This article was downloaded by: [University of California, San Diego]

On: 21 August 2012, At: 11:58

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office:
Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals

—— Publication details, including instructions for authors and subscription
information:
http://www.tandfonline.com/loi/gmcl19

A Liquid Crystal Based Polymer for

Applications in MMW Modulation Devices

K. C. Lim?, J.D. Margerum #, A. M. Lackner ? , E. Sherman ? , M.-S. Ho
 B.M. Fung®, W. B. Genetti ® & B. P. Grady °

 Hughes Research Laboratories, Malibu, CA, 90265

b Department of Chemistry, University of Oklahoma, Norman, OK, 73019

¢ School of Chemical Engineering and Material Science University of
Oklahoma, Norman, OK, 73019

Version of record first published: 04 Oct 2006

To cite this article: K. C. Lim, J. D. Margerum, A. M. Lackner, E. Sherman, M.-S. Ho, B. M. Fung, W. B.
Genetti & B. P. Grady (1997): A Liquid Crystal Based Polymer for Applications in MMW Modulation Devices,
Molecular Crystals and Liquid Crystals Science and Technology. Section A. Molecular Crystals and Liquid
Crystals, 302:1, 187-197

To link to this article: http://dx.doi.org/10.1080/10587259708041828

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial
or systematic reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that
the contents will be complete or accurate or up to date. The accuracy of any instructions,
formulae, and drug doses should be independently verified with primary sources. The
publisher shall not be liable for any loss, actions, claims, proceedings, demand, or costs or
damages whatsoever or howsoever caused arising directly or indirectly in connection with or
arising out of the use of this material.



http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259708041828
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of California, San Diego] at 11:58 21 August 2012

Mol. Cryst. Lig. Cryst.. 1997, Vol. 302, pp. 187-197 © 1997 OPA (Overseas Publishers Association)
Reprints available directly from the publisher Amsterdam B.V. Published in The Netherlands
Photocopying permitied by license only under license by Gordon and Breach Science Publishers

Printed in india

A LIQUID CRYSTAL BASED POLYMER FOR APPLICATIONS
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Abstract A new liquid crystal monomer, the diacrylate of a bis phenyl
diazene, was synthesized. It was polymerized to form both unoriented and
oriented polymer solids -- the latter in the presence of a magnetic field. The
millimeter wave birefringence was measured for a polymeric rod, whose
macroscopic orientation was perpendicular to its long axis, using a waveguide
version of the Mach-Zehnder interferometer, and the measured An was 0.075 at
30 GHz. The mechanical strength of oriented and unoriented polymer plates
was measured. The tensile modulus in the direction parallel to the oriented axis
was 6.8x108 N/m2, which was about 4 times that of the same material without
macroscopic orientation. The torsional rigidity modulus of a thin rod
(orientation perpendicular to its length) was measured to be of the order 107
N/m?. Both the large dielectric anisotropy and high mechanical strength make
the oriented polymer potentially suitable for application in a novel class of
millimeter wave modulation devices.

INTRODUCTION

Many microwave (MW) and millimeter wave (MMW) modulation devices such as phase
shifters and scanning antennas use some form of mechanical articulation motion to
modulate the propagating electromagnetic waves. The mechanical articulation can make
a device quite bulky; as an example, to scan a microwave beam with a parabolic
antenna, the whole antenna is physically rotated to redirect the beam direction. In the
coming decades, as more wireless telecommunications applications are anticipated in the
MW and MMW range, development of compact and simple to operate phase shifters,
antennas, etc. will become more urgent. !

A novel method to reduce the bulk of mechanical modulation devices is to use
electromagnetically anisotropic materials as modulation media; these materials can be
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used in the new class of more compact mechanical modulation devices described in this
paper. In the case of the birefringence materials, the propagating speed depends on the
relative angle between the propagation vector and the optical axis; the propagation speed
can thus be modulated by changing the angle.2 Such birefringent materials (e.g. liquid
crystals) have been used extensively in the visible light range to modulate
electromagnetic waves for displays; however, this simple idea has not been used in the
MW and MMW range extensively, partly because of the dearth of anisotropic solid
materials.

Many polymeric materials are electromagnetically anisotropic but prove to be
difficult to fabricate into large anisotropic volumes uniformly because of difficuity in
controlling the polymer molecular alignments. Although the production of anisotropic
crystals and films on a very small scale (about mm size) through crystallization and
mechanical shear has been successfully reported, most of the present methods have
proven to be difficult to scale up. The inability to produce large uniformly anisotropic
polymeric solids has impeded the development of anisotropic optics in the MW and
MMW range.

