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ABSTRACT

Research on materials and electro-optic response measurements of certain cholesteric-nematic
mix.tures was perfor.ned in an effort to develop an optical storage display. Mixtures of selected com-
pounds from the series, p-alkoxybenzylidene-p “aminorheny! acyletes, were prepared and one
ternary mixture {NH-1) which exhibitad nematic behavior from 25 to 105°C was found. A group
of optically active henzylidene aniline derivatives having alkoxy and acyloxy groups with asymmetric
carbon atoms was prapared, and the coinapounds weie found to exhibit chalesteric mesomorphism. Mix-
tu. es of these nonsteroidal cholesterics in the nemat'c compounds described above, however, were
inJerior to those prepured with the steroidal cholesverics. For example, cells made with a 7.5%
cholesteryl oleate —- NH-1 mixture, which had a chelesteric range of 25 to 96°C, exhibited
“writing®’ speeds of 5 to 10 msec and erasure speeds of 0.5 to 1.0 sec at room temperature with
an wc¢ drive signal of approximately 100 V (rms). This material was found to have a die.ectric constant
" of 4.9 for the focal-conic testur” and 5.8 for the planar texture. Light-scattering measurements led
20 a value of 1.6 -m for the helical pitch. The mechanism of this effect involves Jhanges from
the stable {clear) planar texiure of the cuolesteric mesophase to the quasi-stable (scattering)
focal-conic texture. A simulated, airborne ground location marker was constructed with a cell
containing this ‘naterial. In actuzs operation this device would provide the pilot or navigator of
an aircraft with a map presentation of his past and preser.. position as determined by two ground
navigatirn stations.
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1NV, ARSTRACTY

Ro;oa;Zh on mai<rials and electro-uptic response measurements of certain cholesteric-
nematic mixtures was performed in an effourt to develop an optical storage display.
Mixtures of selected compounds from the series, p-alkoxybenzylidenc-p'-aminophenyl
acylates, were prepared and one "ernary mixture (NH-1) which exhibited nematic be-
havior from 25 to 105°C was found. A group of optically active benzylidene aniline de
rivatives having alkoxy and acyloxy groups with asymmetric carbon atoms was prepared,
and the compounds were found to exhibit cholesteric mesomorphism.” Mixtures of these
nonsteroidal cholesterics in the nematic compounds described above, however, were
inferior to those prepared with the steroidal cholesterics. For example, cells made
with a 7.5Z cholesteryl oleate - NH-1 mixture, which had a cholesteric range of 25 to
96°C, exhibited "writing” specds of 5 to 10 msec and erasure speeds of 0.5 to 1.0 scc
at rcoom temperature with an ac drive signal of approximately 100 V (rms). This ma-
terial was found to have a dielectric constant of 4.9 for the focal-conic texture and
5.8 for the planar tecxture. Light-scattering measurements led to a value of 1.6 um
for the helical pitch. The mechanism of this effect involves changes from the stable
(clear) planar texture of the cholesteric mesophase to the quasi-stable (scattering)
focal-cunic texture. A simulated, airborne ground location marker was constructed
with a cell containing this material. In actual operation this device would provide
the pilot or navigator of an aircraft with a map presentation of his past and present
josition as determined by two ground navigation stations.
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SECTION 1
INTRODUCTION

The {ield of liquid crystals has developed into one of the most rapidiy expanding areas of
nhysical-chemical research. The use of ¢erta.. cholesteric liquid crystals for medizal diagnosis
coupled with the discovery of several rathe i leresting and potentially important electro-optic
effects in numatic liquid crystals has accelerated the growth cf this field. In this report we
shall discuss the results of our studies of eleclroa-aptical storage effects in mixtures of these
twe classes of liquid crystalline matsrials. These effects ave expected (o be applicable to a
vantety of information storage an:i retrieval display systems.

Mot electronicaily controiled displays ¢ nsist of devices and systems which present re-
curring :1iznals that have a low repetition rate. Generally, some method of storage is reguired
in order o ret- in the 1mage for deteiled examinauion; bowuy direct-view and electirical readout
methods have been employed. The most extensively used storage devices are special-purpose
rathode-ray tubes. One type, the cathodochromic storage tube, uses photochromic phosphors to
retain the image when electron heam addressing is completc. Erasure of the image is then achic . d
with heat or light of a particular wavelength. These dispiays are based on the emission of hight
and as a resuit require rather high voltage and power for their operation. Electronic cantra} of
reflected or scattered light through the use of liquid crystals, however, requires much lower
power since the control circuitry does not supply energy for light emissiop. Thus, lquid crystal
displays readily lend thenuelves o selid siate addressing schemes.

Another important ad antage of iiquid crysta! display ¢ over those based on light emussion
is a contrast ratio which s independent of the ambent iight intensite, Therefore, while Lthe
display is not visible in total darkness, it will not “wash-cut™ under high-intersity ighling
conditions such as direct sunlight.

The optical storage eifect is observed when a cell coataining a cholesteric-type liquid
crystal iz activated by an electric field. In its quiescent state with no {ield applied, the
liquid crystal is essentially transparent. When a dc or low-frequency (< 100 B.., field of
the order of 3 x 107 V/cm is applied, the liq'd becomes. opague and scatters light. This
white, opayue appearance ‘storage mode) is waintained after the de voltage is removed. The
matenal 1s returned to the onginal clear state {erase mude) by application o1 a high-frequency
signal t> 3500 Hzj. Upon removal of the ac signai, the sample remains in its clear state,
No electrochemicai effects are noted when the sample is sulyjected to aliernate store-erase
excitation.

Thus, it is possible to produce either storage or erasure by application of a single form
of energy (an electric field; merely by changing the frequency of the add:essing signal. With
rathedochromic siorage tubes, on the other hand, the form of energy required for storage differs
from tha* required for erasure, thus necessitating more complex system design.

The simphcity of the hiquid crystal storage concept is demonstrated in the simulated
ground location display (GLD) panel which was designed and built during the course of our re-
search. This GLD unit merely consists of a compact, matrix-addressed display panel (16 square
inches), several small batteries, and an sscillator. It is intended to provide the pilot or
navigator of an aircraft (ot spacecraft entering the earth’s atmosphere) with a map presentation
of the past and present position of his craft in relation to two separate ground stations. This
information would enabie the pilot to make the necessary adjustments in his course,




The major objec ves of the present investigation we:

o

The developruent of liquid crystal systems which exhibit controlled, optical
storage and have as wide an operating temperature ranga as possible {including.
of cuurse, room temperature),

The optimization of the display-related parameters such as storage time, contirast,
writing and erasure speed.

The establishment of a model for the mechanism of the effect through an under-
s,anding of the optical properties ¢f the varicus textures sf the cholesteric
mesophase.

The developrient of techniques to study and improve the operational lifetimes
of the 1naterials.

The design of matrix-type displays which strnulate the operation of airborne
indicators that provide th~ pilot with pictorial information on his pozition

in relation to the ¢round.

o
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A GENERAL

Liguid cry<tallinity (or mesemorphisnit) has t«wen described] 3} a 2 new state of matter inter-
mediate belween 2 crystailine solid and a normial isotrapic liguid. The phet:omenon is generally
exhibited by long, rod-shaped organic molecules which contain dipolar and polarizable Sroups.

‘I e mescphase exists over a very specific temperature range. Below this range the material i» a
solid and at nigher temperatures it becomes 2n isotropic licuid. Bath of these transitions are
sharp and reproducilds,

Friedell 1} carmed out extensiva optical studies on a nmimbar of mesomor,shic materiais and,
as u result, be discavered thrve main iy pes of mewmorphic stat(s wrich he designated as the
smectic, remaic, ana cholesteric n‘egcph ase The smec.¢ mesopnase is a turbid, highly viscous

state with rertain properties similar to Jhose found for soaps. The torm smecte (s, m face,
derived from the Oreek, amectos or se2rlik. . The smectic structire is stra! fied with the
inolecules arranged it layers; their long exes are paraliel 19 each other in tae layers and
approximately norial 1o the plan- of the laysrs, The molecuies can move in {wo directians in
the piane and they cas rotate about one 2z, Within the lavers, which are approximately 20 »
thick, the molscules can be arre 5ge¢ either in neat rows or randenly distributed. in acdition
13¢ planes can shde, without hindrance, over simisar ne:ghboring lavers.

