved infrared absorption spectra were taken as a function of infrared
polarization angle. To gain more insight into the correlated motions of the
functional groups, the resulting time-resolved polarization angle-dependent
patterns of infrared absorption peaks are subject to 2D correlation analysis and the
time courses of the synchronous and the hetero asynchronous peaks are deduced.
Figure 6.12(a) presents a comparison of the dichroic ratio (filled symbols) and
the synchronous auto peak (open symbols) of the C=C stretching mode at 1604
cm™', which are associated with the LC core segments. Minor differences between
the dichroic ratio and the synchronous auto peak can also be detected. The
deviations can be attributed to originate from the isotropic component of the film,

which has an effect on the dichroic ratio but can not affect the synchronous auto
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peak. The comparison between the apparent angle and the hetero asynchronous
auto-peak height is shown in Fig. 6.12(b). An excellent correlation between the
apparent angle and the hetero asynchronous auto peak height was observed. The
2D hetero asynchronous auto-peak can therefore be used to monitor the variation
of ®p,p of a molecular fragment of a complex material. To study the dynamic
reorientation processes of molecular fragments, the hetero asynchronous
correlation are calculated with the spectra of the field-free state and the transient

state at time t.
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FIG. 6.12. Comparison of (a) the dichroic ratios (filled symbols) and the 2D IR
synchronous auto peak (open symbols), and (b) the apparent angles (filled symbols)
and the 2D IR hetero asynchronous auto peak (open symbols) of C=C stretching
mode at 1604 cm™.

The dynamic variations of the hetero asynchronous auto peaks of the C=C
stretching modes at 1504, 1604 1635, and 1261 cm™ are presented in Fig. 6.13(a).
The peaks at 1504 and 1604 cm™ are mainly from the C=C stretching modes of the

benzene rings and the 1635 cm™ is from the vinyl group. The peak at 1261 cm™
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comes from the C—O-C stretching modes of the rings. From the time courses of
hetero asynchronous peaks, the C=C stretching modes at 1604 cm™ first undergo a
rapid orientation change during the field driving cycle, following a slowly
relaxation to the direction of the field-free state. Compared to that at 1504 cm™, the
C=C stretching modes at 1604 cm™ exhibits larger hetero asynchronous peak
height variation, suggesting that the C=C stretching mode at 1504 cm™ rotates on
the cone with a smaller apparent angle during the field-induced switching process.
The synchronous (not shown here) and hetero asynchronous peak heights of the
vinyl C=C stretching mode at 1635 cm™ are quite small compared to those from
the benzene ring. Note that a zero synchronous correlation means that the transient
orientational distribution of a molecular segment is isotropic, while a zero
asynchronous hetero correlation denotes that at this instant the transient orientation
of a molecular segment is along to_itsifield-free virgin direction. Therefore this
finding can be attributed to the flexible €Haschain which connects the vinyl group
to the FLC core which allows the.vinyl group to.rotate along the molecular long
axis with a higher degree of freedom. This could lead to a random distribution and
negligible field-induced orientation variation. We also detect field polarity-induced
differences in the hetero asynchronous icross peaks. For example, the hetero
asynchronous peak height at 1261 cm™ is more distinctive when a negative electric
field is applied. The asymmetry with positive and negative fields indicates that the
clockwise—anticlockwise symmetry is broken at the level of molecular fragments in
CMHCB.

To reveal the switching behavior of the molecular core in detail, the averaged
value of hetero asynchronous correlation peak heights is calculated and plotted in
Fig. 6.13(b). The two strongest peaks at 1261 and 1604 cm™" are averaged to reflect
the core part. This approach is reasonable in view what the optical properties of
FLC films are mainly contributed by the molecular core, not by specific stretching
modes. During the switching, at the first 40 to 50 psec after the rising edge of the

applying voltage (marked with dotted vertical line in the figure), the time course of
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the averaged asynchronous correlation (i.e., the apparent angle of the core)
undergoes a rapid change. After the period, the apparent angle changes
continuously to an extreme direction than relaxes back to the field-free virgin

direction during the field-free periods.
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FIG. 6.13. Dynamic variations of (a) the hetero asynchronous correlation of C=C
stretching modes and C—-O-C stretching modes, (b) the averaged hetero
asynchronous correlation of C=C and C—O—C stretching modes.

