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The use of synchrotron radiation to probe non-equilibrium electric-field mediated
structures is analyzed for a variety of liquid crystalline (LC) systems. Examples are
provided for monomer LCs (MLCs) and for a variety of polymer LCs (PLCs) including
comb and network PLCs. Monitoring both response and relaxation times of induced
ordering, the resultant orientation parameters, correlation lengths, dynamic behavior of
alignment and reorientation processes are reported as a function of time, temperature
and frequency for a number of systems.

Keywords: Synchrotron radiation; non-equilibrium electric-field mediated structures;
monomer liquid crystals; MLCs; polymer liquid crystals; PLCs; comb PLCs; network
PLCs; relaxation times of induced ordering; orientation parameters; correlation lengths;
LC alignment; reorientation processes

1. INTRODUCTION

The purpose of this paper is to describe the use of synchrotron radia-
tion to probe the nonequilibrium, electric field mediated structures
of the liquid crystalline phase in a variety of liquid crystalline systems.
Conventional X-ray sources, both fixed and rotating anode, do not
have sufficient intensity to permit monitoring of microstructural and
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molecular changes in real time. Given that the constituent atoms of the
material have small scattering cross-sections for X-rays, it is only by
using the high flux of radiation available from a synchrotron source that
these dynamic and transient structures can be observed. The high flux
of X-ray radiation from a synchrotron source allows for time resolved
X-ray diffraction (TRXRD) experiments to be performed on a sys-
tem where alignment occurs over millisecond and greater time scales.
Eventually, with new detector designs, even faster molecular responses
will be able to be probed.

The majority of this paper describes examples of this technique
applied to a variety of material systems. These include monomer liquid
crystals (MLCs), hybrid liquid crystals, and polymer liquid crystals
(PLCs), both comb PLCs and network PLCs. First, a general overview
of the experimental procedures used to obtain the research data will
be given. Examples from each class of these materials are shown,
especially those from our work since we know of no other work yet
reported. Examples of monitoring both response and relaxation times
of induced ordering, the resultant orientation parameters and cor-
relation lengths, as well as dynamic behavior of alignment and re-
orientation processes are given as a function of time, temperature, and
frequency for a number of systems. In addition, examples of
monitoring very complex phase behavior, surface effects on alignment,
dynamic crystallization from an induced aligned mesophase, and the
evolution of oriented mesophases during a chemical reaction are
shown. All of these examples will not be explored for a given material
system; instead selections from the various material systems are used
to show a particular type of data and interpretation that can be
obtained. We feel that the information that can be obtained using
synchrotron radiation is important to a wide variety of applications,
since many uses of liquid crystalline materials in industry are
predicated on the ability to align them. As applied electric fields are
finding more and more use, it is helpful to better understand the
microstructural changes LC systems undergo while in such fields. The
processing of LC systems can be better designed when such relation-
ships are fed back into the design loop of material synthesis and
characterization. Experimental details will be given only when needed;
otherwise appropriate references will be highlighted. Finally, a per-
spective on the significance of these studies will be given in the final



11: 03 19 January 2011

Downl oaded At:

ELECTRIC FIELD ALIGNMENT OF PLCs 453

section of the article. Developments critical to the future of this char-
acterization technique will be highlighted and other dynamic informa-
tion that may be possibly obtained will be discussed.

2. BACKGROUND

The use of synchrotron radiation in polymer science has grown
considerably over the last five to ten years. Although static scatter-
ing techniques allow considerable information to be obtained about
polymer microstructure, details about the time evolution of these
microstructures cannot be easily obtained. The high X-ray flux of
synchrotron sources allows dynamic processes to be examined in real-
time, providing vital information necessary in the development and
processing of new materials. Using synchrotron radiation, both small
angle (SAXS) and wide-angle X-ray scattering (WAXS) information
can be obtained simultaneously, often within seconds. This technique
has been widely used to examine changes in scattering during crys-
tallization, melting, and deformation of a variety of polymer types.
Because the time resolution of the technique is on the order of time
changes used in the processing of such systems, useful insight into key
variables during processing can be obtained.

In the last two decades, several simuitaneous synchrotron techni-
ques such as SAXS/WAXD/small-angle laser scattering (SALS) {1]
SAXS/DSC, [2,3] and WAXD/DSC [4] and SAXS/FT-IR [5] have
been developed. These techniques have demonstrated the unique
capabilities of synchrotron X-ray diffraction in the study of phase
transitions in polymers. Fundamental examination of the crystalliza-
tion and melting kinetics of unaligned samples on a variety of material
systems have been reported in the literature [6—17]. Effects of physical
deformation and annealing on the microstructure and morphology
of polymer materials is key to their development into useful fiims and
fibers for commercial use. A considerable amount of work has been
performed on examining structural changes during fiber spinning of
various polymers [7, 18-22]. Examination of the degree of spatial
alignment across a sample correlated with spinning variables gives
insight into optimization of properties and processing conditions [23].
Dependence of both draw rates and temperatures on the development
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of crystallinity and orientation can be monitored. This information is
particularly useful in industrial production where identification of
temperatures over which optimal properties are developed is of
interest. Other geometries are possible as evidenced by the examina-
tion of films (tapes) of various materials during stretching and
annealing experiments. Monitoring the phase separation processes of
block co-polymers in real time leads to an increased understanding of
the thermodynamic incompatibility driving microstructural develop-
ment [24— 30]. Simultaneous SAXS/WAXS/DSC has also been applied
to study the phase transitions in semi-crystalline and amorphous poly-
urethanes wherein a similar thermodynamic incompaubility leads to a
separation of hard and soft segments and thus microphase separation
[31]. Changes in structure during reactive processing can also be ob-
tained and this evolution of structure may be related to changes in
molecular weight [5,32]. A correlation between reaction kinetics and
structure development as well as other morphological changes can be
determined.

The use of synchrotron radiation in the examination of both MLC
and PLC material systems has also been an area of significant study.
Time resolved diffraction techniques were carried out to examine the
complex phase behavior of a number of lyotropic LC systems. A high
flux synchrotron source has been used in the investigations of the
dynamics and mechanisms of biological liquid crystal phase transi-
tions in bulk systems. Fine reviews of such work have been published
{33, 34]. More recent work has continued with the use of the high flux
to monitor laser-induced rapid heating and its effect on the kinetics
and structural mechanisms of thermotropic phase transitions in a
phospholipid/water system [35]. Attempts have been made to examine
the correlation of structural changes using simultaneous calorimetry
and synchrotron radiation [36], to obtain time-resolved optical and
diffraction information on membrane lipids [37], to follow the time
evolution of magnetically induced growth of biological macromole-
cules [38], and to structurally characterize a variety of lipid and mem-
brane systems [39—41].

A number of papers examining real-time structural characteriza-
tion of thermotropic LC systems have also been published. Nonequi-
librium shear-flow effects on the phase transitions of MLCs have
been explored [42—47]. The effect of processing conditions on PLC
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systems has been investigated for a variety of systems including liquid
crystalline polyesters [23, 48 —52], rigid-rod polymers [53], copolyester
[54] and polybenzoxazole [SS, 56] fiber spinning, and general character-
ization of thin liquid crystalline films [57 - 64] under both equilibrium
and dynamic conditions. All these experiments serve to demonstrate
that synchrotron scattering techniques may be used as effective struc-
tural probes of dynamic processes inherent to or induced in LC systems.

3. LCs AND ELECTRIC FIELDS

The orientation of MLCs and PLCs with an applied electric or
magnetic field is a well known phenomenon [65, 66]. Coupling of the
electro-and magneto-responsive properties of the MLC mesogens with
the robust physical properties of polymer systems may be advanta-
geous for many applications. PLCs as a class of materials have been
very successful as high performance fibers and injection moulded
components [67]. Comb PLCs are presently being investigated as they
combine physical properties common to polymers (glass-forming, film
forming, and good optical and dielectric properties) with properties
common to liquid crystals (electroactive, magnetoactive, and variable
optical properties) [68]. The ability to macroscopically align and then
vitrify order into the glassy state provides a method of introducing
spatial contrast into thin films which is useful for applications such as
data storage, nonlinear optical devices, display devices [68 — 74]. Rever-
sibility can be obtained by heating above the glass transition tempera-
ture, thereby ‘erasing’ the contrast. Macroscopically aligned films can
be formed using electric and magnetic fields or surface treatment of
substrates. A greater understanding of the development of the struc-
ture present within these materials during processing is desired.