The term nematic wss derived frein the Greok word mearing thread because 1t describas the
threadlike natv -0 of the matena; as seen under the n.icroscope. This liguid is characterized by
3 wrbid, mchile appearance. The jong axes of the meieculzs in this strue* ure maintain a parallel
or neariy puralle] arrangement to each other, They re mobile in three directiorns snd can rotate
ahout one axis. This can be compared with a long  ylinder of round pencils: the pencils can
roll and slide back and forth but remain parallel to one anotter in the dircction of their
long axes.

The cholesteric mesephase is found primarily in derivatives of cholesterol, especially the
esters. Tae structure consists ¢f parallel, mmonomotecular layers in which the dicection of the
iong axes of molerules in a chosen layer (s slightly displaced {rom the direction of the axes of
molecales i an adjacent layer. The displacement of direction continues from one layer to another
resulting in a helical structure, This hefical molecular ordering gives rice to a circular
dichroism for light propagating paraliei {0 the helical axis{ 2} . Thus, one particular wavelength
of light of one sense of circular polarization is transmitted without attenuation while iight of
the opposite sense is totally refiected. Changes in the color of light reflected from the
material as a function of temperature are aitributed to changes in the pitch of the helix.

The cholesteric phase is often regarded as a speciat case of the nematic phase since it
forms a structure having twisted nematic layers. If a small amount of optically active substance
(such as a cholesieryl ester) is added to the normally nematic compound, the mesophase is
transformed into a cholesteric mesophase. The helical twist angle of such mixtures has been
showr: to be a function of the concentration of the optically active compound{3].

B. NEMATIC COMPOUNDS

A detailed discussion of the various textures which nematic materials adopt in thin layers
is presented elsewherel 4] and, therefore, an extensive treatinent of this subject will not be
considered here. For the purposes of this discussion, however, it is agpropriate to describe




bnefly the so-called homeotropic and homogenous textures whick are observed in thin lajess
bet ween ylass surfares. The homeotropic texturc is optically extinct hetween rross polarizers,
while the homogenous texture is not. Both of these textures possess the optical properties of a
positive uniaxial crystal. The texture observed depends upen the nature of the compound, the
conditions used to obtzin the mesophase, and the nature of the suapporting surface.

In zeneral, however, molecules which roniain groups that permit the long axis {o be strongly
attracted to the glass surfaces will exhibit the homogenous texture while those moiecuies which
are weakly attracted to the surface are most iikely to ferm ine homeotropic texture. Molecules
which possess the former characteristic generaily have a strong dipole moment along the long
axiz. In this cave the dielsetric constant (low frequency) paralle: to the molecular axiy is
greater than the dielectric constant in the parnendicular direction, anu the moiecule is saig
{o possess positive diefectric anisotropy. Conversely, molecules wnich have their dipole
moment operating across the molecular axis generally exhibit the homeciropic texture and are
SAIG 1o passess negative dielectric anisotropy{4-7].

In order for the opasal storage effect 1o be observed. the nematic molecules which are
selected must have negative deleciric anisctropy. A series of compounds which meet these re-
quireirents is reprosenied by structure 1,

) I
L)

A\
\NO -t O C
R

I

The parent compournd in this series, p-anisylidene-p -aminophenylacetate {R, R = CH,), ex-
hibits the storage effect when it is mixed with var«is cho.esteryl esters{ 8. This nematic com-
pound, however. has a nematic range of 82 to 110°C. It was our intention, therefore, to

prepare a number of compounds from senes I wh.ch have lower crystal-nematic *ransition temper-
atures but stiil recain their nematic behavior at hizher temperatures. This was accomplished by

a systematic investigation of the »ffect of the lenzth of alkoxy and acyioxy chains on the
mesomorphic behavior cf these cnmpounds.

e

The first series of compiunds with structure 1 was prepared by condensation of p-atkoxy-
henzaldelydes with p-aminophenylacetate. The water was removed 2zeotropically. and yields of 60
to 80% were generally obtained in refluxing benzene with benzenesulfonic acid catalyst. This
<eries of compounds is listed in Tabte I while a phase transition plet is presented in Figuze 1.

This plet shows the typical behawvior of a homoalogous series of Schiff bases, nameiy that the
nemohic-isotropie transition temperatures follow 3 smooth curve relatienship when either the

evs n or odd members are taken together. This 1s 2 well-known phenomencni 4] which has been found
o oveur with many other serses. Mote, howeser, that none of these ro:npounds exhibite meiting
1oints below 79°C. Past experience has show 1 that furthes increases in the chain length

result in the appearance of smeciic behavior 1ind in reduced nematic thermal stability.

When the zikyl cha’n in the ester porticn of the molecule (R ') was extended from CoH;
to n-C;Hy 5 while the R group was maintainad at CHjz, lower melting compounds were
obtained. Thess compounsls were prepared hy condensation of p-methoxybenzylidere-p aminophenol
with the appi opriate anhydrides. The results of this study are presented in Table ii while a phase
transition plot is shown in Figure 2. (Several of these compounds have been reported by Kelker{9].}
Although none of the compounds exhitited a crystal-nemat:c transition temperature at @r near
room temperature, several of them had melting points below 70°C. Again the nematic-isotropic
raizitun Lemperature followed sincoth curve relationships.




Table 1
Nematic p-Alkoxybenzylidene-;-aminophenyl A-etates?

G
1
w0 L o = 1 L otems

) : Smectic ‘ Nematic
Cnmpound R i Range, “C { Range, °C
L e e SRR L

CH, - § 3-110%
2 Tyl i - i 116-132
LR n-CgH~ : - ; 84.104
4 : 5-CaHg ; - 5 $2-113
5 n-CsHy ; - | 88-150
8 ! n-CgH; 2 i -~ 88-103
7 n-C;Hy s, i - 74.102.5
8 i n-CuH; 7 : 78-86 81-103.5
Y i n-CaHi g {81.5%° { $6-160

- - - - - e = . e rem e

{al Al compounds were purifi > by repeated recrysialii-ation from hexene. A constant value of
the nematic-isotropic trans tieh constituied a pure samplef2}.

{fh) Hansen, Diss, Halle, 1907, regpasis 2 nematic range 6f 81.5 10 1G8°C.

{c} Monotropic smectic.
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Figure 1. Phase irssition temperateves for the system
ROCH3CHNCgH ;G2 CCHa: 3—A (nematic ~ liquid).
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Table 11
Nematic p-Alkexybenzylidene-p -aminopheny! Acylates

: !
Compound & N ; Nematic Range, °C
S S s U< SO SRS >
10 : CaHsy i 70-109
i1 i CqH7 i 53-112
19 ‘ CiHo 55-100
13 : oty g 81-150
14 UsHy i 64-96
15 UsHya : 67-99
140
iISOTROPIC
LIQUID
120
r”-;:.- T~
icol it N S |
g
. NEMAT!C
x 8oL LIQUID
5 P
x /
W
w 60
=
l
._
401 SOLiD
20l Ae=a {NEMATIC — ISOTROPIC]
o— (CRYSTA). —e NEMATIC)
0 i i N 1 1 4
CHy  CzHg CaHy CHg  GCeHy  Leriz CrHs

R

Figure 2. Phase transition temperatures for the syster
CH;OC;H (CHNCgH OCOR " 3>—3 {nematic ~ isotropic).
*—e (crystal - nematicl.




These results might lead one to conclude that further increases in the length of the chans
in both the alkoxy and acyloxy groups would produce compounds with Jower melting poit . and wider
nematic ranges. However, it has been found[4] that chain lengths of eight or more carbon at H>ms
produce such weak fcyminal interactions that the critical balance of lateral-to-terminal attrac
tive forces is upset, and fne lateral interactions become important. An increase in the ratio of
lateral-to-terniinal cohesions always results{4] in the appearance of smectic behavior. Further
increases in the chain length then result in increased smectic thermal stability and shorter
nematic ranges. In <rder to produce materials from this class wita lewer melting poinis and wia2
nematic ranges, it was therefore necessary o use mixtures of tiesec compounds.

Mixtures of nor mesomorphic compounds with nematic compounds have been mvestigated
previously. These sy stems are always -haracterized by a sharp decrease in both \he nematic - hguid
and crystai -+ aeraatic transition ternperatures with increasing concentration o non-mesomorphie

components{4].

Mixiures of {wo or more nematic compounds which possess subtle differences in molecuiar
structure dn noti exhibit well-defined minima in their nematic — liquid transition tempera-
tures with molar composition although eutectic points for the crystal + nematic transition
tempera.ares are obtamned. Thus, the nematic - isotropic hquid transition temperatures
form a .meoth curve over the entire range of molar composition.