2D correlation analyses successfully distinguish the C=0O groups attached to
different locations on a molecule. We can go further to discuss the behaviors of the
C=0 stretching modes corresponding to the molecular core and the chiral part. The
time courses of the synchronous and hetero asynchronous correlation peaks at 1732
(the chiral C=0) and 1740 (the core C=0) cm™ are shown in Figs. 6.14(a) and
6.14(b). The synchronous peak height of the core C=0 stretching mode (1740 cm™)

exhibits slightly larger fluctuation compared to the chiral C=0 (1732 cm™) during
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the field-free periods, suggesting that the chiral C=0 is more restrained than the
core C=0. We also noted that the hetero asynchronous correlation peak heights at
1732 and 1740 cm™ show opposite changes from 0 to 500 psec, indicating that the
C=0 stretching modes at core part and chiral part move in an opposite direction

during the positive-voltage driving cycle.
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FIG. 6.14. Dynamic variations of (a) the’2D-IR synchronous correlation, and (b)
the hetero asynchronous correlation of C=0O:stretching modes.

We can use the time derivative.of the hetero asynchronous correlation peaks
to show the corresponding anguldt velocities. The reésults are presented in Fig. 6.15.
By comparing Figs. 6.15(a) and 6.15(b), during the first 50 usec of the negative
field-on period, the angular velocities of both the C=O modes at 1732 and 1740
cm™ exhibit rapid changes. The asymmetric response to positive and negative
driving pulses is also observed in the C=C stretching modes at 1604 cm™ shown in
Fig. 6.13(b). It is found that within the initial 10 usec after the rising edge of the
applied field, the C=0 stretching mode at 1732 cm™ rotates with a slightly larger
angular velocity than that at 1740 cm™, which appears to indicate that the
field-induced reorientation of the CMHCB is led by the chiral part, and the
molecular core follows. The alkyl chains and the vinyl groups are both insensitive
to the external field and therefore no obvious reorientation can be detected. The
observed phenomenon that the field-induced transient motions start from the chiral

part is different from the result reported by Verma et al., which mentioned that the
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core part has an instantaneous response to the external field and the chiral part and

alkyl chains response later.”® The different result is believed to be caused by the

different molecule structures used.

- T T
5 0.0001 - (a) 5V oV i
2 1 PR o
% 00000  .wVeao o SeeffTSiseToume—en
Q . l/
e F 1732
S .0.0001 | .
@ ; \
o 0 100 200 300
@
= T T T
2 0.0001 |- (b) A5V ov 1
"6 L

I o -\ ——
2 0.0000 f; 2 /,"\-.*_ P B SRR
= Lo e s
o] b IS 4740
o -0.0001 i/
@ -4 . A
£ Y1732 . .
k= 500 600 700 800

Time(usec)

FIG. 6.15. Time derivatives of.thé dynmamic variations of the 2D IR hetero
asynchronous correlation in the (a),_positive-voltage driving cycle and (b)
negative-voltage driving cycle.

6.4 Summary

The effects of the isotropic term, the degree of uniaxial alignment, and the
averaged apparent angle of a functional group in an anisotropic film on the 2D IR
synchronous and asynchronous correlation were theoretically discussed. The
results were employed to analyze the polarized IR spectra of a ferroelectric liquid
crystal CMHCB in the K phase and SmC* phase. Our 2D correlation plots clearly
reflect the exhibition of the thermal fluctuations in the azimuthal angle of the
director about a tilt cone (Goldstone mode) in the SmC* phase. The phase-induced
re-arrangement is found to depend on the molecular fragments. A time-resolved 2D
IR correlation technique was applied to investigate the correlated motions of
molecular segments in an electro-optic switching ferroelectric liquid crystal

CMHCB. We demonstrated that the 2D IR correlation technique possesses useful
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properties, which allow us to reveal clearly a field-induced collective reorientation
of the molecular segments in the SSFLC. The reorientation process starts from the
chiral part with an intramolecular motion, which proceeds in less than 10 psec. In
addition, an asymmetry in the response of the SSFLC to positive and negative
driving pulses was also revealed in the 2D IR correlation analysis, indicating that
the clockwise-anticlockwise symmetry about the cone axis is broken at the

molecular level.
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Chapter 7

2D IR Correlation Spectroscopy

of an Electro-Optical Switching
Ferroelectric Liquid Crystal Mixture

In Chapter 6, the combination of multichannel time-resolving system and the
two-dimensional correlation spectroscopy is demonstrated to be a powerful tool for
the investigation of molecular reorientation dynamics. An FLC mixture is studied
to yield insight into correlated submelecular metions during the electro-optical
switching process. Both 2D correlation” analysis- and the 2D hetero correlation
analysis are applied to deduce the switching behavior of molecular fragments and
to resolve the inter-molecular®and-intra-molecular motions. This chapter is
organized as follows: The experimental details and the time-resolved IR spectra of
an FLC mixture is presented first. Section 7.2.3 depicts the 2D correlation analysis
results of the polarized IR spectra of the FLC mixture in the steady state. The
analyses of time-resolved spectra with 2D correlation and 2D hetero correlation

methods are discussed in Sec. 7.2.4.

