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1.0 INTRODUCTION

For steering laser beams using a nematic liquid crystal (I.C) phase modulator,
the following LC properties are highly desirable: (1) high birefringence (An), (2)
small visco-elastic ceefficient (y1/K11), (3) large dielectric anisotropy (Ae), (4) wide
nematic range, (5) small absorption, and (6) good thermal and photo-stability.

Among these parameters, high An plays the mssi important role. It enables a
large phase shift to be achieved using a thin LC layer, which in turn, results in a
faster response time. High An also leads to a wide scanning angle, and improves
the beam deflection efficiency. Small y1/K ;1 also contributes to fast response tinie.
Large At contributes to lowering the operation voltage, and subsequently reduces
the cost of the associated driving electronics. Wide nematic range is essential i’
the L.C device i1s to be operated or stored in a wide temperature range. Snall
absorption is particularly important for IR application where scme molecular
vib-ational absorption bands exist. A smaller absorpticn implies to a lower optical
loss. Finally, good thermal and photo-stability assures a long device lifetime. For

practical laser beam steering application, the aforementioned properties havz to
be satisfied simultaneously.

Many LCs with high An are often associated with a high viscosity as well. The
LC birefringence is primarily determined by the molecular conjugation length
and the anisotropy of electronic transitions. On the other hand, viscosity is
determined by the activation energy, molecular weight and shape (or moment of
inertia), and temperature. A longer conjugation length leads to a higher An,
however, its moment of inertia also increases resuliing in a higher viscosity.

Thus, a low molecular weight, linearly conjugated LC molecule is preferred from
the high An and low viscosity standpoints.

2.0 NEW LC MATERIALS

During the course of this contract effort, we have discovered three series of
new LC compounds which exhibit both high An and low viscosity. These rew LCs
were synthesized by Prof. L. R. Dalton’'s gioup (a parallel AFOSR contract) at the
University of Southern California. In addition, some new LC samples were
generously donated by Prof. C. S. Hs s group from the National Chiao Tung
University (Taiwan), and by Prof. B. M. Fung's group from the University of
Oklahoma. The three new LC series we studied in this contract are: 1. Diphenyl-
diacetylenes, 2. Tolanes, and 3. LC dyes
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2.1 Diphenyl-diacetylene (PTTP) Series
A general structure of the diphenyl-diacetylene (abbreviated as PTTP; P stands for
a phenyl ring and T for a triple bond) LC is shown as following:

Y

Cnﬂzm_,—@-CEC-CEC—-@—X (I

where X can be an alkyl (CnHam+1) or a p lar group (e.g., CN, F or Cl), and Y can
be an hydrogen (H) or a polar group (F or Cl). About 60 PTTP LC compounds have
been synthesiced and their physical properties evaluated (see publication list #1 to
4 in Sec. §). Some representative homologs are listed in Table 1 for comvarison.

Table 1 Phase transition temperatures (in °C), birefringence
(An), dielectric anisotropy (Ae) and heat fusion enthalpy (AH,

in kcal/mol) of some dialkyl and polar PTTP homologs.

PTTP- Phase Transition An As AH
% K 436 N §7.71 0.35 0.5 247
k<! K 1075 N 13191 6.00
36 K 415 N 9751 291
46 K 249 N 7971 4.84
55 K 860 N 11131 4.60
6CN K(1440) N 1453 1 0.44 17 8.06
6Cl K 1129 1 0.35 6 6.87
4F K 854 N 8771 0.31 5.2 6.00
G6FF K (48.5) I_\I_QS.BI 0.28 7.8 5.95

From Tabie 1, the asymmetric dialkyl PTTPs exhibit a much lower melting point,
wider nematic range and smaller heat fusicn enthalpy than their corresponding
symmetric homologe with the same chain length. For example, the melting point
of PTTP-24 is ~64 degrees lower than that of PTTP-33, anG PTTP-46 is ~40 degrees
lower than PTTP-55. A low melting temperature and small AH are impo.tant for
formulating eutectic mixtures with a low melting point. The PTTP-nm homologs
are excellent host candidates for forming eutectic mixtures except that their
dielectric anisotropy is small (Ae~0.8). Therefere, for practical applications some
polar dopants have to be added in order to enhance the dielectric anisotropy:.




Threc types of polar groups have been investigated: cyano (CN), fluoro (F) and
chloro (C1). From Table 1, the CN group indeed greatly enhances the dielectric
anisotropy due to its large dipole moment. However, the melting temperature of
PTTP-6CN is too high, nematic range too narrow and AH too iarge so that its
solubility to the host maternal is quite limited. By conirasi, PTTF-6Cl exhibits no
mesogenic phase at all. The fluorinated PTTPs have a slightly lower
birefringence than PTTP-nm owing to the strong electro-negativity of the fluoro
group. The electronic resonance wavelength of the fluoro compound is shorter
than its corresponding diclkyl homoiog resulting in a lower birefringence.