A series of binary and lernary mixtures from among s weral of the compounds of {'abies { and 11
was thezefere prepared. The compounds selected were those which had the lowe.t melting points

and included 1,4, 7.8, 11, and 12.

The transition temperstures were measured and the data were used to coustruct a serios of

three-dimensional phase diagrams. A typical phase diagram of this type is that of Figure 3. Note
thal the nematic-isotropic transitions form a smooth, rurved surface over ail molar compositions.

ISOTROPIC LIQU!L

Figute 3. Ternary phasc diagram f compounds
1A, 4(B). ana 8(C).

TEMPERATURE ,*¢

Prere) %g\\ 100%:8

100, C




r The mixture which had the lowsst melting point and the widest nematic range was a ternary mix.-

ture consisting of equival<nt quantities of compounds 1, 11, and 12, This mixture had a nematic
range of 25 to 105°C a::1 was subsequently used as the host material for our cholesteric
compouvnds. This mixture 1s designated NH-1.

The second group of Schiff-base materials which we prepared under the Contract were
p-alkcxybenzylidene-p “amir.ophenyl alky! carbonates (1)

0

|
ROQ—CH=NQ—OCOR'
I

I

In this series both R and R ' were n-alky] grouns containing from 1 to 8 carbon atoms.
The iraasition temgperatures of the compounds are shown in Table 11l

The lowest mielhting comyounds in this series cecurzed when the R ‘group cantained 5 or
4 carbon atoms. However, it should be noted that as the length of the alky} chain in the atkoxy
acrticn (R) inecreased beyond five carbon atoms in these compounds, smectic mesomorphism
became apparent,

This is no doubt due to the increased separation of the dipelar end groups which tends to
increase the ratio of lateral to terminal attruciice forces.

A number of binary and ternary mixtures from among the compounds of Table HI were prepared
and their transition tenperature measured. The ternary mixture containing 38% (by wt.){#18],
31.2%} =17} and 30.8%[+18] had a very broad nematic range (30 t.> 111°C) and was chosen as a sccond
host material (designated NH-2) {or our cholesteric material. The evaluation of both NH-1 and NH-2 15
presentad in a separate section helow.

C. CHOLESTERIC COCMPOUNDS

Compounds which exhibit the chulesteric mesophase are of two types. The first and mcse
common type is the chelesteryl ester with the steroid siructure fiI. The R group in this
structure is generally a long alkyi chai» (C,Ha, 4+ ) conlaining from 1 to as many as 18

t 111

carbon atoras These molecules are all optically active (vide infra) since they ate derived from
the natural product, cholesterol.

The second class of compounds waich exhibit the “cholesteric’” mesophise are not derivatives
of cholesterol. These nonsteroidal cholesteric compourids have structures which are nearly identical
tc those of nematic compeunds, with one important excepticn. That is, they possess an asymmetri-
cally substituted carbon atom, which is a carbon atom bonded to four different atoras or groups.




RO-CgH4-CH = N-CgH,4 -O-COa-R’

Table 111

Compound Uop

No.

R:

Smectic Range hNematic Range

(°C)

(c)

16

17

18

i
|
i
H
H
i
i
|

]w-az‘:»m.a-wmwm~1mm¢>w:owmQmm.z.»umv-»chsm-mo:wwoo-ammawwwmov.&»wmu

4.
a) Monotropic

v e
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i

85-109
86-132.5
98-107
67-116
91-106
65-108.5
81-103.5
94-5-129
103.5-106
89.5-114.2
£2-104
69.107.5
76-102.5
84-104.5
78-86.5
86-116
#4-95
T8-105.5
65.5—96
69-190
74-95.5
£3-97
©6-84
82-111.5
69-93
68.5-102.5
71.85
69-99
70-94
82-97
£5-81.5
©5-105
58-108
65-89
66-93
63-56
66-93
80-85
66-75
731-102.5
53-88
56-37
59.5.91
58-95.5
64-62
17.95
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if a molecule has such an asymmetric center the molecule will be nonidentical with its mirror
image* anc will therefore be optically active. However, the chemical and physical properties of
each form are identical. A simple s: ample of an opticaily active comgound is shown helow:

mirror plane

Opticai .somers of 2-butanol

A nonsteraidal chole i« “ic compound which L:as been known for some time]4] 1s represenied by

structure {V,
*
w. L cn = {0 o = cHootHyCie

i
CHs
Iv

During the contract period severui series of opticaliy active Schiff bases were prepared
in an effor! (o proeduce new “cholesteric” liquid crystals. The first series of materials was
prepared by ihe following svnthetic route:

o HeCH — CHoBr ¢ HO CHO-ROH e e CH — CHoO CHO
“2 5: ~hzer = MeOH T -2''9% 2

H i

CH3 CH3

¢-isomer

CH=CHCHG - CHO + kN OR — CoHeCH-CHo Cot=N OR
2 b, Z . [ 5; -

CH3 Ha

Yy~

*Malecules whirh have two maror :mage form: e said to passess chirality or handedness because they rotate the
nlane of polarized tight in » left or vight direct: n.

*Denotes sy Inmeleic farbon atem.
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Table IV
Monotropic Cholesteric Schiff Bases *

*
| C2H5?H ~ CHz0 @- CH= N (IJ!C-R
| 0

CHj
K Melting Point Cholesteric Transition
I T S I C)
CHj4 69-70 56
CoHs 65-66 66
C3H; i 74-15 71
! CiHq : 69-70 56
' CyHy o 17-78 71
| CiHysn | 67-68 R5
All of these matenals were purified by repeated recrystallizaticn:
from isopropanol to constant melting point.

However, none of the compounds in seties V was liquid crystalline. When the aniline portion of
the molecule contained as ester linkage only monntropic**, cholesteric mesomorphisia was ob-
tamed (Table V). Enantiotropic***, cholesteric materials were obtained when tie asymmetric
carbon atom was present in tiie ester portinn of the molecule. Thus, VI, which has a cholesteric
range of 41 to 78°C, was prepared by the following route:

rHB H?C“~' Hz -8 MCH3CH2%H CHZ"MQBI" e

Th4CHy «(l'H CH,-CloH ——-”'I*3CH2((H CH COCL +

i Ho,Pd(c
> CHiyCHp-LH-CHp~C-0 N0,
cu3
cu3cuz-cu cn_,_-c O - Q’ oty
by

V] appeared to be an ideal candidate for use as a *guest” in our nematic mixtures since
it has a long helical pitch. An evaluation of this compound is presented below.

*Denotes asymmetric carbon atom.
ssMonotropic mesomorphism is defined as that which is observed on'y upon cooling of the isotropic liquid.
sesEnantiotropic mesomorphism occurs above the melting point of the compound and is observed both on heating
from the mesomorphic state and cooling of the isotropic liquid.
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The next class of Schiff bases to be studied were the derivatives of 2-chlorophenylaniline
which were prepared by the following route:

~ * M *
\,H3-CH2~(lIH-CHZBr -Eg-o-bczns-ciﬁ-cnz-ragar (1)
CHy CHq
CHy CH
NN,
0
* IBY‘
Catig-CH-(CHp) 3 - Br = CHe-CH-CHoCHoCH,OH (2)
| -,
CHy \ CHy
Steps
182

N L
HO O cHo J Kow Cog-Ch (CHy) gBr

CHy
l KOH, HO -O— CHO
*
S Me ],1 (CHy) 40 -Q CHO czuscu cu2)500 CHO

CHy
HN O NHg
*
CZHSCIH(CHZ)mO O CH=N - N=CH -Q 0(CHp )y CH -CoHg

CHy 3
VII(m=3), VIII(m=5)

Both of these compounds exhibited a smectic and a cholesteric mesophase. However, the cholesteric
mesophase appeared at higher temperatures.

!7 R
__GCs I S-Ch Ch-1
Vii 43.5 50 146
monotropic
VHI 29 94 146

12




The synthetic route shown above was extended to conventional two-ring Schiff bases and the
resulting compounds exhibited the following behavior:

CH3

|
R —O— N = CH -@— 0(CHy)y, — CH — CoHg

where m = 3, R = CH30 ~ CgH;30.

The melting points in this series were rather hizh (above 100°C) and enantiotropic
mesomorphism was absent. The CoH5O derivative had a monotropic cholesteric mesophase at
98°,while the higher homologs had only monotropic smectic phases.
m= 3. R= CH3, C4H9.