7.1. Experimental Procedures

The SSFLC cells consist of two CaF, plates coated with indium tin oxide (ITO)
conducting films and polyimide alignment layers rubbed unidirectionally. The

substrates were assembled with 1.5 um thick spacers, which is close to the
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half-wave thickness dy» ~A/(2An) ~1.9 um calculated with An ~0.17 and A ~0.633
pum. An FLC mixture Felix 017/100 (Clariant, Frankfurt, Germany) with a phase

sequence of Cr <> Sm-C" <> Sm-A" <> N <> Iso was chosen in view of its
-28°C 73°C 77°C 85°C

potential in industrial applications. The FLC material was filled into a test cell at a
temperature above its isotropic phase and then the cell was allowed to slowly cool
to 35 °C. All our SSFLC cells exhibit single domain under polarizing microscopic
examination.

Time-resolved FTIR (trFTIR) spectra from 900 to 3500 cm™ with 4-cm™
resolution were recorded with a continuous-scan FTIR spectrometer equipped with
a liquid nitrogen-cooled HgCdTe detector and a home-made data acquisition
electronic system. Bipolar square-wave pulses were used to excite the SSFLC cell.
The waveform includes a +10 V field-on duration extending from 0 to 140 usec,
followed by a field-free period from 140 to.500.usec. Then a —10 V duration
extends from 500 to 640 usec,-followed by a field-free period from 640 to 1000
usec. For each polarization direction of-the incident-infrared light field, a total of

32 time-resolved interferograms were collected.’
7.2 Results and Discussion

7.2.1 Assignment of Infrared Absorption Bands

For the convenience of readers, infrared absorption spectra of the FELIX 017/100
FLC mixture and mode assignment are duplicated in Fig. 7.1. The FLC mixture
can be viewed as an effective molecular system. From this view point, the IR
spectral peaks at 1169, 1252, 1281, 1393, 1439, 1514, 1584, and 1608 cm’! can be
attributed to the normal modes associated with the cores; and the peaks at 2853,
2926, and 2956 cm’ to the alkyl chains.* The highest-frequency peak at 2956 cm’’
is noted to originate from the anti-symmetric CHs stretching mode, whereas the

two other peaks at 2853 and 2926 cm™ are from the symmetric and anti-symmetric
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CH,; stretching along the alkyl chains. The peaks at 1608, 1584, 1547, 1514, and
1393 cm™ are mainly from the C=C stretching modes of the benzene ring and the
1439-cm™ peak could arise from the C=C stretch of pyrimidine ring. The
remaining normal modes at 1169, 1254 (anti-sym), and 1281 (sym) cm™ are
associated with the C—O—C stretching modes.* In Fig. 7.1(b), the spectral peaks
associated with the FLC cores are shown to yield an opposite angular dependence
on the infrared polarization with those of alkyl chains.* A similar result had also
been observed on neat FLC materials.** Note that these polarization-angle
dependent patterns carry information about the averaged direction of IR dipoles. To
gain more insight into the correlated motion of molecular segments, we apply 2D

IR correlation to analyze the polarization-angle dependent patterns.
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FIG. 7.1. (a) Infrared absorption spectrum of an SSFLC cell of FELIX 017/100 in
SmC* at 35 °C; (b) A set of polarized IR spectra for the SSFLC cell at 35 °C and
zero field for a number of polarizer rotation angles @ in the range 0°—180°.

7.2.2 Time-Resolved Polarized FTIR Spectra

We had successfully acquired a set of time-resolved polarization-dependent IR
absorption spectra of the electro-optical switching SSFLC. These spectra were used
to deduce time-resolved polarization angle-dependent patterns for the observed IR
peaks. The averaged apparent angles @y of the IR moments investigated and the

corresponding dichroic ratios can be determined. The electro-optical responses of
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the switching SSFLC can be probed by measuring the polarization-dependent
transmittance. Similar to the IR spectra, the electro-optical responses were used to
deduce the time-resolved polarization-angle dependent transmittance patterns and
the averaged apparent angle of the SSFLC director. This method has been
described in Chapter 5. The results are presented in Fig. 7.2.

Since our FLC material is a mixture with unknown molecular structures, an
effective molecular system is proposed to explain the averaged response of each
specific functional group, which could originate from various species. It is
surprising to note that all apparent directions of the IR moments associated with
the cores fall almost onto the same time course. The time course yields a response
time of Tip90=45 Usec, which is shorter than the electro-optical response time
T10-900=112 pusec (see the dashed curve of Fig. 7.2(a)). The electro-optical response

can be estimated fromz = y/P,E, . Heére ydenotes the rotational viscosity, P the

spontaneous polarization of FLC and E|- the applied electric field. By using the
available material parameters of Felix 017/100: y=8x10"N-sec/cnr,
P, =10.5 nC/cm?, and the applied field strength ‘[E, = 6.7x10*V/cm, we obtain
7=114 usec . The value agrees very well with the observed electro-optical

response time of the SSFLC. Since the FLC director is inseparably coupled to its
polarization, there will be a collective reorientation of the molecules according to
the field direction. However, the field response of molecular fragments could be
faster than the electro-optical response time.