The PTTP-nF homologs exhibit a modest dielectric anisotropy, low viscosity
and low absorption at the vicinity of 10.6 p1a so that th'y are useful compounds for
CO2 laser beam steering application (see publication list #1). However, their
nematic range is somewhat too narrow. We have formulated a ternary mixture
consisting of 17 wt% PTTP-2F, 47 wt% PTTP-4F, and 36 wt% PTTP-8F. The
threshold voltage of this ternary mixture was measured to be 1.3 V,,s. However,
its nematic range 1s from 55 to 81.7 °C which is too narrow for many applcations.
Thus, some asymmetric PTTP-nm homologs are still needed in order to lower \he
melting temperature to below -20°C.

22 Tolanes

Some fluoro and difluoro tolanes were synthesized (by Prof. Hsu's grcup) and
their physical properties evaluated. Their phase transition tcmperature,
dielectric and optical properties aire described in the following sections.

22.1 Fluoro Naphthylene Tolanes

X
€ K200
et czc—@»r (1)

where X=H or F, and their associated compounds arc abbreviated as NTP-nQF,
and NTP-nOFF, respectively. Table 2 shows some physical properiies of these
compounds. Owing to the shorter conjugation length and increased lateral
molecular width of the naphthylene ring, the An and Ae of these compounds are
all smaller than the diphenyl-diacetylene compounds listed in Table 1. In
addition, the melting point of these naphthylenic tolanes is rather high and




nematic range is narrow so that they are not so attractive as PTTP-nF homologs
for practicai applications.

Table 2 Phase transition temperatures (in °C), An (at 23°C, A=589 nm), At

(23°C, 1 kHKz cine waves) and AH (in kcal/mol} of the fluoro-naphthylene
tolanes. Here K, N and I stand for crystalline, nematic and i1sotropic
phase, respactively. () means monotropic transition.

LCs Phase Transition (°C) An A€ AH
NTP-30F K 1220 N 1295 1 6.66
NTP-40F K 110.7 N 1340 ! 6.66
NTP-50F K 1049 N 1230 I 5.05
NTP-60F K 972 N 12431 024 5.47 5.50
NTF-80F K 958 N 11751 £.92
NTP-30FF K 11791 7.21
NTP-40FF K@®99N 9201 6.10
NTP-50FF K 745 N 8541 4.29
NTP-60FF K 731 N 8821 0.21 9.19 443

_NTP-80FF K (738) N 872 1 9.54

222 Fluorinated Cyclohexane Tolanes
To widen nematic range while preserving a large Ac, fluorinated cyclohexane
tolanes have been consigered. Their structure is shown as following:

CaHana~ )—L )-C=C—L)-F (CPTP-n0OF) (111)

The phase transition temperature, An, Ae and AH of the CPTP-nF . _.npounds are
listed in Tabie 3. From Table {, the short-chain homolog CPTP-2F shows a wide
rematic range, a modest An and a very small AH. The dielectric anisotropy of
these fluoro tolanes is about 4. Moreover, these tolanes possess a relatively low
viscositv. These compounds are excellent candidates for forming eutectic
mixtures for the popular liquid crystal display device called super twist nematic
(STN) displays where the required An is in the 0.15 to 0.20 range.



Table 3 Phuvsical propertics of the CPTP-nF homologs.

LCs Phase Transition {°C) An At AH
CPTP-2F K 817 N 162.2 1 3.64
CPTP-3F K978 N 19181 439
CPTP4F K 825 S5g 96.2 N 1839 1 4.12
CPTP-5F K 858 S 918 N 1875 1 5.30
CPTP-6F K 745 Sp 976 N 18051 6.17 4.06 6.34

__CPTP-7F__ K 62.2 S5 894 N 185.7 1 69

2.2.3 Difiuoro Cyclohexane Tolanes
To further enhance Ae, some difluoro cyclohexane tolanes are corsidered:

F
c_.,Hgm._—(}—@-csc-(\iS-F (CETP-nFF) (1V)

Results are listed inn Table 4. Generally spzaking, the difluoro tolane shcws a
lower melting temperature, lower An but higher Ac than the corresponding mono-

fluoro tolane. From Table 4, a longer chain length does not necessarily lead to a
lower melting temperature. For example, CPTP-2FF shows a relatively low
melting point., wide nematic range, small AH and the lowest viscosity among its
homologs. Thus, CPTP-2FF is the most attractive canaidate in this series.