These compounds were low melting, smectic materials.

m = 3, R = COCaHy, COC4Hg.

These compounds showed a wide smectic rane.
m = 3, R = OCO-CH; - GCO-C7H; ;5.

The transition temperatures for the compounds -7ith m = 4 and 5 are shown in Table V. All of
the compounds exhibited both smectic and cholesteric mesophases with the latter mesophase ob-

servable above 50°C. Mast of the compounds showed two smectic mesophases. These phases ware
identified by differential scanning calorimetry and microscopic observation.

Table V
Mesomorphic Behavior of Optically Active Bernzylidene Anilines
Compound | !

No. R m Crystal-S, 595 S$;-Ch Ch-l |
19 CHj 4 48 - 56 72
20 CsoHy 4 41 - 61 82
21 n-CgHy 4 49 - 64 83
22 n-C4Hg 4 31 - 74 | 795
23 n-CsHy, 4 46 74.5 77 I 84
24 n-CeHya 4 72 735 % | 82
25 n{9Hy5 4 57 72 82 , 85
26 CHj 5 69 99.5 71 83
27 CoHg 5 54 81 82.5 92
28 n-C3Hy 5 37 85 87 Y4
29 n-CyHg 5 - 86 89 90
30 n-C5Hy, 5 52 85 92 93
31 nCgH,;3 5 57 88 95* ~

32 n-C7H; 5 5 52 86.5 97* -~

*No cholesteric mesophase observed.
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The increasing length of the alkyl chains in both the ether and ester portions of the molecule
produces weaxer terminai attactive forces relative to the lateral cohasive forces and, as a result,
smectic thermal stability rises. Thus. compounds 31 and 32 have the highest smectic theral
stability and no chiclesteric mesophase is present.

it is posrible to drasticaily reduce smectic stability of these compounds by nixing them with
various nemat.c compounds.

For examyle, a series of mix*eres of 20 in NH-1 were prepared and thése transition tempers-
tures measured. A phase diagram illustrating these resuits iz preserted in Figure 4. Note that
the smectic-nematic transition decreases sharply with decveasing concentrations of the optically
sctive componet, and al concentrations belaw ~ 30V the material exhibils only the cholestsrie
snesophase, All of the mistures tended (o supercoo! far below their “theorotical™ crvstal-
mesonorphic transiticn tempersture, and thus aceurate mnelting poini determinations conld not be
obtained for moat of the mixtures {the presence of a glassy »tate was noted in these mixtures).
The “thecratice)” crystal-mesomorphic transitionz shown i Figture 4 were calculated from the
siandard cryoscopic equaiion which is derived from the Clausius-Clapeyron eguation. This der-
ivation is baset on a3 number of assumptione and would not be expected to held except at low
concentrations (ideal Ailute solunions} of one comnponent {solute) in the other {solvent). The
egustion is given by:

L

f
= --~— {modified »an’t Ho** equation)
ar AT?

dinx

where X s the mole fraction of the “solve.c,”” L, 1s the mojar heat of fusion (assuming

that Kuoult’s law is cpplicable) and B = 1.9869 cal/® moie. When x is vaity {pure “solvent”}
the melting point is Ty and integration hetween T andt T {assuming L¢ o verain

constant; gives.

1 B Lf k ! \
my = - - _— - =
R T TC-/
or
TO
T = . S
1 -i:;" inx

where T 15 ne calcuiated meiting point of the mixtire. Although this is a crude approximastion,
we have found{10] that it is possible & determine the composition of the satectic mixiure using
this calculation. The experimental value of the melting points of 2uy parlicular eutectic mixture,
kowever, generally differs from that precicted by the imodifies van’t Hoff equation. ‘This is 10

be expected since 1n2se mixtures are not ideal, dilute solutions.

In any case, the significant result here i3 that smectic mesomorphisin Zives way exciusively

to cholesteric mesomorphism at low concentrations of the optically active compound. Evaluation
of these matcrials is presented in Section Hi.

i4
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Figure 4. Phase diagram of binary mixture containing

*
csch-(Biz)y-0 - ot = n -O)- ocacy(a)

CHs

and NH-1 (B): G — cholesteric - 1sotropic; A — smectic - cholesteric;
0 — crystai ~ mesomorphic (calculated).

D. EXPERIMENTAL

1. p-Alkoxybenzylidene-p -aminophenyl Acylates

Previously described procedures[11,12] were used for these preparations. The component. were
recrystailized from isopropanol until the transition temperatures were constant and raversible.

2. p-(Active-alkoxy )-benzylidene-p -aminophenyl Acylates

Equinolar quantities of the vorresponding aldehyde and amine were refluxed in zthanol for
av muinutes. Upon cooling, white crystals were obtained, and they were recrystallized several times
from ethanol or isopropano! until sharp transition temperatures were obtained.

The p-active-alkoxybenzaldehydes were obtained from the correspor. ding active alkyl bromide
and p-hydroxyhenzaldehyde by refluxing in cyclohexanone with anhydrous potassium carbonatef13].
The optically active alcohols were synthesized from active amyl bromide via the Grignard reaction
with paraformaldehyde and/or ethylene oxide[14]. Treatment[15] of the alcohols with PBry
yieided the optically active alkyl bromides.
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3. p-n Alkoxybenzylidene-p “aminophenyl n-Altkvi Carbonates

p-Aminophenyl n-alkyl carbonates were obtained by catalytic hydrogenation of the nitro
derivative which was synthesized from p-nitropheny! and the corresponding n-alkyl chloroiormates.
For example, the preparation of p-aminopheny! n-butyl carbonate was carried out in the following
manner. Into an ether solution of 0.1 M. p-nitrophenol, 0.1 M. n-butylchloroformate (dissolved
i.; ether) was added drop-wise at such a rate that the reaction mixture refluxed mildly. The re-
action mixtu-e was stitred for 8 hr and the resultant white solids were filtered off. The filtraze
was washed with 200 ml of 0.1 N sodium hydroxide solution {foliowed by several washings with
saturated sodium chloride solution. The ether was evaporated and the resuitant vellow cil was
dissclved in chloroform and filtered through a short column of siiica gel to ¢liminate the trace
amount of phenol. After evaporation of chloroform, the product was vacuurn-distilled to yie:d
light-yellow p-nitrophenyl n-butyl carbonate (90% yield, gave a single spot in TLC examination).

0.1 M of this compound was then dissolved in 300 ml of anhydrous methanol containing 0.5 ¢
of 10% palladium on charcoal. The mixture was shaken in a Parr hydrogenator until quantitative
hydrogenaticn occurred (ca. 15 minutes). The methanol solution was fiitered and evaporated under
reduced pressure to about 50 mi. This operation was performed under a nitrogen atmosphere.

The product which gave a single sj.ut on TLC examination was transferred to a 100.0-m] volumetric
flask, and a sufficient amourt of isopropanol was added to the mark. Aliquots of 20.0 ml (0.02 M)
were reacted with the corresponding aldehydes, and the nroducts were purified by recrystallization

as described above.

4. Determination of Transition Temperatures

Transition temperatures were decermined with both a Thomas-Hoover meliing point apparatus
and a differential scanning calorimeter (DuPont Model 90G Thermal Analyzer). In the latter case.
sample sizes were between 5 and 15 mg while the heating rate was 10° per minute The tran-
sition temperatures were reproducible within 1°. The textures of the mesophases were ox-
amined with a Bausch and Lomb polarizing microscope equipped with a hot stage (magnifications
were between 60 and 120X).

The smectic-cholesteric transitions of the mixture of 20 annd NH-1 were observed in a
Tenney 4. refrigeration cabinet.
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SECTION Hi
ELECTRO-OPTICAL BEHAVIOR

In any type of display media there are a number of performance aspects that are extremely
important but can usually be cornpromised for other system “trade-offs’. For instance, in a
field-controlled reflective opticai storage devire both ihe absolute reflectivity and contrast
ratio might be suitably modified at the expense of response times and addressing conditions.
Storage and life requirements, dictated primarily Ly specific applications, could pc sibly
impose material restrictions that inherently limit device operating field ““on’ characteristics.
The unique molecular architecture of the nematic-chelesteric liquid crystalline systems under
study allowed a number of electrc-optical properiies to be investigated s.nd modified, if neces-
sary. to optimize device objectives.