The dichroic ratio of the C=C stretch at 1608 ¢cm™, normalized to the initial
dichroic ratio at t = 0 usec, reaches a peak at t = 70 usec after the rising edge of the
positive applied field (see Fig. 7.2(b)). Significant rapid variations were also
observed near the transition edge of the applied field. The C—-O—C stretching mode
at 1252 cm’' exhibits similar but less distinctive variation in the dichroic ratio.
Although the variation of dichroic ratio with dc voltage had been observed on a

87
L,

neat FLC material,”” our FLC mixture shows that the variation can occur during
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both the voltage-holding periods and the field-free periods. Considering that each
observed IR absorption peak in this study can originate from atomic groups which
belong to different species, our result thus suggest that the C=C fragments of
different molecules in the FLC mixture do not move in unison during the electric
field-induced reorientation process. Notably, the dichroic ratio changes of different
IR stretching modes in the positive-voltage cycle are different from those in the
negative-voltage cycle, indicating that the molecular distributions should also

depend on the polarity of the applied field.
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FIG. 7.2. (a) The dynamic variation curve of the electro-optical response (dashed
curve) and the average apparent angles of selected IR absorption peaks associated
with the core segments (symbols); (b) the time courses of the dichroic ratios of the
C=C stretch mode at 1608 cm™ (open symbols) and C—O—C stretch at 1252 cm’
(filled symbols). The waveform of the bipolar driving pulses is also included for
reference.
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Figure 7.3 presents a comparison of the dichroic ratio (open symbols) and the
synchronous auto peak (solid symbols) of the C=C stretching mode at 1608 cm
and the C—O—C motion at 1252 cm™'. High correlation was observed for these two
normal modes, which are associated with the LC cores. The time course of the
synchronous auto peak (see the solid squares of Fig. 7.3(b)) at 1608 cm™, which
agrees very well with the variation of the dichroic ratio. It exhibits the first peak at
70 usec after the rising edge of the positive pulse. At this instant, the averaged
apparent angles of all the core functional groups reach their extreme value (see Fig.
7.2(a)). The second maximum of the synchronous auto peak occurs at 170 usec,
where the electro-optical signal of the SSFLC also reaches an extreme value.
Significant variations in both the dichroic ratio and the synchronous auto peak
were observed near 500 usec, where the negative field is just switched on. Minor
differences between the dichroic ratio‘and thersynchronous auto peak can still be
detected. The deviations could: be attributed to-originate from the isotropic
component of the film, which has‘an effect on the dichroic ratio but can not affect

the synchronous auto peak (see Sec. 6.2).
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FIG. 7.3. Comparison of the dichroic ratios (open symbols) and the 2D IR
synchronous auto peak (filled symbols) of (a) C—O—C stretch at 1252 cm™, and (b)
C=C stretch mode at 1608 cm™.
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7.2.3 2D Polarized IR Correlation Analysis of the FLC Mixture in
Steady State

In this section, the polarized IR spectrum measured in steady state as well as the
time-resolved polarized IR spectrum measured in switching state are analyzed by
the 2D correlation spectra. The theoretical consideration has already been
presented in Sec. 6.2.

The left column of Fig. 7.4 shows the 2D synchronous correlation spectra in
the 1500-1620 cm™ region, generated from the FLC mixture without an electric
field (Fig. 7.4(a)), with +5 V (Fig. 7.4(c)) and -5 V (Fig. 7.4(e)) electric field. Note
that three auto peaks are formed at 1514, 1584, and 1608 cm™. These peaks
correspond to the C=C stretching modes with the transition moments coincide with
that of the benzene ring. These peaksalsoryield significant cross peaks, indicating a
strong correlation existing among theseymodes.

The appearance of asynchronous cross peaks sensitively reflects the relative
orientation changes of the vibrational ' modes. The asynchronous 2D correlation
plots without an applied field«(Fig.”7.4(b)) and - with +5 V (Fig. 7.4(d)) and -5 V
(Fig. 7.4(f)) are shown on the right icolumn of Fig. 7. The asynchronous cross
peaks are quite distinctive without an applied field, indicating that significant
orientational deviation may exist among these C=C stretching modes. The
asynchronous cross peak features become much less distinctive when an electric
field is applied (see Figs. 7.4(d) and 7.4(f)). This phenomenon can be understood
by noting that for the SmC* phase with unwound structure, the thermal
fluctuations in the azimuthal angle ¢ of the director about a tilt cone (i.e., the
Goldstone mode) can be suppressed by an external electric field and the molecular

858 This configuration could lead to a

tilt plane is parallel to the cell substrates.
reduction of the degree of freedom and therefore a decrease of the orientational
deviation of molecular fragments.