Table 4 Physical propeities of the CPTP-nFF homologs.

LCs Phase Traasition (°C) An A€
CPTP-2FF K 638 N 120.2
CPTP-3rF K914 N 1457
CPTP-4FF K 734 N 144.1
CPTP-5FF K 81.2 N 155.0
CPTP-6FF K 65.6 N 141.5
fJPTP-7FF X 54.6 N 1475

'h—(b—(l—-ﬁb—!»-ih—(




23 Liquid Crystal Dyes

In collaboration with Prof. B. M. Fung of the QOklahoma University, we have
discovered a series of dyes which exhibit mesogenic phases. These LC dyes
possess a relatively low heat fusion enthalpy, low melting point and low viscosity.
Thus, their solubility to most LC hosis is excellent. Tre dielectric anisotropy of
these LC dyes is huge (Ae~40) due to the presence of a strong on-axis dipole
mcment. Adding a few percent c¢f such dye into a 1.C host greatly enhances the
An, and lowers the threshold voltage of the mixture. However, the viscosity of the
LC-dye system also increases in proportion 1o the dye concentration.

The structure of the new LC dyes we studied is shown Lelow.

R
\
C“HZ“*‘—N-O_N\\N-@—N% W)

Here R= H or CH3, and n is the number of the carbor atoms. Table 5 shows the
phase transition temperatures of the nitro-azs-benzene dyes we obtained. From
Table 5, we see that several dyes exhibit a mescgenic phase. In particular, the C-5
dye (with R=H and n=5) shows a melting point of about 85°C and a relatively small
AH. Thus, its solubility to mest commercially available LC host mixtures would
be very good. In a solubility test, we found that the C-5 d e is soluble to E -7 (Merck)
LC mixture as high as 30% which is about tea times higher than a typical
commercial dye. For a longer side chain length (larger n), smectic-A phase
appears. However, the melting point does not drop toe noticeably.

It is surprising to note that by simply replacing R with a methy! group. the
mesogenic phase ne lenger exists (c.f. last 3 rows in Table 5). Moreover, the
melting point increases by about 20 degrees as compared to their corresponding
compounds with R=H. The detailed physical inechanisms responsible for the
observed phase transition are not yet clear. However, the results listed in Table 5
imply that the hydrogen bonding between these molecules iacreases the short
range interactions at the liquid state. As a result, mesogenic phase appears.
Although the dyes with R=CHj3 exhinit no mesogenic phase. they can still be used
as dopants for enhancing the Ae, except for a lower concentration.

(7]
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Table 5 Phase transition temperatures (in °C) and heat fusion
enthalpy (AH irn kcal/mol) of the nitro-azo-benzene dyes. Here K,
Sa, N and 1 stand for crystalline, smectic-A, nematic and
isotropic phase, respectively. () means monotrepic transition.

R n Pbase transitions AB
H 4 K109.1 1 6.55
H 5 K (755 N 846 1 5.79
H 6 K857 N 862 1 7.82
H 7 K (69.7) Sa (794) N 86.1 1 7.32
H 8 K (682 Sa 819 N 854 1 8.10
H Yy K760 Sp 8.6 N 891 9.44
H 10 K843 Sa 850 1 9.69
H 11 K 90.7 Sp 933 1 10.10
H 12 K 1011 1 11.39
H 14 K (83.3) Sy 988 1 15.30
CHj3 9 K 1021 1 540
CH3 6 K 1190 1T 8.55
A3 T K 1li24 1 -—-

Polarized absurption spectra of C% are measured in a LC host ZLI-2359 (Merck)
and the results are shown in Fig.1. The absorption peaks at about 460 nm and its

dichroic ratio is 5.7. Due to the low viscosity of the C5 dye, useful application in
the guest-host effect is foresceable.

Fig.2 snows the temperature dependent dielectric constants of a binary
mixture of the C5 (57 wt%) and C6 (43 wt%) dyes, designated as M56. At T,=0.95,
Ae of M56 is 37. The large Ae of these LC dyes results from their extraordinarily
strong dipole moment due to the amino-nitro intramolecular charge transfer.
The NOg group acts as an acceptor that induces electron flow from ihe benzene
ring. On the other hand, the (C,H2,,1)NH group acts as an electron donor which
produces an opposité charge flow. This push-pull effect has been used frequently
for designing molecules for nonlinear optics application. A large A¢ leads to a low
threshold voltage (Vih) which is defined as: Vin= n [K;1/A€]*? where Ky, is the
splay elastic constant.
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Fig.1 Polarized absorption spectrum of 1% C5 LC dye dissolved
in ZLI-2359 vs ZLI-2359 without dye. Cell thickness is 6 pm.
T,=0.868. Solid and dashed lines are for extraordinary and
ordinary rays, respectively.
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Fig.2 Reduced-temperature-dependent dielectric constants of
the binary LC dye mixture (M56) at 1 kHz sine wave frequency.