‘While liquid crystals have been used extensively as a birefringence modulation
media for visual displays in the visible light range, the possibility of combining the
orientation order of low molar mass liquid crystals with that of high molecular weight
compounds to create new polymer materials for new applications (e.g. processing of
high strength materials, birefringence materials in the MMW range) has led to the
relatively new science of liquid crystal polymers. The liquid crystal can be incorporated
into the polymer in two ways. In the first approach, the mesogenic groups are joined
head-to-tail with suitable spacer groups to form a main-chain liquid crystal polymer.3.4
These materials form basic structural units of systems reproducing high modulus fibers.
The second method is to link the mesogenic groups to an existing polymer backbone to
form a side-chain polymer or comb-like polymeric system.5.6 In the comb-like
polymer, the liquid crystal side chain can be aligned to provide the anisotropy.

The common method for preparing aligned thermotropic liquid crystal polymers
is to create macroscopic ordering in the liquid crystalline phase of the polymer by
applying external force fields such as a surface steric alignment force, an electric field or
a magnetic field. The polymer is then cooled to below the glass transition temperature to
freeze the macroscopic ordering. However, in practice, it is difficult to create very high
ordering for the thermotropic liquid crystal polymers, and also difficult to retain a high
order in the glass state without gradual relaxation and loss of macroscopic ordering,.7-10

A different approach to the preparation of highly ordered polymer materials is in
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situ polymerization of oriented liquid crystal monomers.11-19 By using this approach,
macroscopic ordering and the optical anisotropy of oriented polymeric materials might
be permanently retained after the polymerization. In addition, it is much easier to align
liquid crystal monomers than polymers using external fields. Therefore, this is a
promising approach to produce polymeric materials that require macroscopic ordering.

Liquid crystal monomers containing diacrylates with carboxylate bridges have
been found suitable for in situ polymerization, either thermallyll-15 or
photochemically.16-19 However, they do not have high birefringence in the microwave
region. In order to further increase the birefringence and widen the nematic ranges, we
have synthesized new liquid crystal diacrylates containing diazene bridges.

This report contains a description of the synthesis of these new liquid crystal
monomers, the preparation of oriented polymer by in situ polymerization in the presence
of an external magnetic field, the measurements of their MMW birefringence, and their
mechanical strength, which are important for device applications. The MMW
birefringence of these oriented polymers, placed in a waveguide sample cell, was
measured in a waveguide version of a Mach-Zehnder interferometer. In addition, we
show conceptually that the sample cell can be used as a novel mechanical phase shifter
and can be further modified to a very compact version of a mechanical scanning array
antenna.

EXPERIMENTAL

The diacrylate liquid crystal monomers were synthesized and then thermally
polymerized au naturelle or in the presence of a magnetic field. They were polymerized
in the required shapes to measure their birefringence in a 30 GHz Mach-Zehnder
interferometer, and to measure their mechanical strength. To render the description of
the three experimental tasks clearly, this section is divided into three parts: synthesis; the
measurement of MMW birefringence; and the measurement of the tensile and torsional
stress modulus.

Synthesis of Liquid Crystal Polymers

Three diacrylate liquid crystals with the diazene bridges were synthesized from the
liquid crystal in five main steps. Figure 1 (X = H, F, CH3) shows the schematic steps
of the synthesis, and the details are described elswhere.20 The diacrylate with X = H,
4,4’-(3,3’-dimethylbiphenyl) bis{4-6[(acryloyxy)hexyloxyl-phenyl diazene}, has the
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widest nematic range, and was thus used to prepare the oriented polymers.
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FIGURE 1 Synthetic scheme for the diazene diacrylate monomers.
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An appropriate amount of the monomer was mixed with 2 wt. % of an initiator,
dicumyl peroxide, and dissolved in chloroform. The solvent was evaporated and dried
in a vacuum overnight. The mixture was gradually introduced either into a long
cylindrical sample tube or a rectangular container, with stepwise melting at 100 °C to
avoid air bubbles being trapped in the sample. After the sample container was filled, it
was put inside a magnet and heated up to 110 °C for 30 minutes to ensure macroscopic
alignment. Finally, the sample was polymerized by raising the temperature to 130 °C
for 2 hours. Samples for the microwave experiment were polymerized in the cylindrical
tube which was placed inside a 1.8 tesla electromagnet; its optical axis (along the
magnetic field direction) was parallel to one of its diameters and perpendicular to its
length. Samples for mechanical strength measurements (tensile stress modulus) were
polymerized in a rectangular container placed inside a 7 tesla superconducting magnet;
its optical axis was parallel to the long side of the rectangle. The rectangular shaped
samples were further cut into dogbone shape with the optical axis parallel to the bone
axis, which was the direction of the stress.