We also detect some field polarity-induced differences in the asynchronous
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cross peaks. For example, the cross peak in Fig. 7.4(f) at 1514 cm™ relative to 1584
and 1608 cm™ are more distinctive when a negative electric field is applied. The
asymmetry with positive and negative fields indicates that the clockwise-

anticlockwise symmetry is broken at the submolecular level in this FLC mixture.
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FIG. 7.4. (Left column: a, c, €) Synchronous 2D IR correlation spectrum in the
1620-1500 cm™ region generated from the polarization-angle dependent from 0° to
180° polarized spectral variations of FELIX 017/100 in SmC* at 35 °C (a) without
an external field, (c) applying DC +5 V, and (e) -5 V; (Right column: b, d, f) the
corresponding 2D IR asynchronous correlation spectrum in the 1620-1500 cm’™
region.
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7.2.4 Time-Resolved 2D IR Correlation Analysis of the Switching
Dynamics of the FLC Mixture

The switching dynamics of an SSFLC mixture can be better understood by
monitoring the field-induced reorientation of different molecular segments with
trFTIR. The obtained time-resolved polarization angle-dependent patterns of
infrared absorption peaks are subject to 2D hetero correlation and 2D correlation
analyses and the time courses of the synchronous and the asynchronous peaks are
yielded. Notably, the hetero asynchronous correlation analysis can reflect the
transient fragmental reorientations of the switching states to that in the original
field-free orientation. The 2D asynchronous correlation analysis provides the
information about the transient,angular, deviations between two molecular
fragments at each time slices By combining ‘these two pieces of information
together, the correlated motiens.of molecular fragments in the FLC material can be
resolved unambiguously.

Time courses of 2D IR “hetero asynchronous auto-peaks are shown in Fig.
7.5(a). Note that the zero hetero”asynchronous correlation denotes that at this
instant the transient orientation of a molecular segment is along to its field-free
virgin direction. The hetero asynchronous auto peaks of the molecular segments
change from negative to positive values during the positive driving cycle, and
during the negative driving cycle the corresponding peaks change from positive to
negative values. The changes of the signs and the values of the auto peaks imply
that the field-induced reorientations of the molecular segments point to the
opposite sides of their field-free virgin directions with different and asymmetric
angles. The expanded view shown in Fig. 7.5(b) indicates that all molecular
segments except the 2924 cm™ mode cross the zero hetero asynchronous hetero
correlation point at the instant of 32 usec, thus supports the picture of a collective

reorientation of the molecular fragments.
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FIG. 7.5. (a) Time courses of 2D IR hetero asynchronous auto peaks generated
from the time-resolved polarization-angle.dependent spectra of FELIX 017/100 at
35 °C; (b) the expanded view of (a) near the rising edge of the positive driving

pulse.

We can calculate the time derivative of the hetero asynchronous correlation
peaks to reveal the corresponding angular velocities of molecular fragments. The
results are presented in Fig. 7.6. It is found that during the positive driving cycle,
the angular velocities of all molecular segments increase rapidly and reach a peak

velocity at about t,,, =30usec. When the field is switched off, the angular

velocities exhibit a damped oscillation behavior and finally settle down to zero
near 250 usec. The time courses of angular velocities shown in Figs. 7.5(a) and 7.6
clearly separate into the three groups of C—-O-C, C=C, and alkyl chains. The
C—O—C stretching modes exhibit the highest angular velocity, while the C=C
stretching modes rank the second and CH,/CHj stretching modes are the third.
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FIG. 7.6. Time derivatives of the dynamic variations of the 2D IR hetero
asynchronous correlation in positive-voltage driving cycle (top) and
negative-voltage driving cycle (bottom).

The alignments and relative motions.between the molecular segments of an
SSFLC mixture can be deduced by subjecting the obtained time-resolved
polarization angle-dependent patterns of infrared absorption peaks to 2D
correlation analysis. The time'courses of the asynchronous cross peaks of the C=C
stretching modes and the C—O—C ‘stretching modes relative to the one at 1609 cm™
are presented in Figs. 7.7(a) and 7.7(b). It is interesting to note that in Fig. 7.7(a)
the cross peaks of all other C=C stretching modes are higher than the 1609 cm™
mode from 0 to 500 psec and they become lower than the 1609 cm™ mode during
the negative-voltage driving cycle. Based on the previous theoretical analysis, we
can conclude that all the C=C stretching modes relative to the 1609 cm™ mode are
rotated on the SmC* cone with a smaller apparent angle during the positive-voltage
driving cycle and with a larger apparent angle during the negative-voltage driving
cycle. This suggest that the during the switching processes, the FLC molecule not
only rotates around the layer normal, but also revolves around the molecular long
axis. Similar phenomenon in a neat FLC material also has been reported by Zhao et
al. in 2002.” The C—-O—-C modes (shown in Fig. 7.7(b)) yield similar results for the