Present experiments were based on the changes of such optical properties as scattering,
reflection, birefringence, <nd, to some extent, color as affected by material composition, elec-
tric fields, operating temperature, and cell fabricati~n rechniques. Most of the pertinent
electro-optic characteristics of reflective storage cells were measured with the simple apparatus
shown in the block diagram [Figure 5(a)]. The experimental setup illustrated in Figure 5(b) was
used to measure the transmitted light-scattering pioperties,

Reflectivity measurements were made by comparison with reftectance cards calibrated on a
Munsell 17-step neutral value scale. This technique eliminated errors introduced by drift i,
amplifier gain and changes in incident light intensity. Storage and life properties weve monitored
for periods ranging from 3 weeks to 4 months. The accumulated data from these tests provided a
qualitative comarison of materials behavior under room ambient conditions with no special efforts
to improve storage or life performance. Such requirements should be realistically defined by
sp.. ¥fic display objectives.

Additional teste were andertaken to estimate operational lifetime expectancy and to deter-
mine the angular light-scattering distribulion of typicai sicrage mode devices, Measurements of
capacitance, resistivity, and temperatire ¢ffects were also made to further elucidate the mechanism
of the storage-mode effect and to relate dynamic and static electro-oplic gropertiss tc raatenal
composition. The fullowing sections describe our materials and device evaiuation program in terms
of optimizing sucn display-related parameters as reflectivity, contrast. response speed, electric
field requirements, and storage time.

A. MATERIALS EVALUATED

During the initial phase of our materia:< evaluation program, measurements of electricai and
optical characteristics were made mcre on a comparative than an absolute basis. In order {0
facilita e materials comparison in terms of display ohjectives, experimental tests weye conducted
with “standard” celis at room temperatiare, excited with electric fie}ds iimited to a narrow range
of frequency and field strength. This technique allowed rapid elimination of thuse liquid crystalline
compounds which did not appear to satisfy dispiay-related parameters.

No extended effort was made to accurately relute physical and chemical properties with electro-
optic performance durng this invesiization period. It was believesd that such a cursery evaiuation of
materizl properties on a comparatize bacis was an expedient means of effectively selecting those
materials and materizl cosnbinations that would most likely satisfy device requirements.
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Figure 5. Experimental setap for electro-optical response measurements.
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The liquid crystal materials used in this study contained from 2% 1o 59% {by weight) of the
selected cholesteric materials in the nematic mixtures deseribed above {referred {0 as the nematic
hosts in Section i), Intially. our materials evaluation pregram consisted primarily of determining
alectro-optic response behavior as affected by concentration of the chofesteric eomponent. Specifically,
mixtures made with 2, 5, 7.5, 10. 15. 20, and 50% chclestery! oleate cxragonent and also 10, 20, and
50% cholestery! chlonde in the nematic host were prepared, and cells made with each of those mixtures
were f{abricated and measured.

The critenion by which the cholesteric-nematic systems under snvestigation weve evaluated
was therr ability to modify ncident hight (reflection, contrast ratio; at moderaie exritation
voltages and to retain their scattering texture over a reasonable pericd of time with no main-
taming power. Except for the materials contaning v ss th.an 2% or greater than 207 cholesteric
component, ali of the mixtures satisfied these requirements 10 some degree. Electro optic bhehavior
of matenals contaimng less than 2% cholesieric component was similar to that of dynamic scat
tering while devices made with materials having greater thai 20% cholesteric component exhibited
cholesteric type characteristics. The electro-optic properties of cells fabricated with 5 to 10%
cholesteryl oleate were found to compromise the characteristics of devices operating 1z *hi
storage mode.

Having established the 5 to 10% range as an optimum concentration, ancther group of chelesteryl
derivatives was evaluated in terms of dispiay properiies. Mixtures containing -~ 7.5% of ihe
selected cholesteryl ester in the nematic host (NH-1) wers prepared, and the eisctro-optic re-
sponse of each mixtuze was measured and compared with 2 standard peralie! pia.~ cell f~bricated
-vith the 7.5% cholesteryl oieate formulation. Listed below are the materials that w.-te evaluated.

Table Vi
Materials Evaluation
. Compound A Weight % in Nematic Host
1. Chol. Erucyl Carbonate i 1.45
2. Chol. Oleyl Carhonate : 7.69
3. Chol.-2{2-Butexy Ethoxy)Ethyl Carbonate g 7.17
4. Chol.-2-Methoxy-Ethoxy Carbonate : 7.11
5. Chol. Gerany! Carbonate ! 7.45
6. Chol. Methare Sulfonate i 7.50
7. Chol. Myristate | 7.44
8. Chol. Nonanoate ; 7.52
Simiiarly. selected mixtures of the nonsteroida! ~holesteric compounds ¢ »d above

(Section 1I} and both sitostery! oleate and its hydrogenated derivative in NH-1 were evaluated.
None of the mixtures exhibited electro-optic characteristics compavable with those of the
cholesteryl oleate — nematic mixture. In general, response speeds were longer, excitaticn fields
were higher, and storage life was considerably shorter.

To complete the materials investigation program, another nematic host, desigrnated NH-2, was
formulated and its electro-optic response compared with that of the NH-1 material. A piot of
relative brightness vs. applied voltage for these two materials and two commercially available
nematics is illustrated in Figure 6. Under this set of experimental conditions, NH-1 gave higher
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Figure 6. Brightness vs. voliage for four different
nematic host materials.

contrast ratios at lower voltages thar either the well-known MBBA (anisylidene-p-aminobutyl-
benzenej or LICRISTAL® {(p-methoxy-p-butylazoxy-benzere). On the oiher hand, NH-2 gave
much lower contrast ratios than th.: other materials. This is believed to be due to the fact that

this material spontaneously adopts the homogeneous {weakly scattering) texture hetween the elec-
trodes. The maximum contrast ratio is always obtamed when the unactivated material adepts the

homeotropic (clear) texture.

The accumulated data of these experimental tests clearly show that the cholesteryl oleate
NH-1 nematic mixture, particularly in the 5 to 10% composition range, is the optimum choice of
material tv afiow superior device properties in terms of display related parameters. The mixture
containing 7.5% cholesteryl oleate had a cholesteric range of 25 to 96°C.

B. CELL FABRICATION

Evaluation of each of the new materials was accomplished by meazuring the phenomenological
effects of a typical device structure. This structure is in the form of a parallel-plate capacitor
consisting of two electrically conducting glass plates. The conducting {ilm on at least one of
thuse plates was traneparent such as tin oxide coated or sputtered indium oxide. In the reflective
mode of operation, the second glass plate was coated with a thin, evaporated layer of aluminuin.
'The nematic-cholesteric m «ture is sandwiched between the electrodes using teflon spacers of
adequaie thickness. Capil’ .r action is sufficient to hold the liquid between the plates for a
variety of orientations. Active area for all of the test units was 2.25 cm? although larger-
area cells were often fabricated to simulate typical display conditions.

®@E Merck & Co . Darmstadt, West Germany
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For all of the comparative experimental tests, spacing between the conducting glass plates
was (.5 mil. Vanations were made to determime the thickness dependence of st:h electro-optic
properties as reflectivity, addressing requirenents. storage capabilities and light-scattering
characteristics. Improved dynamic response was observed witin much thinner cells (0.25 rnl or less)
at the expense cf long-time s{orage capabilities. A typical 4 in. x 4 in. display, however. often
required thicker cells due to technological limitations i mzintaining narrow spacings over a
relatively large area and also to minimize the capacitive load on the electronic addressing
circuitry.

Modification of the glass efectrode surfaces by mechanical rubbing in order to improve electro-
optic characteristics was altempted in the fabrication of a number of experimental devices, This
technique should infiuence the molecuiar alignment of the cholesteric-nematic mixture at or near the
the liquid erystal/glass interface — especially in thin ¢ 'lis where surface-to-hulk effects should
predominate — and was expected io affect the clarity of the storage device in the clear™ iate
after the excitation field was removed. No significant improvements in cotrast ratic were observed
m the 1 sted units, and time iimitations did not allow a continued research investigaticn of this

fal -l ation techmgue.