Due t¢ the large Ae of C5 dye, doping also enhances the Ae of the dye-doped E7
svstem linearly. This is shown in the right hand side of Fig.3. On the left hand

side, tl.e concentration effect on the viscc-elastic coefficient is depicted. Again, as
dye concentration increases, v,/K1] increases linearly. However, this increase is

considered modest as compared to a commonly used dye, such as anthraquinone
type (Marck). From Fig.3, £ 5% C5 dye merely increases y;/Kj] by 15% which is

about one order of magnitude sinaller than the anthraquinone dye.

10
0.1 0.2 03

DYE CONCENTRATION

Fig.3 Dye (C5) concentration effect on visce-elastic coefficient
(left) and dielectric anisotropy (right) at T = 23 ©C. LC host is E7.
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The huge Ac of these new LC dyes is particularly attractive for mixing with
nonpolar LCs. Table 6 shows some properties of the experimental mixture AF-7
which consists of 5% C5 dye, 47.5% PTTP-24 and 47.5 % PTTP-36. We found that
by merely adding 5% of the C5 dye to the nonpolar PTTP binary mixture, the
threshold voltage drops from 3.5 to 1.7 Vyms while the visco-elastic coefficient
increases by less than 15% at T=23°C.

Table 6 Physical properties of the AF-7 mixture. Here n, and n, are
measured at A=589 nm and T=23 °C,

Nematic Range ne Ng £ £) vi/K11 (23 °C) Vih
7.91t093.9°C 1.886 1530 | 6.17 2.87 {22.€ ms/um?2 1.7 Vims




3.0 EUTECTIC MIXTURES

ijuring the course cf this contract, we have formuiated several experimental
eutectic mixtures and delivered two mixtures to Raytheon Research Laboratory
for testing their laser beam steering device. The figure-of-merit of our mixture is
generally about 3-4 times higher than the commonly used commercial mixture
E44 (Merck) at room temperaturz. Here, we briefly describe the physical
properties of a mixture, designated as AF-5, we developed.

A. Composition

The compositions of the AF-5 mixture we rormulated are listed in Table 7.

Table 7 Compositions uf the AF-5 mixture

LC wt%
PTTP-24 40.8
PTTP-36 41.5
PTTP-2F 3.0
PTTP-AF 8.3
PTTP-8F €4 |

B. Nemati. Range

The nematic range of AF-5 was measured to be from -3 to 93 °C by the differential
scanning calorimetric metnod.

C. Threshold Voltage

In the AF-5 mixture, the nonpolar dialkyi PTTP homologs are still dominant due
to their favorable heat fusion enthalpy. The polar PTTP-nr compouvnds make a
limited contribution to enhancing the dielectric anisotropy of the mixture because

of their low percentage in the composition. The threshold voltage of AF-5 was
measured to be 2.4 Ving at 23 °C and 1 kHz sine wave frequency.

D. Birefringcnce

Wavelength-dependent birefringence of AF-5 was measured by the scanning
wavelength method at T=23 ¢C and results are compared with E44 as shown in
Fig.4. The filled circles in Fig.5 represent experimental data for AF-5 and open
circles for E44. As wavelength increases, An decreases gradually and saturates

10




in the IR region. From Fig.4, the birefringence of AF-5 remains as high as 0.3 at S
A=1 pm, which 1s about 35 % higher than that of E44. At 10.59 pm, the An of AF-5 /” '

was measured by the scanning voltage method to be 0.29 at T=23 °C.
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Fig.4 Wavelength-dependent birefringence of AF-5 N
(filled circles) and E44 (open circles) at T=23 °C. e

Temperature-dependent An of AF-5 was measured at A = 0.633 pm using a HeNe
laser beam. Results (filled circles) are shown in Fig.5. Also included in Fig.5 are
the experimental results of E44 and E7. The clearing point of E44 is 100 °C and E7
is 80 °C. As temperature increases, An decreases graduaily. A more pronounced

effect takes piace when the temperature approaches the clearing point. el
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Fig.5 Temperature dependent An of AF-5 (filled
circles), E44 (open circles) and E7 (squares) at 633 nm
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D. Visco-elastic coefficient (/K1)