The alignment properties of these compounds in electric fields are
controlled by their dielectric anisotropy, defined as the difference
between the two dielectric permittivities ;; and L. These permittivi-
ties are dependent on chemical structure, sample purity, temperature,
and frequency [65, 75]. A typical plot of these two permittivities as a
function of frequency is shown in Figure la. As shown in this figure,
a crossover frequency may exist where the sign of the anisotropy
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FIGURE | (a) Frequency dependence of the two dielectric permittivities defining a
crossover frequency where the sign of the dielectric anisotropy changes and (b) the
resulting alignment characteristics of a material system above and below this crossover
frequency.

changes from positive to negative. This crossover frequency is the basis
of the dual-frequency effect in MLCs as shown in Figure 1b. A strong
electric field below the crossover frequency results in a homeotro-
pic alignment of directors (long axis of molecules parallel to apptied
field directions). The strength of the applied field has to be above a
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threshold-voltage which depends on the properties of the LC material.
Above this frequency, planar alignment is induced. A marked tem-
perature dependence of the crossover frequency is typically observed
for PLCs as the reorientational motions of the dipolar mesogenic
groups occur in an co-operative manner in a highly viscous environment,
and as the glass transition temperature is approached these motions
undergo a critical slowing similar to that observed for the a-relaxation
in amorphous solid polymers [76]. A thorough review of the intricacies
of alignment of comb PLCs in electric fields has been published [76 - 79].

Alignment of comb PLCs can be accomplished from either the
mesophase or the isotropic melt although the mechanism for align-
ment is fundamentally different in each case [76]. The dynamics of the
realignment of a LC material in an applied field have been described
by a continuum theory as outlined in the literature [80, 81]. The magni-
tude and kinetics of steady-state orientation of the realignment of a
LC molecules have been investigated using these equations [82, 83].
The reorientation of a LC material involves both flow of the meso-
phase and reorientation of the director axes. If flow is suppressed by
crosslinking, then the alignment properties will be greatly affected. For
steady state alignment when flow has ceased, a plateau level of
alignment will be reached when the dielectric forces are balanced by
the elastic forces of the phase. For electric-field alignment, differences
in the dielectric anisotropy as a function of frequency and temperature
are typically used to induce planar or homeotropic orientation of the
director with respect to a substrate [75]. The strong frequency
dependence of the dielectric constants of polar mesogens allows for
switching between the two orientations. This can convert the molecular
anisotropy of the mesogens into a macroscopic anisotropy. However,
under the influence of external fields these materials are usually not in
thermodynamic equilibrium. Non-equilibrium conditions can lead to
dramatically different arrangements of the mesogens with potential
effects on optical, mechanical, and viscoelastic properties. We focus our
attention on the use of applied electric fields to develop and characterize
aligned LC structures.

A number of ways of probing the director alignment have been used
including polarized light optical microscopy (POM) [77, 84, 85] and di-
electric spectroscopy (DRS) [78, 86]. The DRS technique depends on
assumptions about the electronic structure of the mesogens and POM
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yields information on the macroscopic scale. Neither method yields
molecular-based structural information on the organization of the LC
phase although DRS are ideally suited for MLC systems where the
response times are typically fast (< 1 ms).

Static X-ray diffraction techniques are extensively and routinely
used to investigate the degree of order and molecular packing of the
mesogens after alignment. The distinctive X-ray scattering of aligned
LC phases has served as a tool for many years in the identification and
characterization of the packing of anisotropic molecules. Many texts
and reviews of X-ray scattering from PLC exist [87-90]. By aligning
the domains of the LC mesophase, the coherent scattering of X-rays
from the material is increased and identification of the structure
facilitated. Even though the response times of PLC compounds are
typically 10 to 1000 times slower (milliseconds to minutes) due to the
increased viscosity compared to MLCs, X-ray experiments on these
systems still cannot yield time resolved information about the align-
ment kinetics and structural transformation due to the long exposure
times needed with ordinary X-ray sources.

The use of synchrotron radiation to explore the mesophase behavior
of PLCs under the influence of an applied field is relatively new. In fact,
only one other group to our knowledge has performed comparable work
[91]. In it, they examine the simultaneous observation of small angle X-
ray patterns and time dependent birefringence changes of a monomer
smectic liquid crystal cell. The gathering of simultaneous data on two
fronts maximizes information from a single experiment. Similar to our
beliefs, they state that the physics of LCP systems under the influence of
applied fields can be much better understood via study of the dynamics
of switching behavior. The work presented in this article highlights a
variety of experiments involving electric fields and synchrotron radia-
tion on numerous material systems.

4. EXPERIMENTAL PROCEDURES

X-ray diffraction data were obtained at various beamlines of the
Cornell High Energy Synchrotron Source (CHESS). Sample cells
consisted of two 0.5 mm gold-plated stainless steel electrodes separated
by a controlled gap spacing of 100200 um (Fig. 2a) which were held
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in a Mettler FP82HT hotstage. Samples were melted between the
electrodes and held in place by capillary forces. A schematic of the
sample relative to the incoming radiation is shown in Figure 2b.

" CCD Camera

500um

Electric Field

Polyimide Sgacer

X-ray
(0.908A)

(b)

FIGURE 2 (a) Schematic of the Mettler hot-stage with the two electrodes in place,
(b) orientation of the hot-stage and sample relative to the incoming radiation and (c)
overall experimental setup for the electric field alignment, heating, and X-ray data
collections on LC material systems.
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FIGURE 2 (Continued).

Voltage and frequency of the applied field were controlled by passing
the output from an HP 3300A function generator through a high
voltage operational amplifier (Trek, model 10/10). Voltages typically
employed varied between 0—300V and the frequencies of interest have
up to this point been 110000 Hz. Many of the molecules examined to
date are based on ester linkaged mesogens which typically have switc-
hing values within the applied range of frequencies. Nothing however
fundamentally limits the voltage (except dielectric breakdown) or
frequency space that may be examined. The samples in the hot-stage
were placed on an optical rail as shown in Figure 2c. A translation
stage, mounted to hold the samples perpendicular to the X-ray beam,
moved the hotstage within the beam.

Various detectors have been used throughout the course of this
work. Real-time images were obtained by collecting the diffracted
radiation using an image intensifier coupled to a digital video camera.
This allows frame rates of 1/30 sec to be obtained. Problems with this
approach are that only a very small solid angle of diffracted radiation
can be obtained (i.e., one cannot collect data from small angle and
wide angle regions simultaneously). Scattering patterns were collected
and stored on U-matic format video tape for storage and subsequent
analysis. The collected solid angle of radiation of the image intensifier
was small (26: 0—6°) and typically only the small-angle reflection was
fully recorded.

One dimensional images using an OMA II positional sensitive
detector have also been obtained. This type of detector is useful for the
rapid characterization of unaligned samples which show complex
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phase behavior within narrow temperature ranges. This type of
detector can be useful for oriented samples only if the orientation
relative to the electric field is known. The profile of the aligned
reflection can be probed as a function of the field variables.

The latest detector being employed for fast capturing of the
scattering patterns is a charge-coupled device (CCD) camera which
greatly enhances the linear resolution of the data. It does severely
curtail the time resolution of the experiments in its present format
however. Changes on the time scale of 20 seconds can be examined
with this detector. Although individual exposures 0.1 seconds in dura-
tion can be obtained, the readout rate of the camera is on the order of
15-20 seconds.

Flat-film (Kodak DEF) or image plates were also used to selectively
record diffraction patterns. Exposure times varied from 0.1 sec to 20
sec for the film depending on the flux of incident X-rays which was
monitored using a N5 ion chamber (10 cc/min, 1 cm flight path). Exam-
ples of all four types of detector data will be shown in the subsequent
discussions.