C. REFLECTIVITY

The reflectivity of the cholesteryl oieate and cholestery! chloride {in NH-1) combinations
imnvestigated during the vej orting period is shown in Figure 7. For these measurements, a reflecting
aluminum coating was evaporated o one of the glass plates, and the experimental setup was the sar.¢
as shown in Figure 5(a}. It is emphasized here that these data should be accepted as comparative
behavior of the L.C cells under specific test conditions. Exact values of reflection and contrast
vary with incidence angle and parallelness of the illuminating source, the location and angular
accepiance of the photodetector, and the light-scattering properties of the complete cell structure

10 -
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Figure 7. Reflectivity as a function of cholecteric content.
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{reflecting or transparent back electrode). To simplify the interpreiation of these measurements
each cell was graded on a 17-step Munsell neritral value scale. That is, the reflection of each test
unit was viosely matehed to 8 corresponding reflecting surface calibrated on a scale of 1.5 to 10.

The reficctivity value of each test cell was measured immediately after removal of the excita-
tion field required to produce masimum light scattering. Units having between § and 10% cholestery!
oleate were generally found to b more reflective than those units made from other nematic-cholesteric
systems. Table V11 lists the reflectivity of some representative mixtures evaluated.

Table V]I
Reflectivity and Contrast of Cholesteric-Nematic Mixtures
§ 1
! Weight % | Reflectivity

~ Cholesteryl Component ~in Nematic Host | (Munseil Scale) | Contrast Ratio

i. Chol. Oleate | 20 ; 9.1 Co3i

2 Chol. Chloride 3.0 . 8.2 1.5:1

3. Chol. Oleate 10 f 8.6 2.8:1

4. Chol.  hloride * 10 ‘ 7.7 1.4:1

5. Chol Oleate 20 : 7.1 2:1

6. Chol. Chloride 20 ‘ 1.3 1.3:1

7. Chol. Oleate 7.5 9.4 7:1

8. Chol. Erueyl Carbonate 7.45 8.7 , 1.2:1

]

9. Chol. Geranyl Carbonate 7.45 9.0 ! Very iow
10. Chol. Myristate 7.44 9.3 | 181
11. 3 Me Vui* 747 8.5 ' Very low
12. Sitosteryl Oleate 747 i 8.6 i Very low

Detailed measurements of the angular light-scattering distribution have sevealed that, with 1
luminating source normal to the cels surface, maximum scattering generally occurs between 40 and
50 deg from the incidence angle rather chan the 30-deg angie used in these experiments. At the
maximum scattering angle, the reflectivity of some samples would be much higher than the value
measured at 30 deg and ndicated in Table VI,

D. CONTRAST RATIO

For practical purpnses. the contrast ratio of our stovage type unit is defined as the light
intensity in the scattering state (after the low-frequency ““write™ signal has been removed}
divided by the light intensity in the clear suate {afier the high-frequency “erase” signal has
been removed). Obviously. at certain relative angles between the incident and reflected (cr trans-
mitted) light, contrast raties much less than unity (or negative contrast ratios) are possibie.

Since scattering intensity is a function of the magnitude and frequency of the ¢ jsplied electric
field, it was necessary to define the conditions under which the contrast ratios were measured.
Higher contrast ratios were possihle under field “on™ conditions since both the scattering texture
and transparency of these mixtures could be improved by maintaining ac appropriate (‘“write™ or
“erase’’) ac addressing signal.
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The contrast of units fabricated with various mixtures in th2 nematic-cholesteryl vleate
system: generally ranged between 3:1 and 8:1, thy highesy ratio occurring for units made with a
mixture containing approximately 7.5% of the cholesteryl oleate component. This mixture generally
was more scattering under storage conditions and relatively transparent in its quiescent (clear)
state. None of the other nematic-cholesteric mixtures investigated were superior in conizast ratio
4 or comparable in terms of other electro-optic characteristics.

It should be noted here again that, by optimizing the measurement parameters, more impressive
values of contrast ratio (greater than 10:1) were possible. The measurement technique used (to
evaluate materials) could be considered more gnalitative than quantitative but the reported contrast
ratios are more repiresentative of practical values that would be discernible to the average observer
of a large-area display. Since viewing requirements of some display systems may not be especially
critical, it is conceivable that further contrast improvements may not be necessary and. in fact.
may allow a suitable “trade-off” to compromise other potentially important performance character-
istics. For mstance, some ~holesteric-nematic mixtures can be operated by considerably reduced
electric fields at the expensc of contrast ratio and storage capabilities, thus offering the
possibility of multiplexed operation.

E. 5i \TIC ELECTRO-OPTIC CHARACTERISTICS

One of the extremely desirable aspects of a large-scale, matrix-addressed display is the
presence of a coincidence threshold. i.e., the behavior of the display medium such that signals
helow a given level result in no respense but signals of twice the threshold level result in an “on™
condition of the disy '1y. In certain classes of nematic liquid crystals operated 1n the dynamic scat-
tering mode no such coincidence threshold exists and scattering increases with voltage above a mmni-
mum threshold (~ 6 to 8 V) until saturation sets in at ahout 35 V, Measurements have beens made to

determine the changes that occur in such nematic systems by the addition of cholesteric materiai.

A plot of threshold field vs. percent cholestoric component is shom in Figure 8. For all the
compositions measured, the field required to produce ‘he onset of scattering (threshold) increased
with increasing cholesteric content. At low ac frequencies within the “write” frequency range, it is
likely that slightiy higher electric fields would be necessary to yield similar results. This has
been reported  sewhere[16].

The experimental data presented in Figure 9 show the scattering (reflective mode) behavior of
typical half-mil-thick RSM cells as a functicn of steady-state excitation voltage. During the course
of these tests made with cholesteryl oleate-nematic mixtures, a number of response features relevant
to the objectives of our materials synthetic effort were consistently ¢beerved:

(1) A 2% cholesteryi oleate-nematic mixture behaved similar to a nematic LC cell
cperated in the dynamic scattering mode. Between a threshold voltage of 2 and
3 V and a saturation level of 10 to 15 V a gradual increase in scattering
(reflectivity) was cbserved. Removal of the dc voitage required to produce
maximum reflection (15 to 20 V) resulted 1n rapid deterioration of the scattering
texture — the unit became very nearly transparent in a matter of minutes.

(2) Cells made of 5 to 15% cholesteryl cleate-nematic mixtures did indeed exhibit
a sharp coincidence threshold. The voitages needed for maximum reflectivity were
less than twice the voitages measured at the onset (threshold) of the light-scattering
process. A further increase in voltage beyond the reflectivity maximum reduced the
amount of scattered light reflected back to the photodetector,

{3) The elzctro-optic properties of a limited number of test units fabricated with
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materials containing greater than 27202 of the cholesteric component were characteristic
of the pure cholestery! ester in that they shiowed higher threshold voltages and re-
qu.red highsr rms cerase” signails.

THRESHGLD ELECTRIC FIELD (x:0° v/em)

RELATIVE REFLECTIVITY (ARBITRARY UNITS )

2

00 5 10 i5 20 25 30 35 40 45 50
PERCENT CHOLESTERIC -~ { WEIGHT */)
Figure 8. Threshold field as a function of cholesteryl oleate content,
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Figure 9. Static electro-optic response of reflective storage cells.
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The data presented above provided a useful diagnostic means for understanding the mechanism of
the storage system and for determining electro-optic characteristics as affected by the cholesteric
content of the mixture, it was often necessary to maintain steady-state fivld conditions for several
seconds before an electro-optic equilibrium was observed. For utility in real-time or “rapid update”
display systems where long time storage is not of primary importance, the transient or dynamic electro-
optic properties of these materials are likely to be more sigmficant.

F. DYNAMIC ELECTRO-OPTIC CHARACTERISTICS

In « dynamic display system utilizing the storage capabilities of appropriate cholesteric-nematic
mixtures, the speed of « ‘ical response to a particular excitation voltage is likely to be an im >ortant
parameter, To facilitate furcher discussion it is necessary to define and elaborate on the terms “‘writing”
andJ *‘erasure” speed as applied to the operating characteristics of a typical storage device. Assuming
a reference scale where the scattered light intensity in the clear state is equal to zero, then “writing”
speed refers to the time interval which elapses from the moment the dc or low-frequency ac voltage is
applied until the scattering state has reached 90% of its field “on” value. Similarly, ‘“‘erasure”
speed refers to the time interval elapsed from the moment the high-frequency “erasure” field is
applied until the seattering has been reduced to 10% of its field “off” (storage state) value.

Perhaps a better undersiunding -  these definitions and an appreciation of some of the experi-
mental problems involv~d in this type of measurement can be acgnired by referring to the illustration
in Figure 10. The electro optic properties of the cell chosen faor this illustration are representative
of the unique operating characteristics of those units fabricated with between 5 and 15% of the
cholesteric component in our nematic nost (NH-1).
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EXCITATION VOLYAGE

Ly

LOW-FREQUENCY HIGK - FREQUENGY
"WRITE " SIGNAL TERASE " SIGNAL

TIME —————» { SCALE NOT INCLUDED!