synchronous cross peaks. But the asynchronous cross peaks of the C-O-C
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stretching modes exhibit higher degree of fluctuation, indicating a more random

switching behavior than the C=C stretching mode at 1609 cm™.
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FIG. 7.7. Dynamic variations of the 2D IR asynchronous correlation of (a) C=C

stretching modes and (b) C-O-C stretching modes with respect to the C=C
1

stretching mode at 1609 cm™.
Note that the asynchronousg: cross ipeak-heights shown in Figs. 7.7(a) and
7.7(b) reflect the angular deviations from that along to the C=C stretching mode

at 1609 cm™. It is therefore convenient to-define an angular spread of the molecular
core part by summing all the asynehronous cross peak heights that are associated to
the cores. The results are presented in 'Fig."7.8. A rapid variation in the angular
spread parameter can be found during the initial 30 psec (stage-1) after a positive
electric field is switched on. Immediate to the stage-I, a gradual but more
significant variation is developed while the applied electric field is still on
(stage-II). The significant variation persists even the applied field is turned off
(stage-IIT). When the applied field is negative, the angular spread variation during
the stages I and III becomes much less significant. The considerable differences of
the angular spread between the three stages imply that the molecules could undergo

different types of molecular motions in these stages.
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FIG. 7.8. Dynamic variation of the angular spread of the functional groups (C=C
and C—-O—C) associated with the core segments relative to that along to the C=C
stretching mode at 1608 cm™ is plotted for (a) the +10 V pulse driving, (b) the —10
V pulse driving. Stage I and II denote the field-on duration and stage III is the
field-off period.

To further investigate the mutual ‘molecular motions in the three stages
mentioned above, the 2D hetero synchronous correlation analysis of the IR spectra
between the field-free virgin|states and- the field-induced transient states is
introduced to deduce the alignment-status of ‘the orientation of the molecular
segments. The 2D hetero synchronous auto-peaks of the vibrational normal modes
associated with the cores of the molecular species are presented in Figs. 7.9(a) and
7.9(b). We first noted that the molecular fragments have higher synchronous hetero
correlations (therefore a higher degree of uniaxial alignment) during the positive
driving cycle. During the positive driving cycle, the hetero synchronous auto peak
at 1608 cm™ displays the first maximum at 30 usec after the rising edge of the
positive pulse; while the stretching modes at 1253 and 1280 cm™ reach their first
peaks with a slightly longer time period of 60 usec. The result can be caused by the
more rigid nature of the C=C stretching mode at 1608 cm™ and thus faster

field-induced reorientation.
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FIG. 7.9. The time courses of 2D IR hetero synchronous auto peaks generated from
the time-resolved polarization-angle dependent spectra from 0° to 180° of FELIX
017/100 at 35 °C during (a) the positive voltage driving cycle and (b) the negative
voltage driving cycle. Stage I and II denote the field-on duration and stage III is the
field-oft period.

Combining the information provided from Figs. 7.8 and 7.9, the transient
motions of the molecules can be understood as follows. Similar to the stages shown
in the dynamic analyses of the angular:spread. of ‘the segments associated with
molecular core, we also divide the time courses of ;2D hetero synchronous auto
peaks into three stages, which- are présented in /Fig. 7.9. Since in stage I the
observed variations of angular spread-are rapid but relatively small, we attribute
that to from the field-induced intramolecular motions. The hetero synchronous
correlations observed in stage I almost preserve their peak values at the first 10
microseconds, indicating that the mutual fragmental motions start from the
functional groups attached to single molecule. While the applied field in on, the
hetero synchronous correlations begin to change and therefore the correlated
motions propagate from the molecular fragments belonging to single molecule to
those of other surrounding molecules. However, in stage II, the gradual variation in
the angular spread and the hetero synchronous correlations could originate from
that a larger degree of freedom is allowed for the field-induced intermolecular
motion. The variation in angular spread persists even when the field is switched off.
When the applied field is negative, the intermolecular motion was found to be

much weaker during the stage III. The asymmetry with positive and negative
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driving pulses is also observed in the 2D correlation plot shown in Fig. 7.4.

7.3 Summary

In this chapter, time-resolved infrared two-dimensional correlation (2DC)
spectroscopy and a time-resolved 2D IR hetero correlation technique (2DHC) have
been employed to analyze an electro-optic switching FLC mixture.