Typical procedures involved cooling to the desired temperature
from the isotropic phase. The voltage was applied and changes in the
small-angle reflection were recorded on videotape until a steady state
was achieved. The image intensifier was removed and a flat-film photo-
graph was taken at this point of alignment. The image intensifier was
replaced, the field turned off, and the relaxation was monitored on
video tape (only alignment data will be discussed here). The sample
was heated to the isotropic phase, to erase any thermal history effects,
and cooled to the next temperature of interest. Switching experiments
were done either by cooling through the transition temperature or by
cooling at one frequency and then switching the frequency to facilitate
domain rotation. Typically, the image intensifier was used to obtain
time-resolved information although the OMA II detector has been
used also. For accurate determination of microstructural parameters
(orientation parameters (S;) and correlation lengths (Lyyiyg O Lpg),
CCD or flat-film data was used. Ly, refers to the one dimensional
correlation of columns while Lpg refers to the layer correlation
(estimated using the Debye-Scherrer equation) as discussed in detail
previously [92, 93]. Differentiation of the orientation parameter (Sy)
versus the order parameter (s) is described in the next section.
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An RCI Framestore image processor was used in conjunction with a
commercially available image processing software package to analyze
the digitized data from the image intensifier. Data sets in the form of
intensity versus x, y pixel position were captured as frames from the
videotape. CCD images were analyzed using subroutines developed
with a mathematical software program. All necessary corrections were
performed on the images before orientation parameters and correla-
tion lengths were obtained. Details of these calculations can be found
in previously published work [92, 93].

For all X-ray patterns presented here, the direction of the aligning
field was vertical. Orientation parameters are reported as positive for a
homeotropic orientation and negative for a planar orientation. Values
were calculated relative to the molecular director in each case (not
relative to the E-field direction). Negative values for planar orienta-
tions were used to indicate that a switch from the predominant homeo-
tropic orientation relative to the electrodes had occurred. Within the
context of our experimental geometry, the term “homeotropic” refers to
the arrangement of the long axis of the mesogens parallel to the applied
field and perpendicular to the electrodes, while “planar” represents the
arrangement of the mesogens perpendicular to the applied field and
parallel to the electrodes.

5. MATERIAL SYSTEMS EXAMINED

5.1. Monomer Liquid Crystals

Figure 3 shows the chemical structure of three MLCs discussed in this
section along with their thermal transitions. Compound 1 is a
precursor to a main-chain PLC while compounds IT and IIl are
dimer-based molecules with much different mesophase behaviors.
Figure 4 shows one dimensional data taken by the OMA detector from
compound I as it was heated through its complicated mesophase.
Melting to a higher ordered smectic occurs at 114°C, followed by a
transition to a S, phase and then further development into a nematic
phase before clearing. Some of these subtle transitions can be easily
missed on the light microscope but are clearly evident using a high flux
synchrotron source. Although transitions can be missed using X-ray
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FIGURE 3 Chemical structures and thermal transitions of three monomer liquid
crystalline systems (compounds I, I1 and III).

intensity/(a.u.)

FIGURE 4 One dimensional X-ray scattering curves from compound I as it is heated
at 20°C per minute from 90°C to 190°C. Scans were taken at 5 sec intervals. (adapted
from {94]).

techniques as well, its combination with proper optical microscopy
increases the chances of proper characterization. One can also examine
the time dependence of the structural transformations of these phase
transitions when the sample is either unaligned or aligned. Indeed,
polymers formed from this system have been aligned and the dynamics
of the orientation process have been described elsewhere [94].
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When applying an electric field to this model compound, measure-
ment of the orientation was easily achieved as shown in Figure 3.
Changes from a positive to negative orientation parameter can be
interpreted as two types of alignment; the first being indicative of parallel
alignment of the long axis of the mesogen with the applied electric field
while the second is indicative of perpendicular alignment. This difference
in orientation will be addressed more thoroughly in the next section. A
large dependence on the degree of alignment with frequency is also
observed. For 100 Hz, a relatively large orientation parameter in the
smectic phase is observed which, after heating the sample, slowly de-
creases as the nematic transition temperature is approached. Before this
transition, a switch in the orientation from perpendicular (as evidenced
by the negative orientation parameter) to parallel is observed. This
behavior can be contrasted to that exhibited at 1000 Hz which shows
little temperature dependence of the orientation parameter as the
nematic transition temperature is approached. More importantly, it
should be emphasized that this orientation and other effects were not
evident optically. Atsuch temperatures, the material appeared immobile
under the microscope. As the alignment data indicates, this was clearly

02 = 100Hz
5 A 1000Hz
D 0.0 -
§
|
© -02
3 ]
[
2 04
9
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1 T T 1 T T
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FIGURE 5 The alignment response of compound I in the smectic mesophase upon
cooling at two different frequencies. (adapted from [94]).
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not the case which shows the importance of being able to probe the
microstructure using X-ray diffraction techniques.

Compound II consists of two biphenyl-based mesogens attached to a
short siloxane core. This material exhibits a monotropic phase and was
examined upon cooling from the isotropic phase. Being one of the first
compounds examined by us at the synchrotron, basic information
regarding response and relaxation times and frequency dependence of
alignment were probed. Typical alignment data is shown in Figure 6
from the nematic phase at 10 Hz. The experimental response curves
observed in this study exhibit a two-part response, an initial fast
alignment process followed by a second, slower alignment process.
Although we are using an AC field, we observe responses to the field
similar to those associated with a DC field [82,83] increasing align-
ment occurs until steady state is obtained. It is speculated that the
induced dipoles within the system cannot respond at the frequency of
the AC field. In twisted nematic field effect (TNFE) cells, this pheno-
menon is due to the accumulation of electric energy in the cell [75]. The
response times to achieve steady state orientation can be calculated by
fitting the data collected with the image intensifier to Eq. (1) below. S,
refers to the orientation parameter, a measure of the macroscopic

0.5 T T T T 1

0.4 - 4

0.3 -1
0.2 -

0.1 -

Orientation Parameter

_o'zl..|l | PO DT R S

0 10 20 30 40 50 60
Time (sec)

FIGURE 6 Evolution of the orientation parameter as a function of time for compound
11 at 91°C using a frequency of 10 Hz. The line through the data points shows a fit using
Eq. (1) to obtain a value for the response time.
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alignment of the system. If one assume equilibrium alignment, then S,
becomes the equivalent of s, the order parameter. However, this assump-
tion of equivalence should not be made generically in systems where
orientation is changing under a variety of conditions (not all of which
are equilibrium) and so this distinction is noted.

Sy =m +m2<1 —exp(—t/r,)) (1)

Equation (1) is a variant of the standard equation used to fit con-
ventional response time data from light microscopy measurements [65]
with m; corresponding to the ¢ = 0 value, m, a measure of the steady
state change in S, and 7, corresponding to the response time of the
system. The line shown in Figure 6 is fit to the data with a response
time of approximately 1 sec. The initial negative S, indicates an initial
surface orientation which caused the molecules to lie parallel to the
electrode surface. By turning the field off, the realignment of the
aligned LC domains can be monitored in real time as well. Figure 7
shows an example for this type of data for the same sample aligned
at 10,000 Hz. The orientation parameter decreases with time until a
slight surface anchoring is evident. Since relaxation behavior is only
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FIGURE 7 The relaxation behavior of compound 11 after the field is turned off at 91°C
from a sample aligned at 10000 Hz.
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dependent on fundamental material constants, one could extract
pertinent information about specific molecular parameters. Relative
correlation among molecules can also be obtained by examining in
detail the shape of the Bragg reflections.