Figure 10. Dynamic electro-optic response of typical
reflective storage cell.
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No time scale has been included in this plot since the four time constants shown have signifi-
cantly different values and because both “writing” and “erasure’ speeds are vitally dependent on
the frequency and magnitude of the addressing singals. For similar reasons a scale for the applied
excitation voltage has not been included. The information contained in this graph merely illustrates
the different values of scattering that result during high- and low-frequency “on’ and “off”
conditions. The letter designations on the reflectivity curve correspond to steady-state values
measured

(a) — with a low-frequency field maintained across the test unit,

(b) — after the *“write” signal has been turned “off”,

(¢} — some time interval after the high-frequency excitation voltage has been turned “on”, and
{d) — aftor the *“erase” field has been turned “off™.

The specific electro-cptic response characteristics of a test

cell fabricated with 7.43% choles-
teryl oleate-nematic mixture are shown below. -

Table VIII
Electro-Optic Response Characteristics
..l Addressing Condition | Reflectivity (arb. units)
o uonn 40
Write 60 Hz (100 volts rms) “off* 64
. ) “Orl” 5‘9
Erase 6 kHz (100 volts rmS) “off” 11.8

The speed-of-response properties of zll the tested units were measured using a “write’ frequency
of 60 Hz at 100 V (rms) and an erase signal of 6 kHz at the same rms amplitude. These values of fre-
quency and voltage were chosen mostly as a matter of convenience and, although other frequency-
voltage combinations mray vield improved response characteristics, these measurements did allow a com-
parative means for materials evaluation. The cumulative results of these tests indicated that the dynamic
electro-optic response of the cholesteric-nematic mixtuves investigated could easily be categorized
into three general classes (although the properties probably vary continuously as the percentage of
cholesteric is varied):

(1) “Writing™ speeds of 5 te 10 msec and “erasure’ speeds of 20 to 25 msec were
ineasured on those units fabricated with 2% or less cholesteryi oleate-nematic
mixture. This behavior is similar to the dynamic scattering mode of operation
in pure nematic liguid crystals.

Cells made of 5 to 20% cholesteric-nematic mixtures respond to “write’ sjgnals
in 2 to 8 msec and can be “erased”™ in 0.5 to 1.0 sec. Very little difference in

speed of response was noted within the specified range of cholesteric composition.

Greater than ~ 20% cholesteric content resuited in a cholesteric-dominated
electro-optic response. That is. scattering saturation had not been achieved at
100 V, color changes were readily apparent, and voltages greater than 200 V (ac
or dc) were required to revert the units back to their original clear state.

Figure 11 shows the response times of several nematic host materials as a function of applied dc
voltage, Mare detailed measurement: of response time vs, voltage and frequency were not made be-
cause of the difficulty in interpreting th> optical response characteristics and because writing aad
erasure speeds were also found to be dorendant on sample thickness and temperature.
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Figure 11. Respounse time as a function of voitage for
three different nematic host materials.

G. STORAGE PROPERTIES

Orne of the important vroperties required cf the material combinations under investigation was
their ability to retain their scattering texture over a long period of time with no maintaining power.
Most of the tested samples faded gradually after the removal of the excitation voltage but the “relax-
ation” process proceeded at different rates for the varicus cholesteric-nematic combinations. There
were three principal types of failure involved in the attrition of test units stored for periods
ranging from a few hours to four months:

(1} reduction in reflectivity and/or contast ratio,
(2) development of an X-pattem in the surface texture, and
(3) crystailization of the cholesteric-iiematic mixture.

Table IX summarizes the storage “:ehavior of some of the cholesteric-nematic mixtures investi-
gated. Life test data were recorded only in terms of reflectivity. contrast ratio, and visuai appearance,
Storage life termination due to crystallization of the liquid crystal mixture occurred only in samples
containing much more than 20% of the cholesteryl component.

None of the experimental cells used for storage life testing were encapsulated nor were they sub-
jected to environmental testing under controlled ambient coaditions. From the accumulated data,
starage life 2ppears to be a lesser problem area. A summary of results for unsealed cells stored at
room temperature {NH-1 nematic component) indicates a storage time expectarncy of

{1} 60-90 days for 7.5% cholesteryl oleate componeni, and
§2) 90-120 days for 20% cholesteryl chloride compcnent.
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At elevated temperatures storage properties were adversely affected, and near the isotropic tem-
perature the stored state could be retained for only a few minutes.

In order to estimate lifetime potential under dynamic operating conditions, a number of choles.
teric-nematic mixtures were programmed for periodic cycling between the “stored” and “erased”
state. All of the measured cclis were suhjected to the following test conditions:

(1) one second “write™ fieid *‘on” (90 V dc),

{2) two seconds “‘write” field “off",

(3) one second “‘erase’ field “‘on’ (90 V rms, 6 kHz), and
{4) two seconds “erase” field “off’”.

Cells were considered to have failed the cycling test if a significant reduction in contrast
ratio occurred or if an objectionable deterioration in scattering texture appeared. Unsealed celis
previously used for static storage life studies failed initial dyramic testing in less than 1,000
cycles due to the formation of gas bubbles throughout the active cell area and especially at the
periphery. However, ti:e active life period of freshly prepared samples, vactum evacuated to remove
gas buobles trapped durnng the cell fabrication process, has been extended appreciably. After 8,000
cycles only a slight cosmetic deterioration along the cell edges was observed. Hermetic sealing of

the cell structure, a technique which was developed at RCA, is expected to furtner increase opera-
tional lifetime.

At the present time there is no evidence to indicate that sequential cycling between “write”
and “erase” excitation fields adversely affects operational lifetime as usually determined by
steady-state field conditions. Nu differences in dynamic behavior were found for cholesteryl oledte
concentrations of 5 to 15% in NH-1. In fact, the contrast ratio of one test unit fabricated with
5% cholesteryl sleate — NH-1 increased after 8,000 cycles of operation due tc improved transparency
of the cell aiter the “‘erase” signal had been removed.

Life studies were also made on cells designed with a matrix type electrade pattern to determine
static storage effects on adjacent segments located in close proximity to a sequentially operated
active element. This work was essential if we were to design a state-of-the-art display which ilus-
trates a practical appiication of the storage effect.

Figure 12 is a drawing of a test cell designed with a nine-element matrix-type elecirode pat-
tern. The optical condition of each discrete element is also shown. To simulate an addressing scheme
where the desired display information is in digital format, two of the nine segments i the pattern
were sequentially activated using excitation signals and relaxation pericds of

(1) “Write” — 90 V dc for 1 second, 1elax for 2 seconds, and
{21 “Erase’”-- 90V at 6 kHz for 1 second. relax for 2 seconds.

The static ifetime of inactive “‘stored” segmentz adjacent to inactive “‘clear” segments
was about 30 days. However, no apparent optical detericration occured in any of the unexcited
elements lo=ated adjacent Lo the dynamically cycled segments even after 75,900 cycles of operation.
Terminatior of these tests was dictated by the failure of the electronicaily addressed elements due
to the formatiun of bubbles along the active cell periphery. The resulis of these tests indicate
that proximity effects between “stored™, “clear™, and 2- iive adjacent 2lements will ot be himiting
factors » the de-ign of a state-of-the-art dispiay using cur storage-type higu:d crystal materials.
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Figure 12. Segmented storage cell (top view).

H. DFVICE THICKNESS

A brief examination of elecire optic properties as a funciion of cell thickness was made to
determine an optimum thickness for larger area (10 cm x 10 om) display celis. At 0.25-mil electrode
spacing, the niecessary high electric fielids were conducive to excessive short-circuiting. Poor
contrast ratios and slow response spreds were observed for cell thickness greater than 1.0 mil. From
these limited tests it appears that a 0.5-mil separation between the paraile] conducting glass plates
is a satisfactory compromis- between contrast, uniforinity, speed of response, and addressing require-
ments.