MMW Birefringence
A rectangular waveguide version of a Mach-Zehnder interferometer,2! shown
schematically in Figure 2 , was used, for its simplicity and flexibility in accommodating
solid samples, to measure the birefringence. For the most common and simple TE1g
mode of propagation inside a rectangular waveguide, the E-field vectors of the
propagating MMW are well-defined and are perpendicular to both the axis of the
waveguide and the broad sides of the waveguide.22 In our experiment, a MMW beam
in TE1¢ mode, generated by a 30 GHz Gunn oscillator, passed through an isolator and
an attenuator, was divided into two arms through a 10 db directional coupler. One arm
had a variable attenuator while the other had a mechanical 360° phase shifter and a
sample cell. The beam from the two arms were recombined through another 10 db
directional coupler and the resultant field strength measured by a diode detector. The
360° phase shifter and the attenuator were used to match the relative phase and power
between the two branches to obtain a null output from the diode detector. The
sensitivity of the interferometer was about £0.25° of the phase shift.

The rectangular waveguide sample cell was simply a vertical section of the 30
GHz WR28 (intemnal dimension 0.711 x 0.355 cm) waveguide with a teflon insert. The
axis of the insert was hollow with a diameter that was slightly larger than the diameter of
the sample to accommodate snugly the cylindrically shaped polymer sample. The length
of the insert was the same as that of the sample. In this experiment, to accommodate a
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polymer sample of diameter 0.22 cm and length 6.1 cm, the diameter of the center hole
in the insert was 0.23 cm and the length of the insert was 6.1 cm.

attenuator 10 db direction

coupler
' - =
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detectol

sample cell
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oscillator attenuator
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phase shifter

isolator 10 db direction

coupler

FIGURE2 The 30 GHz waveguide Mach-Zehnder interferometer.

To measure the phase shift introduced by a sample, with the sample inside the sample
cell, the phase angles of the two arms were matched by adjusting the 360° phase shifter
and the attenuator until the detecior reading was minimum. The phase angles of a
polymer rod (diameter 0.22 cm, length 6.1 cm) with its orientation directions parallel
and perpendicular to the E-field were measured.

Tensile and Torsional Rigidity Modulus

The tensile properties for both the oriented and unoriented samples were tested using an
Instron type TT-C-L Tensile Tester with a home-built computerized data acquisition
system. Dogbone shaped samples were prepared with a width of 4 millimeters and a
thickness of 1.25 mm. The length of the oriented sample was 17.8 mm, and the
unoriented sample was 20.6 mm long. The samples were uniaxially extended at a rate
of 0.25 mm per minute. Figure 3 shows the experimental stress (kPa) versus
percentage elongation curve for the unoriented sample; the oriented sample showed
similar behavior.
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FIGURE 3  Stress versus strain of the unoriented polymer sample.

The torsion rigidity modulus was measured with a simple home-built apparatus. A
polymer sample, in a long cylindrical shape, was clamped between a fixed clamp at one
end and a rotating clamp with a wheel at the other end. A torque was applied by adding
weight to the wheel, and the corresponding angular deflection of the twist in the sample
was measured from the angular deflection of the wheel. An angular deflection of 1
degree was obtained with an applied torque of 1.08x104 N-m for the polymer sample
(diameter 0.22 cm, and length 4.0 cm); this sample was also used for the MMW
measurements.

RESULTS AND DISCUSSION

Liquid crystal monomers containing diacrylates, commonly with three-ring mesogenic
core and two flexible chains, have been found suitable for in situ polymerization, either
photochemically or thermally.17-19 However, they are not the most ideal candidates for
MMW applications because of limited birefringence and nematic ranges. For the
purpose of in situ thermal polymerization to produce oriented samples, the nematic



Downloaded by [University of California, San Diego] at 11:58 21 August 2012

194/[1182] K.C.LIM et al.

range has to be wide enough to cover the thermal polymerization temperature.
Therefore, we have synthesized three liquid crystal diacrylate monomers containing
diazene bridges, with X = H, X = F, and X = CH3 (Figure 1), and all have wide
nematic range, as shown in Table L.

TABLEI Nematic ranges of the diazene diacrylate monomers.

Liquid crystal Nematic range (°C)
X=H 100- 214
X=F 91-190
X = CH3 90 - 161

Because the compound with X = H has the widest nematic range, it was polymerized
for the MMW and mechanical properties measurements. After the polymerization, the
samples did not retain their liquid crystalline properties, and cannot be regarded as liquid
crystal polymer.