The third example examines the surface anchoring ability of
compound III which consists of two cholesterol molecules attached
through a short siloxane core. This compound only exhibits a smectic
phase and the fact that an electric field affects the induced orientation
in such a strong manner was unexpected. Interest in cholesterol
containing molecules derives from the fact that they facilitate LC phase
formation and the development of cholesteric phases [95, 96). In parti-
cular, we are interested in the tendency of cholesterol containing ma-
terials to spontaneously form homeotropic films which can be used for
optical applications [97, 98]. Figure 8 shows a diffraction pattern from

FIGURE 8 The diffraction pattern observed from compound III from the smectic
phase WITHOUT an applied field refative to the sample electrodes. The strong equa-
torial alignment is due to surface effects. The inset shows the small angle reflection at
3.3nm captured with an image intensifier.
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a sample relative to the electrode surfaces but without an applied
electric field in the smectic phase. The inset shows the small angle
reflection as captured using the image intensifier is strongly aligned on
the equator. This orientation indicates that very strong spontaneous
alignment of the molecules parallel to the electrode surfaces takes
place. The d-spacing of the smectic layer corresponds to 3.3 nm, rough-
ly half the length of the molecule. The strong surface anchoring is dri-
ven by microgrooves on the inside surface of each electrode formed
when the electrodes are polished.

When an applied field (1 V/um) is maintained across the sample,
strong changes in the clearing temperature are observed as well as the
relative orientation of the small angle reflection. Table I shows the ob-
served clearing temperatures as measured by the appearance of this
reflection upon heating and cooling as a function of frequency. DSC
indicates that the clearing temperature is 220°C without the field applied.
The reflection disappears near this temperature indicating an elimina-
tion of the smectic ordering. Application of the electric field while
heating to or cooling from the isotropic region depresses the observed
clearing temperature. The largest effect occurred for the lowest fre-
quencies as a 40°C suppression in the transition temperature is observed
on cooling. Thus the field is acting to supercool the sample even though
LC phases typically supercool by only very small amounts.

The much lower transition temperature is due to the fact that the
field is trying to align the molecules parallel (orthogonal to the surface-
induced direction). The competition between parallel and perpendi-
cular orientation most likely results in a confusion of the molecules
causing pseudo-isotropic behavior. Note, the field is not destroying
orientation as the small angle reflection disappears entirely except for
the faint halo characteristic of the isotropic phase. In this temperature

TABLE I Observed clearing temperatures (°C) for compound UI on heating and
cooling with applied field of varying frequency

Frequency (Hz) Heating Cooling
no field 220 210
100 215 180
10 200 170

1 205 175
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range where the strong smectic reflections are suppressed, transient
spots on both the equator and meridian appear briefly indicating a
bimodal orientation of LC domains occurs. The four spots in the small
angle pattern indicate domains aligned either with the field or aligned
with the surface. Stable homeotropic alignment could not be obtained
with this material system.

The ability to examine the structural interplay of an alignment field
and surface induced effects does not otherwise exist except with syn-
chrotron radiation due to its high flux. By understanding the pre-
valent surface phenomena and by characterizing this behavior on the
molecular scale, one can better design systems to either couple with or
resist outside external stimuli such as an electric field. The large change in
the apparent transition temperatures indicates that a proper under-
standing of the molecular factors controlling these interactions is
needed. This example shows the importance of being able to examine
dynamic phenomena on the molecular scale.

5.2. Hybrid Liquid Crystals

Of particular interest are a class of materials which consist of an ex-
cluded volume core with attached mesogens [99 — 101]. The reduced melt
viscosity of MLCs in the mesophase combined with the glass-forming
propensity (above room temperature) of PLCs are both characteristics
of hybrid low molar mass liquid crystals [102]. This combination of
properties has advantages in the fabrication of uniform thin films with
useful optical applications [103]. We show here some results on a series of
compounds with a basic chemical structure as shown in Figure 9. These
consist of simple siloxane rings with biphenyl-ester mesogens attached
through various spacer group lengths.

Compound IV has been examined in detail and highlights of the
results published elsewhere [92, 93, 104] are shown here. Representa-
tive diffraction patterns at various frequencies and temperatures are
shown in Figure 10. These patterns consist of wide-angle crescents at
scattering angles characteristic of the average lateral packing distance
of the side chain mesogens (0.45—0.55nm). Orthogonal to these wide-
angle reflections are periodic reflections with a primary spacing of
approximately 2.3nm. The complexity of the diffraction patterns is
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FIGURE 9 Molecular structures and thermal transition temperatures for three hybrid
liquid crystal molecules (compound 1V, V and VI) examined. These materials consist of a
cyclic siloxane core onto which are attached a varying number of mesogens through
various length spacer units.
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FIGURE 10 Diffraction patterns from compound IV with the electric field (a) at 120°C
and 10Hz, (b) 120°C and 10kHz, (¢) 170°C and 10Hz, and (d) 170°C and 10kHz. The
large crescents are centered at a spacing of 0.4—0.5nm. Orthogonal to these crescents, a
series of periodic diffuse reflections exist with the inner most reflection having a spacing
of 2.3nm. (adapted from [92]).
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unusual for a nematic LC and suggests molecular association among
molecules is present. At 10Hz and 120°C, the molecular director is
parallel to the E-field direction and corresponds to homeotropic
alignment of the mesogenic groups relative to the electrodes. At
10000 Hz and 120°C, a switch in orientation is observed as the director
aligned perpendicular to the E-field direction. In this planar orienta-
tion the mesogenic groups are parallel to the electrodes as indicated by
the WAXS reflections. This switch in orientation, similar to that
briefly discussed for compound 1, is due to the frequency dependence
of the dielectric anisotropy, Ae. As the temperature approached the
clearing temperatures, only parallel alignment of the mesogens was
observed. The spacings did not change significantly upon reorienta-
tion. The unaligned sample shows a typical nematic diffraction pattern
which indicates the complex molecular structure exhibited here is the
result of the e-field induced alignment process.

One can use the high flux to examine both the alignment
characteristics and the reorientation behavior in real time. This pro-
cessing information is important in the development of these sys-
tems for thin film optical elements. Proper processing can be used to
better align the systems and remove defects. A series of experiments
have been performed to examine the frequency and temperature depen-
dence of the alignment characteristics. Director orientation param-
eters as a function of either temperature or frequency are shown
in Figures 11a and 11b respectively. The frequency dependence of S,ata
given temperature, shown in Figure 11b, is weak through the mesophase
region except at temperatures where switching occurred. For the elec-
tric field used in this study, orientation parameters ranged from 0.3 to
0.55 with the highest values being observed in the middle of the meso-
pase range (140°C and 150°C). For a given frequency, the orientation
parameter first increased and then decreased as temperature was in-
creased as shown in Figure 11a. This was true even at the high frequen-
cies where switching had occurred. The lower orientation parameters at
lower temperatures can be attributed to an increase in the viscosity
of the mesophase such that the side chain mesogens are not as free to
respond to the applied field. The loss of order at higher temperatures is
consistent with Maier-Saupe theory in that the thermal fluctuations
within the system overwhelm the ordering fields as T is approached.



11: 03 19 January 2011

Downl oaded At:

472 T. J. BUNNING et al.

0.6
S 0.4
Q
£
d
5 0.2
s 0 —— 1
§ 4 —a -10
g , p::| — & -100
S -0.2 --x - - 1000
-8 - 10000
-0.4 I ‘ —A
120 130 9 160 170
(a) Temperature °c
s
o
E
[ ]
&
[- 5
g C
= 0T
ol X
[—4
6 i
S -0.2 T
-0.4 i ; f {
1 10 100 1000 10000
(b) Frequency (Hz)

FIGURE 11 Director orientation parameters Sy as a function of temperature (a) and
frequency (b) for compound IV throughout the nematic phase. (adapted from [93]).