The 2DC analysis clearly reveals that the thermal fluctuations in the azimuthal
angle of the FLC director about a tilt cone (Goldstone mode) in the SmC* phase
with unwound structure are suppressed by an applied electric field. In addition, an
asymmetry in the response of the SSFLC mixture to positive and negative driving
pulses was also revealed in the 2DC_analysis, indicating that the clockwise-
anticlockwise symmetry about the cone axisis‘broken at the molecular level in the
FLC mixture. Moreover, we-had alse-applied 2DHC technique to investigate the
correlated motions of molecular segments. 'We. demonstrated that the 2DHC
technique possesses useful “properties;-which. allow us to reveal clearly a
field-induced collective reorientation-ef the molecular segments in the SSFLC. In a
transient situation, the field-induced reorientation process was found to start with
an intramolecular motion, which proceeds in about 10 pusec. The intramolecular
motion then propagates from the fragments attached to a single molecule to the
ones belonging to different molecular coordinates. The molecular segments of
C-0-C, C=C, and C—H stretch modes were found to rotate about a tilted cone with

different angular speeds in a correlated but non rigid way.
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Chapter 8
Conclusion

and Future Prospect

In conclusion, the field-induced molecular reorientation dynamics of a nematic
twisted pi-cell and SSFLCs have been studied by time-resolved polarized FTIR
and Raman spectroscopy. We constructed a multichannel time resolving system to
perform the time-resolved FTIR measurements. 2D correlation analysis was
employed to further explore the molecular conformations and reorientations from
the information provided by the'obtained complex IR spectra. The different
information obtained from the-2D |correlation (2DC) technique and 2D hetero
correlation (2DHC) technique was elucidated. To gain more knowledge about the
2D correlation spectroscopy, the: effects.'of-the isotropic terms, the degrees of
uniaxial alignments, and the averaged apparent angles of functional groups in an
anisotropic film on the 2D synchronous and asynchronous correlation were
theoretically discussed.

A nematic twisted pi-cell has been studied by optical transmission
measurement, polarized Fourier transform infrared (pFTIR) absorption
spectroscopy, and time-resolved Raman spectroscopy. The alignment of the LC
molecules was revealed. Our results suggest that the molecules undergo a restricted
rotation about the molecular long axis. The rise and decay times of the
electro-optical response were found to be 6 ms and 1.6 ms, respectively. In the
switching dynamic process, our data show that LC molecules in the twisted pi-cell
do not rotate like a rigid molecule during the field induced reorientation process.

The molecular conformations and alignments of a neat ferroelectric liquid

crystal CMHCB in the K phase and SmC* phase were studied by 2D polarized IR
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spectra. The 2D IR correlations clearly reflect the exhibition of Goldstone mode in
the SmC* phase. The phase-induced re-arrangement is found to be dependent on
the molecular fragments. We demonstrated that by the 2D IR correlation technique,
a field-induced collective reorientation of the molecular segments in the SSFLC
can be reveal. The reorientation process starts from the chiral part with an
intramolecular motion, which proceeds in less than 10 psec. In addition, we found
an asymmetry in the response of the SSFLC to positive and negative driving pulses,
indicating that the clockwise—anticlockwise symmetry about the cone axis is
broken at the molecular level in CMHCB.

The molecular motion of an SSFLC mixture during a field-induced
reorientation process was studied by time-resolved -electro-optical response
measurements. The FLC director investigated can respond rapidly to a pulsed
driving field, while the orientation distribuitien was found to spread at first and then
slowly converge to the new*directionwof. the, FLC director. In regard to the
submolecular behaviors, the 2DC analysis ~clearly reveals that the thermal
fluctuations in the azimuthal-angle of'the FLC director about a tilt cone (Goldstone
mode) in the SmC* phase with unwound structure are suppressed by an applied
electric field. In addition, an asymmetry in the response of the SSFLC mixture to
positive and negative driving pulses was also revealed in the 2DC analysis,
indicating that the clockwise—anticlockwise symmetry about the cone axis is
broken at the molecular level in the FLC mixture. Moreover, by the 2DHC
technique, the correlated motions of molecular segments were investigated. We
demonstrated that the 2DHC technique possesses useful properties, which allow us
to reveal clearly a field-induced collective reorientation of the molecular segments
in the SSFLC. In a transient situation, the field-induced reorientation process was
found to start with an intramolecular motion, which proceeds in about 10 usec. The
intramolecular motion then propagates from the fragments attached to a single
molecule to the ones belonging to different molecular coordinates. The molecular

segments of C—O—C, C=C, and C-H stretch modes were found to rotate about a

117



tilted cone with different angular speeds in a correlated but non rigid way.