Although raising temperature causes an undesirable decrease in An, it also
lowers the visco-elastic coefficient dramatically. Temperature-dependent visco-
elastic coefficient of AF-5 (filled circles) and E44 (open circles) are depicted in
Fig.6. At room temperature, the y1/Kj1 of AF-5 is nearly two times lower than that
of E44 and 40% lower than E7. This is not surprising; the cyano compounds are
known to possess a higher viscosity than the corresponding fluoro ones. As
temperature increases, the y;/Kj; of both mixtures decrease and begin to saturatc
at different temperatures. This is because both viscosity and elastic constant
decrease with increasing temperature, but at a different rate. Beyond 75 °C, the
visco-elastic coefficient of AF5 and E44 mixtures becomes nearly the same. Thus,
the easiest way to achieve a high speed operaticn of a LC modulator is to operate
the LC device at high temperature. The general problems for high temperature
operation of a LC device are in its thermal instability and bulky heating
apparatus.
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Fig.6 Temperature-dependent visco-elastic coefficient of
AFS (filled circles), E44 (open circles) and E7 (squares).

E. Figure-of-Merit
The figure of marit (FM) of a LC cell is defined as:

FM = Kj1An%/y,;




i R . .. .

which takes into acceunt both the phase change and response time of a LC device
is calculated from the rcsults shown in Figs.5 and 6. At room temperature, the
FM of AF-5 is about three times higher than that of E44 and E7. As temperature
increases, the FM of both mixtures increases indicating that the gain in y/K;
exceeds the ioss in An2. From Fig.7, the FM exhibits a maximum at ~70°C for AF-
5, ~75°C for E44 and ~50°C for 7. Above ihis temperature, ¥)/K;; has reached a
saturation level whereas An? staits to decrease drastically with temperature. As
a result, the FM declines sharply with increasing temperature.
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Fig.7 Temperature-dependent figure of merit of AF-5 (filled

circles), E44 (open circles) and E7 (squares). The clearing point

of AF-5, E44 and E7 is 93, 100 and 60 °C, respectively. A HeNe

laser, A=633 nm, was used for these measurements .

4.0 SUMMARY

We have designed and synthesized several new diphenyl-diacetylene and tolane
liquid crystals and new LC dyes. The asymmetric diphenyl-diacetylenes exhibit a
low melting temperature, wide nematic rang», high birefringence, small heat
fusion enthalpy and low viscosity. They are excellent host materials for
formulating eutectic mixtures for laser beam steering apyr'ication. However, the
dielectric anisotropy of these nonpolar compounds is too small. Polar dopants

have to be added in order to enhance the dielectric anisotropy, or to reduce the
operation voltage.
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Two types of polar compounds have been developed for this purpose: 1. Fluoro
diacetylenes and tolanes, and 2. Nitro-azo-benzene dyes. The fluoro diphenyl-
diacetylenes possess a high birefringence, low viscosity and modest dielectric
anisotropy. Nevertheless, their nematic range is too narrow. They can be used as
dopants only. The flucre cyclohexane tolanes exhibit a very wide nematic range.
However, their birefringence is not so high as that of diphenyl-diacetylene. These
tolanes are particularly useful for visible display application employing the super-
twisted nematic (STN) cell. The passive-matrix STN, together with the active
matrix TN displays have become the main stream of the flat panel display
technelogies.

The nitro-azo-benzene dyes we studied exhibit 2 mesogenic phase with melting
point at about 80°C. These liquid crystal dyes possess a high birefringence,
excellent solubility, huge dieleciric anisotropy and moreover, relatively low
vigcosity. Adding 5% of this dye toc a binary asymmetric diphenyl-diacetylene
mixture reduces the threshold voltage from 3.5 to 1.7 V5. The viscosity of this
new dye is at least one order of magnitude lower than the commonly used

commerrial dves. Thug, thege dyes will be very ngeful in the guest-host cell. The
guest-host cell can be used as a switchable dichroic polarizer which has great
importance in the sensor protection technology. The Air Force Wright Laboratory
has issued (June 1994) a Program Research & Development Announcement
(PRDA) for developing switchable polarizers, in conjunction with the advanced

tunable liguid crystal filter for scnsor protectior.. We have submitted a propnsal.

During the course of this program, we have prepared and delivered two
experimental mixtures to Raytheon Research Laboratory (September 15, 1993) and
ArOSR (March 15, 1994) for testing the laser beam steenrg devices developed by
the Raytheon Company. The Raytheon's device is currently sponsored by the
BMDO under a separate contract.
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