The experimental response curves observed in this study also exhibit
a two-part response (an initially fast increase in the alignment followed
by a slower second increase) as discussed in subsection 5.1. Shown in
Figure 12 are the fitted response times as a function of frequency and
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FIGURE 12 Response times as obtained from a fitting of the data from compound IV
using Eq. (1) as a function of temperature and frequency. (adapted from [93]).

temperature. The rate at which the sample is able to align increases
markedly with temperature as shown. The response times spanned
several orders of magnitude from tenths of a second to several tens of
seconds depending on temperature. These switching dynamics from
planar to homeotropic alignment in conventional LMW cells is de-
scribed by Eq. (2) [86],

(@) () ) @
Ty - m d Uo

where U, is the threshold voltage, U is the voltage, d is the sample
thickness, ki, is the splay constant, n; is the viscosity, and 7, is the
response time. For this work at constant voltage, the response time
should be proportional to the ratio of the splay constant to the vis-
cosity. Since the viscosity is expected to decrease exponentially with in-
creasing temperature and the elastic constant typically decreases
linearly with temperature, one would expect the response times to
decrease exponentially with increasing temperature. This is the case as

shown in Figure 12. Similar to the S, values, there is little dependence
of the response times on frequency for a given temperature.
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Figure 13 shows a series of images from compound IV cooled to the
low end of the nematic phase at 10 Hz and then switched to 10000 Hz.
During the isothermal transition from homeotropic to planar
alignment, the small-angle diffraction pattern observed with the image
intensifier became much more complicated. The initial two equatorial
wide-angle reflections at 0° and 180° split into 4 reflections which

(@
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FIGURE 13 WAXS photographs as a function of time during reorientation of
compound IV from homeotropic alignment to planar alignment. Note the splitting of the
reflections at the intermediate times. (a) ¢t = 0, (b) t = 60sec, (c) t = 105sec, (d) ¢t = 180,
(e) t = 210sec, and (f) t = 300 sec. (adapted from [93]).
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migrated azimuthally until they merge into 2 reflections at 90° and
270°, orthogonal to the original two reflections as shown in Figure 14.
The orientation parameter decreases as indicated by the weakening
and broadening of these reflections. A well defined split of each of the
two wide-angle reflections occurs at about I minute and recombina-
tion occurs around 3.5 minutes. This is dramatically shown in the flat
film data in Figure 13. Once recombined, the orientation parameter
(director orthogonal to the original direction) increases as indicated by
the increase in the intensity of the two wide-angle reflections at initial
times. The splitting into four reflections is caused by the director in
domains rotating in directions opposite each other.

Examination of the scattering patterns allows molecular scale
structural information to be obtained in addition to information about
the response parameters. Details on methodology and definitions of
layer and column correlation lengths have previously been explained

NTESITY /an

FIGURE 14 Reorientation of the wide-angle reflections as a function of time when
frequency is switched from 10 to 10000 Hz for compound IV at 120°C. (adapted from [93]).
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in great detail [89,92]. Microstructural information cannot be
obtained from macroscopic measurements as no correlation between
order parameter (macroscopic) and correlation (microscopic) lengths
are present. This lack of correlation is shown in Figure 15. The column
lengths for a sample aligned at 10 Hz steadily increases with decreas-
ing temperature from a value of L = 6 nm near the isotropic state to
a value of L =12.4nm at 120°C. This monotonic increase can be
contrasted with relatively small changes of the orientation parameter
through the same temperature range as shown in the figure. Thus,
examination and interpretation of structure based on orientation
parameter can be flawed. Upon cooling at 10000 Hz, a marked reduc-
tion of the column-like association occurs when reorientation takes
place below 145°C. This reduction can be clearly seen when the column
lengths obtained from steady state alignment are plotted as a function
of temperature as shown in Figure 16. The ability to do real-time scat-
tering with high X-ray flux is advantageous as both molecular and do-
main structure information can be obtained as a function of time. Bulk
order parameter measurements as obtained with POM do not yield
information about the molecular organization of ordered phases.

correlation
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FIGURE 15 Comparison of the change in the column length for compound IV with
temperature to the relatively high fixed degree of orientation across the mesophase range.
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FIGURE 16 Column correlation lengths every 10 degrees upon cooling from the iso-
tropic phase at 10000 Hz. The large decrease in the middle of the mesophase range in-
dicates a reorientation from homeotropic to planar alignment. (adapted from [92]).

Similarly, conventional diffraction techniques would not allow for a
real-time investigation of structural rearrangements and structure
development.

One can also look at the effect of very small structural changes in the
molecules to examine the effect of molecular architecture. All data
shown in this section so far has been from compound IV. Compounds V
and VI, one possessing a smaller ring size and one possessing a longer
spacer group, were also aligned in the electric field in their nema-
tic phases at both 10 and 10000 Hz [105]. Compound V only shows
alignment parallel to the electric field at all frequencies. Weak periodic
reflections are present indicative of a molecular association similar to
compound IV. Compound VI shows a more complex behavior. At
10Hz, weak periodic reflections are not present and alignment was
perpendicular to the applied electric field throughout the nematic and
smectic regions. This was unexpected given the similarities of the
biphenyl-ester mesogens. At 10000 Hz, strong alignment is observed
and periodic diffuse reflections persist through the nematic phase. In
addition, a switch in this orientation similar to compound I was present
as shown in Figure 17. Table IT shows a comparison of the orientation
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(c)

FIGURE 17 X-ray CCD images from compound VI showing strong association in the
nematic phase (a); a change in the director orientation while in the nematic phase upon
subsequent cooling by 5°C (b); and strong alignment when cooled into the smectic phase
(c). The samples have been aligned using a frequency of 10000 Hz.

TABLE II Orientation parameters and column (Lgying) and layer (Lps) correlation
lengths (nm) for compounds 1V, V, and VI

10 Hz 10000 Hz
Compound Lyiring Lps Sa Litring Lps
v 14.0 4.3 0.25 8.9 2.8
\Y 7.6 24 0.65 7.8 24
VI not present 4.9 0.71 30.0 9.3

parameters, correlation lengths, and the appearance of periodic
reflections. Although only subtle differences in the molecular architec-
tures are present, large differences in their packing parameters exist. No
apparent correlation among the three values is observed.
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These examples show the importance of using synchrotron radiation
to obtain structural information necessary in the design of new
molecules. In this section, although very similar structures are shown
and all can be aligned and orientation parameters obtained, large
differences in the packing are demonstrated. Slight differences in
molecular architecture have been shown to greatly affect not only the
alignment characteristics but also the degree of molecular associa-
tion which can be present at different levels. By examining molecular
structures using synchrotron radiation, better design of molecules with
desired architectures can be conceived. The real-time measurement
characteristic allows one to observe how different processing condi-
tions change the local environment. Also obtained is information about
the evolution of the structure under various constraints. We have
seen that by adjusting the frequency of an applied electric field, one
may address frequency dependent dielectric anisotropies that exist
within a liquid crystalline material and thereby produce mesomorphic
melts with very different levels of order. Such observations can now be
made using X-ray scattering to directly observe the structures involved
during molecular rearrangements. While this frequency dependence has
been the basis of much of the technology surrounding MLCs, it is hoped
that it will prove useful in the development of new technologies using
PLCs as well.

5.3. Comb PLCs

Solutions to technical problems and an understanding of the way in
which the complex microstructures of PLCs evolve depend on an
understanding of dynamics in the mesophase and at phase transitions.
These studies of liquid crystalline materials are therefore of great
theoretical and experimental relevance [106]. However, whereas much
work has been done on the thermodynamics of such phase transitions,
very little is known of their kinetic features. From a scientific point of
view, the dynamics of thermotropic polymers provide largely unex-
plored and technologically relevant territory for polymer physics. The
use of synchrotron X-ray radiation makes time-resolved diffraction
measurements possible, thus allowing for the analysis of either struc-
tural variations as the sample undergoes a phase transition or short-
lived transient states, in contrast to conventional static diffraction
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technigues. A system of poly(malonates) discussed here is known to
have a rather flexible backbone leading to crystalline or semi-
crystalline polymers upon cooling to room-temperature. The structure
of the side-group poly(malonates) studied here is shown in Figure 18.
From a homologous series with spacers from 3 to 12 methylene
groups, only three members will be presented which show unusual
crystallization behavior when cooled down in an electric field of about
1-2V/um. Previous studies on these polymers showed very good
alignment in a magnetic field or by drawing fibers [107]. X-ray in-
vestigations were done with conventional X-ray sources and exposure
times of 2 days were common so that a thorough study of the crys-
tallization process was impossible. X-ray patterns of the smectic and
crystalline phases suggested a common picture of crystallization from
a LC to a solid phase where smectic layer spacings decrease due to a
reduction of thermal fluctuations and where growth of the third
dimension within the packing can be seen by an increase of the number
of reflections.