We believe that the combination of the multichannel time-resolved vibrational
spectroscopy and the 2D correlation spectroscopy shall be useful for complete
characterizing various phenomenon, such as the studies of field-induced transient
molecular deformations and alignment, submolecular dynamics and molecular-
environment interactions. The 2D hetero spectra correlation, for example, between
the IR absorption and sum frequency vibrational spectroscopy, can be performed to
deduce more information behind a phenomenon of interest. In the future
investigation of liquid crystal materials, studies of a mixture with well known
molecular structures are believed to yield definite details of the molecular

reorientation dynamics.
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Appendix
Sample Preparations

The liquid crystal samples used in this study were prepared with standard processes.
The sample preparations include several steps. In this section we will describe the

processes in detail.
I. Sample Substrate Cleaning Procedure

The selections of substrates used to prepare a LC sample cell depend on the
experimental requirements. To fulfillisthe conditions of IR spectroscopic
measurements, the CaF, substrate coated:with ITO conducting layer was used. If
all the measurements are carried out by using the light source with the spectral
range of UV-visible light, the ITO coated fused silica can be chose to prepare the
sample cells. The substrate cleaning process 1s-as'the following steps:
1.  Wash the substrates with theidiluted liquid soap solution, than rinse the
substrates with clean water.
2. Put the washed substrates into diluted liquid soap solution with ultrasonic
vibration treatment for 15 min.
3. Put as treated substrates into deionized (DI) water with ultrasonic
vibration treatment for 5 min.
4. Put as treated substrates into isopropyl alcohol with ultrasonic vibration
treatment for 10 min.
5. Put as treated substrates into acetone with ultrasonic vibration treatment
for 10 min.
6. Put as treated substrates into DI water with ultrasonic vibration treatment
for 5 min. Replace fresh DI water and repeat this ultrasonic vibration

treatment for three times.
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7.  Repeat steps 4 to 6 if necessary.
8. Rinse the as treated substrates with DI water and purge nitrogen gas with
sufficient pressure to dry the substrates immediately.

9. Put the as treated substrates into clean oven, baking for lhr in 100 °C.

[1. Alignment Layer Preparation

The selection and treatment of the alignment material, depending on the design
parameters of liquid crystal samples, decides the boundary properties of the liquid
crystal thin film. For example, the pretilt angle, anchoring strength and residue
charge effect on the surface of the alignment layer are all influenced with the
alignment materials. The material selections also depend on the alignment methods.
Up to now, many different alignment methods are still under developing. The most
conventional alignment method is the rubbing treatment with polyimide materials.
Photo alignments with UV definable’ material ‘thin films and the ion-beam-
processed diamond-like carbon.thin film are‘two of the promising alignment layers.
In this study, we use the rubbing method-tor produce the alignment effect on
polyimide thin film. The polyimide material used here is RN1842 from Nissan
chemical. The preparations of alignment layers are as followed:

1. Dilute the RN1842 with the solution in a concentration of 15% and wait
for the temperature of the solution to be the same as the room
temperature.

2. Put droplets of diluted RN1842 solution on the substrate surface. The
amount of the material depends on the size of the substrate.

3. Coat the alignment layer with a spin coater. The spinning rate used for
this material is set at 300 rpm for 5 sec and followed 2600 rpm for 25 sec.
The spinning rate should be fine adjusted if the concentration of solution
or the material is changed.

4.  When the spin coating is finished, move the coated substrate immediately

into an oven preset at 80 °C for soft baking for 10 min.
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After the soft baking, the hard baking treatment of the coated thin film
needs to be carried out with 250 °C for 1 hr.

Rubbing the alignment layer with rubbing machine. Set the rotation speed
of the rubber at 1000 rpm. The distance between rubber and the substrate
is about 0.2 mm, and the moving speed of the substrate is about 5
cm/min. The parameters of the rubbing treatment no doubt depend on the

sample design.

[11. Cel Assembly and Liquid Crystal Filling

The spacers used in our sample are small silicate balls. The diameter of the spacer

which controls the cell gap is determined by the sample design. Since the cell gap

should be very small to form an:SSFLC sample, the spacer diameter was chose to

be 1.5 or 2 um.

1.

The spacers are dispersed into'a UV curable gel NOA65 with a volume
concentration of about 5% by @ mixer. The concentration should be
adjusted according to the diameter 0f the spacer.

Laying the spacer with UV gel on the two sides of the substrate.
Assembly the substrates in desired direction to form a cell and adjust the
cell gap to become uniform by adding a proper pressure on the
substrates.

Expose the cell with UV light to cure the UV gel.

After the gel is cured, put the empty cell onto a hot plate. Raise the
temperature to be above the clearing point of the liquid crystal material
then hold at a fixed temperature within the isotropic phase of the liquid
crystal.

Put several droplets of liquid crystal on the opening of the empty cell and
wait the liquid crystal to be filled into the whole cell by capillary force.

Slowly cool down the cell to room temperature then seal the opening of
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the cell with quickly dry gel.
Attach the wires with conducting copper tape.
If necessary, repeat the temperature raising and decreasing processes

with applying a proper electric field to stabilize the as prepared sample.
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