Table II shows the phase angles of the 360° phase shifter in the MMW
interferometer as a function of the parallel and perpendicular orientation of the polymer
sample.

TABLEII  Phase angles for polarized MMW measurements.

Sample orientation Parallel Perpendicular

Phase angle 380° 230°

As a first order estimation, the birefringence An of the material could be calculated from
the equation, 80 = 360°-An-d-C / A, where the relative phase angle shift 66 = 380° -
230° = 150°, the length of the sample d = 6.1 cm, the correction factor C = 0.91 was
determined from calibration with known samples, and the wavelength A5 = 1.00 cm at
30 GHz. The birefringence of the sample was then An = 0.075. Most of the MMW
birefringence of pure liquid crystals measured at 30 GHz was in the range of 0.07 to
0.12; thus the measured birefringence of 0.075 was reasonable considering that the
liquid crystal monomers were polymerized. Since commercial liguid crystals generally
have higher An,23 it is possible that by selecting liquid crystal monomers with higher
birefringence and also by using more refined polymerization techniques, its An could be
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improved. This is desirable as many practical applications such as scanning antennas
require An >0.1.

For application in mechanical modulation devices, such as the mechanical phase
shifter and scanning slot array antennas described below, the polymer needs to have
sufficient mechanical properties to maintain its integrity under mainly rotational stress.
The tensile modulus, elongation at break, and the ultimate strength were determined,
and the results are summarized in Table III.

TABLEIII Mechanical properties of the polymer samples.

Sample Tensile modulus Elongation at break _ Break strength ‘

Oriented 6.8x108 N/m2 21% 6.9x105 N/m2
Unoriented 1.8x108 N/m?2 9.8 % 5.9x106 N/m?2

The measured tensile modulus of the oriented polymer sample was 6.8 x 108 N/m2, and
the modulus of the sample polymerized in the absence of a magnetic field was 1.8x108
N/m?2, which differ by a factor of about four. The much larger tensile modulus of the
oriented sample along its anisotropic direction than the unoriented sample is probably
the result of chain alignment in the former. The anisotropic sample was more brittle
than the unoriented sample, as evidenced by the difference in elongation at break, even
though the break strengths of the two samples were the same within experimental error.

The torsional rigidity modulus was calculated from G = (2 Mg L)/(p R* f),24
where the torque Mg = 1.08x10-4 N-m, length L = 0.04 m, R=0.0011 m, and f = 1
degree; the vaule was then G = 6.7 x 105 N/m#. This is a reasonably high value,
indicating a more than sufficient mechanical robustness for its intended applications.

The birefringence, at An = 0.075, of the above polymer was quite high for a
bulk polymer, indicating that this particular in situ polymerization technique for oriented
polymer sample was effective in preserving liquid crystal orientation order. By
selecting liquid crystal monomers with higher initial birefringence, the polymer
birefringence might be further improved using the same polymerization method. With
improved birefringence, the polymer could be effectively used in a proposed mechanical
phase shifter and a mechanical scanning antenna. Brief descriptions of the conceptual
designs of the modulation devices are as follow.

Mechanical Phase Shifier
The waveguide sample cell that was designed to measure the birefringence can be
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modified to act as a mechanical phase shifter. Our experiment showed that even though
a highly anisotropic birefringence material was used to modulate the propagating MMW
inside the waveguide, the MMW still retained its TE g mode after passing through the
sample cell (or phase shifter) with an effective phase delay 30 determined by25

where n is the effective refractive index of the polymer sample, d is the length of the
polymer sample, Ao is the wavelength of the microwave in free space, and a is the
waveguide broad side dimension. The effective refractive index n is a function of the
angular position of the oriented polymer sample. The phase delay of a propagating
MMW inside the phase shifter can thus be effectively controlled by rotating the
cylindrical birefringence core.

Mechanical Scanning Array Antennas

The sample cell, with its rotating birefringence core, can also be modified into a
mechanical scanning slotted array antenna. By making the waveguide sufficiently long
with matching length of the core, and by cutting an array of slots on the narrow side of
the waveguide,26 it acts as an antenna. Since for such antenna, the beam angular
direction depend on the effective propagating constant of the MMW inside the slotted
waveguide, the beam can be scanned back and forth by rotating the birefringence core.
Because there is no external moving parts, such antenna is extremely compact.

In reporting the above experimental results, only one set of data was presented for each
measurement to simplify the reporting; however, quite a number of samples was
synthesized and measured, and most of the good samples (well aligned) yielded
consistently similar data. Our data show that because of their reasonably high
birefringence (with potential improvement) and mechanical robustness, the oriented
diacrylate polymers are potentially applicable in the new class of compact mechanical
MMW modulation devices.
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