Compound VII was melted into the isotropic phase between the
electrodes and cooled down into the smectic A phase at 80°C. This
polymer also exhibits a narrow nematic phase on cooling in the tem-
perature range from 105 to 103°C. The X-ray pattern from the smectic
mesophase is shown in Figure 19a at 80°C. There are several dipoles
present in the structure of this class of materials. The strongest dipole
is the cyano group attached as the end function of the last phenyl ring.
Based on many experiments performed by us over the years using field
strengths of approximately 1V/um, it was doubtful whether these
linear polymers with polar end groups attached to the side-groups

VII (n=12): k 60 S A 1030105 i IX (n=8): k37SA 85n97i
VI (n=7): g43S A 107n 1281

FIGURE 18 Structure and transition temperatures for three poly(malonates) investi-
gated. Compound Vil hasn = 12, compound VIII hasn = 7,and compound IX hasn = 8.
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FIGURE 19 X-ray patterns of compound VII at (a) 80°C, (b) 60°C, (c) 50°C, and (d)
35°C. Meridional line scans of as a function of temperature throughout the mesophase
are shown in (e).
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would show any appreciable alignment. As observed however, strong
alignment was induced parallel to the field direction. A change in
frequency from 0.01 to 10,000 Hz did not change the X-ray pattern
and the alignment of the director was in all cases parallel to the electric
field. In the applied frequency window the strong dipole along the
molecular axis dominates the orientation of the molecules and a
coupling of the AC field with the perpendicular dipole was not
observed. A closer look at the X-ray pattern of the nematic phase not
shown here shows two orders of diffuse scattering maxima along the
meridian. These diffuse reflections are due to intramolecular associa-
tion prevalent in many PLC systems [89]. The d-spacing of the maxima
do not correspond to the length of a side-group which is expected for
such a polar molecule. Overlap of the mesogens driven by the strong
dipole-dipole interactions in the nematic phase leads to d-spacings
approximately 1.5 to 1.7 times higher than calculated from molecular
models.

Further cooling into the smectic A phase leads to the X-ray pattern
shown in Figure 19a. Although the formation of smectic layers leads
to two strong and sharp Bragg reflections with d-spacings of 5.0 nm
and 2.5nm for the first and second order, the diffuse scattering
maxima coexist. Upon crystallization at 60°C a very unusual behavior
is obtained reflected in the disappearance of the sharp, strong layer
reflections as shown in Figures 19 b, ¢, d. This disappearance occurs
simultaneously with the emergence of a set of higher order reflections
of a semi-crystalline phase. This can be better seen in Figure 19e
where line scans through the meridian are plotted versus intensity and
temperature. Another feature of the three dimensional packing is the
appearance of row-lines along the meridian, parallel to the electric
field. The first row-line in 19¢ has a d-spacing of 2.3 nm. This row-line
could not be observed by static X-ray investigations. Figure 19d
shows two of these row-lines with the second occuring at a spacing of
1.15nm. When the sample is cooled to room temperature and
annealed the pattern in Figure 19d indicates the row-line at 2.3nm
has disappeared while the one at 1.15nm has nicely developed. The
layer reflections which first disappeared at 65°C reappear with much
lower intensity (Fig. 19¢). This change must be the result of a dramatic
symmetry change upon crystallization which confounds the common
picture of crystallization from a LC to a solid phase. The conventional
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view of the direct build-up of a third dimension of order is not supported
by these results. Without synchrotron access, only patterns 19a and
19d were obtainable. These patterns suggest a simple phase change,
whereas the intermediate images obtained using the synchrotron
indicate this is not the case. Crystallization of the backbone could be
a possible explanation but more detailed experiments with labeled
compounds have to be carried out to clarify this. If this process is fast
the side-groups in a smectic arrangement cannot follow the rearrange-
ment and locking in of the poly(malonate) backbone occurs. The
symmetry is disrupted, as a first consequence, leading to the disap-
pearance of the sharp Bragg spots. Upon subsequent annealing the
interaction between side-groups dominates and the symmetry is rebuilt.
A calculation of the correlation length using the Scherrer equation
leads to a 3 to 4 times lower value for the crystalline phase (50.0 nm for
the S, phase and 15.0nm for the crystalline phase). This is due to a
breakdown of the smectic domains into smaller crystallites.

Although the crystallization is a fast process for this polymer, the
orientation is retained in the crystalline phase. With d-spacing and
intensity data from more than 30 reflections it was possible to calculate
a unit cell and the positions of side-groups within the packing. Single
crystal data from low molecular weight malonates with the same side-
groups were used as model compounds to develop the packing of the
polymer [108].

X-ray patterns of a poly(malonate) with a shorter spacer n = 7,
compound VIII are shown in Figure 20(a—c). At 125°C upon cooling,
the nematic phase is reached as shown in Figure 20a. Further cooling
into the smectic A phase leads to Figure 20b with a strong third order
reflection from the smectic layers with a spacing of 3.0nm. Upon
crystallization, a split of the first and second order occurs. The third
order reflection is not affected by this split. The first order of the
original S4-phase is still present along with the split reflections. The
sharp well-defined reflections are accompanied by diffuse scattering
maxima at higher scattering angles near the wide angle crescents. It
can be concluded that an additional sub-structure is present which is
due to weaker correlated undulations of the layers as also seen for
other side-group polymers [89]. A three-fold symmetry is manifested in
the strong third order reflection while the first two orders are split in
the final semi-crystalline phase. A calculation of the unit cell from 12
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FIGURE 20 X-ray patterns of aligned compound VIII (a) in the nematic phase at
125°C, (b) in the smectic phase at 105°C, and (c) in the crystalline phase at 50°C.

reflections leads to a = 3.621, b = 0.427, ¢ = 3.055nm and G = 95.6°.
A three-fold symmetry can be constructed by a translation of meso-
gens of a third of 3.0 nm along ¢. With a repeating unit for the backbone
of 1.2 nm, three of these steps build a package and define the g-dimension
of 3.6 nm. The third dimension is not well defined and only local order
is present as established in the diffuse wide angle crescent. A schematic
of this packing is shown in Figure 21.

The third poly(malonate), compound IX, has a biphenyl group as a
mesogenic core and an 8 carbon spacer. A nematic phase with two
weak scattering maxima along the electric field as shown in Figure 22
(a—d) is observed initially at 90°C. Cooling into the smectic phase at
68°C leads to an increase of the intensity of these maxima as shown in
Figure 22b. Very strong narrow Bragg spots are present with very
strong first and weak second order reflections with a smectic layer
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FIGURE 21 Schematic of packing for compound VIII in the semi-crystalline phase.

dimension of 4.2 nm which corresponds to 1.5 times the value of the
side-group length (2.7 nm including backbone). When cooling to 50°C,
a diffuse third order grows in. Further cooling to 35°C leads to the
image shown in Figure 22d. Up to 10 orders to layer reflections can be
seen. A split of about 15° indicates a tilt of the mesogens within the
layers. The diffuse scattering maxima are still present and also exhibit
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© (d)

FIGURE 22 X-ray patterns of aligned compound IX (a) in the nematic phase at 90°C,
(b) in the smectic phase at 68°C, (¢) in the smectic phase at 50°C, (d) in the crystalline
phase at 35°C.

a split off the meridian. The splitting angle is larger than 15° and
implies two different structures exist at this temperature. A drawn fiber
or a powder sample cooled down from the LC phase to room
temperature immediately leads to a split of the wide angle reflections
after short annealing times. Under the applied electric field, crystal-
lization is hindered and no split into several reflections can be seen
even after annealing at 45°C.

For all three compounds, quantitative information regarding the
microstructural packing can be obtained. A plot of the orientation
parameter versus temperature for compound VIII is shown in Figure 23.
Similar trends were observed for the other compounds. The orienta-
tion parameter increases up to a value of about S; = 0.8 which is com-
mon for smectic polymers. The d-spacing of the wide angle reflection
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FIGURE 23 Changes of orientation parameter and d-spacing upon cooling for
compound VIIL.

decreases as expected. The correlation length of smectic domains for the
polymers is about 50.0—60.0 nm.

The results of electric field aligned comb PLCs studied with the high
flux synchrotron X-ray radiation demonstrate that this technique
serves as an excellent method to get better insight into the kinetics and
dynamics of crystallization processes and short-lived transient states.
Not only can one dimensional data be followed as a function of time
and temperature, but two dimensional fiber patterns of highly oriented
polymers necessary for unit cell calculations can be obtained in time-
and temperature resolved form.

5.4. Network PLCs

Recently there has been significant interest in polymer networks and
thermosets for several applications. Network PLCs combine high
dimensional stability and mechanical orientability typical of polymer
networks with the unique anisotropic behavior of liquid crystals [109].
With this respect, great attention is presently being addressed to the
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synthesis of highly crosslinked networks as both materials for
nonlinear optics and electronic packaging and as structural matrix
materials for advanced composites [110-115]. For these highly de-
manding applications, it is essential to develop polymeric materials
with optimized structures and precisely controlled architectures. Our
research on network PLCs has recently focused on mesophase-forming
dicyanate and epoxy esters which can be cured into LC triazine or
epoxy networks [111,116,117]. The ability of liquid crystals to self
order into supramolecular structures capable of being macroscopically
oriented by external electric and magnetic fields is transferred to these
thermoset systems.

Our goal in this study was to create a molecular system where one
could not only align the components in external fields but also
selectively control and lock-in the direction of alignment by network
formation. Materials treated in this way would possess physical and
chemical properties that are very different along each orientation and
one could conceive of using photochemistry to form films with order
and orientation set in specified regions. By establishing orientation for
the dicyanates in a controlled fashion, the properties of such a film can
be varied on demand prior to crosslinking using only one chemical
precursor to form new materials with tunable transport, optical and
mechanical properties. These properties are retained even at high
temperatures due to the nature of the network [118].

The chemical structure and thermal transitions of the compounds
discussed in this section are shown in Figure 24. Dicyanate compounds
X and XI cure to a network after melting into the isotropic or liquid
crystalline phase. As shown, crosslinking XIa yields network XIb.
Diamines are used for crosslinking the epoxy compounds XII and XIII.

The stepwise curing of dicyanate oligomers into high molar mass
polymers has been carefully monitored by time-resolved FTIR measure-
ments to get details of the temperature/time dependence and kinetics
of the crosslinking reaction. With additional DSC experiments an opti-
mal curing temperature of 190°C was obtained for time-resolved X-ray
investigations. These systems were designed to possess a low crossover
frequency as discussed earlier. Fields of 1—2 V/um were applied and the
frequency again varied from 1 Hz to 10,000 Hz.

The curing reaction reaches a gelation point in about one hour for
compound X and within this time range it is possible to switch the
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FIGURE 24 Dicyanate with terephthalic acid ester unit-compound X; dicyanate with
cyclohexyl unit-compound Xla; triazine network formed by heat treatment of Xla-
compound XIb; and epoxy ester with twin structures (compounds X1II and XIII) and
diamines used for crosslinking.

orientation back and forth by changing the frequency. The prerequisite
for such behavior is the ester group present in the molecules similar to
compounds IV - VI discussed earlier. Thus, it is possible to selectively
control the ending orientation frozen into the completely cured system.
Since the curing reaction for compound XIa with the flexible cyclohexyi-
group in the mesogenic core is much faster than compound X, the
resulting alignment is poor and the orientation is locked in within 2 min.
It is also possible to change the final orientation by starting the reaction
with either a high or low frequency. A switching of the nematic director
cannot be induced during the curing reaction. A preset frequency has to
be chosen to set either a parallel or perpendicular orientation of
molecules to the electric field. Analysis of the time dependent images
leads to the results shown in Figure 25 for compound X. The dual
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FIGURE 25 The results of a time-resolved experiment for compound X held iso-
thermaily at 190°C. The orientation parameter (a) frequency, (b) and wide angle d-spacing
(c) as a function of time.
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frequency addressing property is shown by the change in the sign of
the orientation parameter when frequency is changed for 10Hz to
10,000 Hz. Figure 25a shows the orientation parameter calculated from
azimuthal scans through the wide angle reflection. For better com-
parison, perpendicular alignment has been calculated with a new re-
ference direction 90° to the applied field and the value obtained has been
given a negative sign. Figures 25b, ¢ show applied frequency and
changing d-spacing respectively for the curing thermoset. After an in-
duction period of about 500sec, the curing material orients in the
applied electric field and the orientation parameter increases gradually
with time (Fig. 25a). A change in frequency to 10,000 Hz at about 1000
sec induces a flip in orientation evident in the negative value for the
orientation parameter. A switch back to 10 Hz leads to reorientationtoa
positive value. After this time an increase of the applied frequency to
higher values (25b) starting at 1200s does not change the nematic
director and the orientation of the sample is finally locked in. A stepwise
change in frequency to 10,000 Hz does not change the orientation. The d-
spacing of the wide-angle reflection decreases as the curing reaction
proceeds from a value of 0.53 to 0.50 nm indicating densification of
the network during crosslinking which is independent of orientation.
Longer curing times lead to an increase in density of crosslink sites and
above the gelation point a reorientation is not possible anymore.

The schematic drawing of Figure 26a summarizes these results and
also shows the X-ray patterns of networks for the compounds shown
in Figure 24a, b after curing at 10 Hz (Fig. 26b) and 10kHz (Fig. 24)
and 10kHz (Fig. 26¢) electric fields. From these observations, orienta-
tion parameters were calculated. The calculations were carried out with
the appropriate corrections for uniaxial oriented fibers after back-
ground correction. The d-spacings calculated from the wide angle re-
flections for compound X was 0.52nm and 0.48 nm for compound
XI. It can be concluded that the orientation of compound X is
superior to that of the more flexible and faster curing cyanate, com-
pound XI. The calculated orientation parameter of 0.6 for cured com-
pound X is comparable to that typically obtained for oriented nematic
phases while compound XI exhibits a relatively low value of 0.35.
However, the radial width of the WAXD reflection is narrower for
compound XI. This information is important as the radial width of a
reflection offers information about the domain size of the nematic
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FIGURE 26 Schematic of orientation (a) of the molecules for both dicyanate com-
pounds (X and XI) aligned at 10 Hz (b) and 10,000 Hz (c).

phase of a polymer. Although the orientation for compound XI is
weaker, its resulting domain size is larger. Once orientation is
achieved, network formation locks in this arrangement and holds it
well above the glass transition temperature of the networks.

A different behavior is observed from the E-field alignment of the
twin epoxy thermosets, compounds XII and XIII. No dual frequency
behavior in the frequency window studied was detected for either the
monomers or the networks. The epoxy monomers were easily oriented
by the electric field at both 10 Hz and 10 kHz. Both monomers exhibit
only a nematic phase with the nematic director along the applied field
direction. Curing with diamines SAA and DDM shown in Figure 22
leads to the formation of smectic phases [116]. These cured thermosets
show orientation of the mesogens perpendicular to the applied field
direction, which is the opposite behavior as observed for the monomers.
Figure 27 shows the curing of compound XII with diamine SAA aligned
at 10,000 Hz. The strong tendency of this system to form smectic phases
can be seen from the rapid growth of the small angle reflection. The
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4. 4nm

FIGURE 27 Time-resolved increase of smectic domains for compound XII cured with
SAA at 175°C.

epoxy monomer XII cured with diamine DMM exhibits similar
behavior. Although the director of the LC phase of this thermosetting
system cannot be changed by frequency, the addition of diamines as
curing agents leads to a perpendicular alignment of the final networks
suggesting a considerable difference in the curing of twin LC network
compounds in an electric field.

In summary, two systems of thermosets have been successfully
investigated at the synchrotron. A dicyanate system is able to crosslink
without additional agents, just by heating into the isotropic or liquid
crystalline melt. Due to the presence of the proper ester group and an
isomeric mixture a dual frequency behavior was observed in the
experimental limit of our setup. The curing reaction enabled us to “lock™
in the desired orientation by aligning with the proper frequency. This
orientation is stable indefinetely at temperatures below the onset of
decomposition. A different thermoset system based on epoxy monomers
cured with aromatic diamines with a twin-mesogenic structure showed a
strong tendency to form smectic ordering. Although ester groups are
present in this case, no switch in orientation was observed, although an
important effect of the electric field was demonstrated. Whereas epoxy
monomers show a homeotropic alignment, networks formed from these
compounds show planar orientation. The complex curing chemistry of
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this system leads to a very different behavior compared to the dicyanates.
Thus, the synchrotron serves as a valuable tool to monitor structural
changes induced by changes in molecular structure. The ability to
monitor in real-time the dynamics of the curing and alignment simul-
taneously allows for a much better understanding of changes taking
place.

6. FUTURE PERSPECTIVES

This article has sought to demonstrate the methodology this technique
promises for the fundamental investigation of the static and dynamic
orientation and alignment behavior of MLCs and PLCs under applied
fields. The effects of electric fields on LC organization and the switch-
ing behavior of these materials are not fully clear from the molecular
organizational perspective. The effects of ion flow as well as subtleties
in dielectric properties have yet to be explored. The prospects are good
for additional fundamental information about liquid crystals to be
obtained from such studies.

An area for productive exploration is the use of X-ray surface
techniques to probe the organization of the surface region of LC
materials under an applied electric field. It has already been estab-
lished that the effect of surfaces on LC self-assembly is quite pro-
nounced. Studies have in fact shown that low order LC materials
exhibit induced smectic-like order at the air-LC surface. X-ray surface
techniques using a high flux source can readily examine such behavior
and indicate the extent of organization as well as orientation at the
surface in real-time. Labelling of terminal chemical moities will pro-
vide insight into dynamics. Another area which has been briefly re-
viewed in this review is the real-time monitoring of chemical reactions
within LC architectures. It should be appreciated that we are in fact
following molecular level changes caused by polymerization and the
induction of liquid crystallinity. Real-time X-ray diffraction provides a
unique opportunity to examine these chemical changes and may in fact
offer a means of probing aspects of chemistry not readily studied by
other techniques.

Perhaps the most exciting prospect for time resolved X-ray
diffraction will be its combination with other in-situ techniques.
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Already both DSC and FTIR have been paired with synchrotron
diffraction in non-liquid crystalline systems. These techniques have
enabled the crystallization processes to be studied in great detail. By
coupling these techniques to X-ray diffraction it is possible to obtain
detailed molecular level information while at the same time examining
a more macroscopic response. In the case of liquid crystals, techniques
for probing alignment and LC order are of interest. In addition, the
study of photochemical reactions and optical response are also of
potential use. Since light can induce chemical reactions, the study of
photocuring and network formation is an area of potential investiga-
tion. Already we have seen that changes in molecular organization
can be monitored during the curing of LC thermosets. Coupled with
photochemistry, we can examine the effect these changes have on
structure. In the area of polymer dispersed LC displays both changes
to molecular organization during formation of the dispersed phase can
be monitored and at the same time via SAXS we can observe the phase
separation process. As a final example, simultaneous corona poling
and subsequent optical measurements and time-resolved diffraction
should faciliate the coupling of molecular level changes to macroscopic
optical properties.

From the experimental viewpoint, the fields of real time and in situ
synchrotron studies are in a revolution. The old detectors (film, video
cameras, proportional counters) are still widely used, but are rapidly
being displaced by image plates [119] and CCD detectors, which offer
tremendous advantages in rapid acquisition of digital 2-D data and of
dynamic range. But even these detectors are likely to be soon repiaced
by direct signal, rapid readout CCD’s and the avalanch photo diode
detectors [120]. The construction of third generation synchrotron
sources, such as the Advanced Photon Source at Argonne National
Lab and the European Synchrotron Radiation Facility at Grenoble
has driven a new generation of detector development, and commercial
implementation of these systems cannot be far behind.

As the detector speed and dynamic range have increased, so has
the brightness of the synchrotron sources, and the APS will soon be
the brightest in the world [121]. With increased flux available at
useful diffraction wavelengths (0.5 < 1 < 2.0 A), the size of the sam-
ple irradiated can be considerably reduced. With techniques such as
tapered lead glass capillaries, a volume of diffracting material as small
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as 5x 1073 um® can be targeted, as was demonstrated for diffraction
from a thin single crystal of gold [122] or from a single synthetic or
natural fiber [123, 124]. Diffraction from a small region of a single
polymer crystal is certainly feasible, and one can predict an experiment
seeking to obtain a diffraction pattern from a single domain or even a
single defect in a self-supported LC film (e.g., thickness 1 mm, area
(5pm)?, or from a total volume of 25 pm?).

Time resolution is certainly possible to the nanosecond regime by
timing the exposure to coincide with the arrival of X-rays from a single
bunch of electrons (or positrons) traveling around the ring, e.g.,
at CHESS, there are seven bunches per fill, traveling around the ring
with a cycle time of 2.5ms, with a bunch length of 160 ps. Some
synchrotrons can be operated in single bunch mode with high purity,
making possible experiments in stroboscopic topology and nuclear
diffraction. Feasibility has been demonstrated for ‘“‘single shot™ pro-
tein Laue patterns [125). Other techniques are available for even faster
time resolution, including pulsed X-ray systems with picosecond
resolution [126]. New methods continue to be developed, including a
recent prediction of the ability to modulate a beam with a crystal
modulated by a standing acoustic wave, where the frequency of the
modulated intensity of the diffracted beam from the crystal is many
times faster than the acoustic frequency, i.e., for 100 MHz acoustic
freq, a 100-fold modulated intensity will occur at 50—-100 ps! [127].
This type of high speed X-ray modulation will allow, in principle, the
measurement of changes in structure in excited states, as was
demonstrated in a static experiment only with great difficulty [128].
The coupling of additional applied fields to a system under study
opens us considerably new territory for exploration, since one can now
feasibly combine X-rays, light (including pulsed laser beams), chemical
reactions, optical spectroscopy, calorimetry, mechanical deformation,
rheology, and electric and magnetic fields in the same experiment.

The final requirement is the precise control of the sample illu-
mination location. Recently, controlled micromanipulation of samples
has been elegantly demonstrated for the case of thin spherulitic
polymer films, where a 15 by 15 array of WAXS images was taken
from an area of the center of a spherulite approximately 150 um by
150 um using a beam diameter of about 10 um. The experiment gen-
erated 225 patterns recorded in about ls each, resulting in a graphic
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display of the center of a spherulite’s orientation distribution, which
graced the cover of the Journal of Synchrotron Radiation, 1 November
1995 [129]. Also demonstrated was software capable of analyzing
orientation functions and degree of crystallinity from sequential pat-
terns, a capability absolutely essential to further (nonmanual) analysis
of e.g., 10,000 patterns from a 1 x 1 mm sized specimen.

The infrastructure is now available to exploit these burgeoning
technologies, and the problems in liquid crystal physics and chemistry
are certainly worthy of the effort. All that remains is to formulate ex-
periments commensurate with these advances, and to expend the time
and money to do it.

Author’s Note

This article was written as a book chapter and submitted to the
respective editors in the middle of 1996. Due to conditions out of the
editors and authors control, the article published here is the same as
was submitted previously. No opportunity to make references or
experiments current was offered or subsequently attempted. The world
of synchrotron radiation and its use to monitor dynamic behavior has
continued to evolve and advance at a rising pace over the last 3+
years. Elegant real-time experiments in the field of polymers and liquid
crystals have been reported in the literature and we apologize to all
whose work has not been referenced in this work. At the original time
of submission, the contents of this article, both the experimental
results and references, were both current and state-of-the-art.
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