I. TEMPERATURE EFFECTS

Several parallel-plate test cells using various mixtures from the cholesteryl-nematic systems
were fabricated and their electro-optic properties measured as a function of operating temaperature,
Though variations in ter perature dependence were found to occur for different compositions. the be-
havior of all the tested units could be generalized as follows:

(1) Abrupt changes in temperature caused drastic changes in the texture of the
stored state. At high heating (or cooling) rates, partial erasure cf the stored,
scattering texture ozcurred. More specifically, nonisothermal conditions due to
temperature gradients across the test cel! aliowed fluid motion of the liguid
crystal material to partially convert the focal-conic texture to the clear pianar
state.




(2) At a constant temperature (+ 2°C) within the liquid crystalline range
of the material, cells could be operated normaily in both the storage and erase
modes. In fact, some improvements in contrast ratic and response speed, and a
decrease in threshold voltage were noted up to temperatures of 65°C. However,
as the temperature was increased closer to the N-L transition point, light scat-
tering and storage properties were adversely affected.

(3) Near the isotropic temperature of the mixtures under test, the scattering
properties and contrast ratios were significantly reduced and the focal-conic
texture of the stored state was retained for only a matter of minutes.

(4) Life measurements at elevated temperatures indicate satisfactory storage up
to 24 hours at temperatures near 50°C (NH-1).

A more extended study of temperature effects wes not undertaken because of the various param-
eters (i.e., nematic range of host material, the choiesteric component and its content in the mix-
ture) affeciing the transition temperatures of the material + >mbinations under test.

J. CAPACITANCE MEASUREMENTS

Capacitance measurements as a function of dc vcltage and cell thickness were made in order to
determine the dielectric anisotropy of the mixture 7.5% cholesteryl oleate in nematic host NH-1.
Spacing between the parallel-plate electrodes was varied between 6.25 mil and 2.0 mils for four
different cells containing the selected mixture, and the dielectric constant was calculated at each
thickness. All o1’ the capacitance data were obtained using a Boonton capacitance bridge having an
ac test signat of 100 kHz at ~ 30 mV (rmsj. Reliable and reproducible resuits were obtained
under the followir.g conditions:

{1) Initial measuresment was made at zero dc bias with the test cell in its
clear {planar texture) state.

(2) The capacitance was measured as a function of dc voltage until the
scattering texture was readily apparent.

{3) The dc voltage was removed, and the capacitance of the (stored) focal-conic
texture was measured.

For this particuiar cholesteric-nematic mixture, the avsrage dielectric constant was calculated to
be 4.9 for the focal-conic texture and 5.8 fcr the planar texture. Intermediate values of dielectric
constant were recorded with & dc bias voltage (above threshold) applied te the test cell. This 20%
change in dielectric constant is typical of the anisotscny veriation for nematic compound imilar
to the NH-1 nematic host used in our present storage material.

K. LIGHT-SCATTERING CHARACTERISTICS

To optimize dispiay-related parameters and to obtain a better understanding cf the light scat-
tering characteristics of a reflective storage cell in its *scattering” and “clear™ states a series
of measurements was made. Figure 13 shows the angular notations used in these measurements
and some of the results for a 0.5-mil parallel-plate cell containing 5% cholesteryl oleate in NH-1.
Both the incident light source and the cell under test were allcwed angular movement in one plane —
ither mutually or independently. The brightness of the cell was recorded with the photodetector in
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Figure 13. Contrast ratio as a function of incidence
and reflection angles.

a fixed position. Based upon the relative brightness and contrast ratios at various angles of
incidence and reflection, the following conclusions can be made:

(1) When the angle of incidence is normal to the cell surface, maximum contrast
occurs at approximately 45-deg angular displacement of the photodetector.
With the photodetector normal to the celi surface, the contrast ratio peaks
abruptiv at an angle of incidence of ~ 40 dee

(2) Obviously, maximum brightness occurs in both the “scattering” and “‘clear”
states at the specularly reflecting angle. This conaition of incidence and
reflection angle being equal does not serve any useful purpose other than to
demonstrate a polarity reversal of the contrast ratio; i.e., the light reaching
the detector is greater when the liquid crystal cell is “clear” rather than
in its scattering texture.
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To determine if the cholesteric component in our nematic-cholesteric mixiures produced
significant electrical conductivity changes, the dc resistance of cholesteryl oleate a2 cholesteryl
chloride in NH-1 was measured. The steady-state dc resistivity as a function of cholesteric content
is shown in Wigure 14. From the vast differences in resistance values, it is apparent that the
purity, type, and content of the cholesteric component did indeed affect the resistivity of the

L. MATERIAL RESISTIVITY

tiquid crystai mixtures. p

DC RESISTIVITY (ohm.cm)

These characteristics represent the general behavior of a specific cholesteric-nematic
mixture operating in the reflective storage mode. More detailed studies of the transmitted
t light-scattering properties as a function of material composition and cell thickness were
4 made and are discussed separately in this report (Section IV).
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Figure 14. DC resistivity as a function of cholesteric components.

It -was possible to reduce the resistivity of the cholesteryl chloride — NH-1 mixtures by addi-
tion of ~ 102% hexadecylpyridiniur: bremide, but no significant differences or improvements
in device performance were noted. However, more recent devices made with purified cholesteryl oleate
material were much more resistive than previous mixtures having the same percentage content, and
these units exhibited poorer electro-optic properties. Current experimental studirs suggest the
likelihood of a specific materials resistivity range for optimum device performance. Although these

data are still incomplete, it appears that materials having a bulk resistivity of less than

1019 ohm- cm exhibit response characteristics superior to devices made with higher resi

materials.

stivity
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SECTION IV
LIGHT-SCATTERING BEHAVIOR

Quantitative measurements of light scattering are desirable for comparing various materials
and for optimizing the design of storage cells. The absolute value of scattered light intersity
at a given viewing angle determines the brightness and contrast ratio ‘hat can be obtained with
a certain material. The thickness and angle dependences will influence the particular cell
design. Such measurements have been made in cholesteryl oleate — NH-1 mixtures.

In the nonscattering state the material takes on the planar texture[4]. The helical
1 axis of the cholesteric structure lies perpendicular to the plane of the electrodes, while the
Y molecules lie parallel to that plane. Usually no preferential directicn is estabiished within
tiiis plane and one must assume that the molecular axes are randomly oriented in the plane. The
orientation must change smoothly from point to point as these fluctuations cannot be observed
under the microscope.

The clear state is obtained by the appl.cation of a high-frequency field. The frequency is too
} high to effect any movement of charge so ti at the field acts only on the dielectric properties

of the liguid. The di<jectric anisotropy of th« molecules is negative, and they align perpendicu-
lar to the field. i.e.. in a plane paraliel to the electrodes. The field itself does not intro-

3 duce any pr-Zerred direction within that plane, so that the orientation will depend mainly on

the s 1orces.

When a low-frequency or de field is applied to the clear cell it becomes highly scattering,
despite the fact that the dielectric forces alone tend to keep the molecules aligned in the
planar texture. This is identical to the situation in nematic materials of negative dielectric
anisotropy. 'The light scattering ir this dynamic scattering mode[18] (DSM) is caused by
turbulent flow of liquid due to movements of charge through the nematic material. The light-
scattering properties of the storage material are expected to be similar to those of the DSM
in nematic materials.

When the field is removed, and liquid motien ceases, another stable cholesteric phase is
formed. Because of the “memory™ of the turbulent condition, the helicai axis in this texture
is oriented in different directions in different regions. This appears to be the well-known
focal-conic texture[4]. The liquid is at rest but scattering of light takes place because
of conctant variations in the direction of the *‘crystaliine axis™.

A. EXPERIMENTAL

The experimental arrangement for measuring the scattering parameters is shown in Figure 15.
The light source is a microscope tamp, nllimated so that the light incident on the cell has
an angular spread of about 5 deg. Both the angle of incidence {6) and the angle of
measurement (¢) could be varied but light propagating outside the plane of the diagram
was not considered. For some of the investigations with monochromatic light a He-Ne laser was
used, and the incident light was then completely collimated.

The scattered light was measured in two different ways. In one method only one part of the

cell wasilluminated, and the light (scatte_ed into a well-defined solid ai\gle) was measured
with a photomuiltiplier. This produced a value which was easy to interpret physically. In the
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Figure 15. Experimental arrangement for measuring light
scattering oi liquid crysiat cells.

other technique the entire cell was illuminated and the brightness measured with a spot
brightness meter. This number represents the quantity that a viewer would observe in an
actual display. It is related to the first quantity in the following way. The incident

light intensity is proportionatl to cosf. The brightness meter measures the light imping-
ing on it from a fixed solid angle. As the distance to the cell is kept constant the cell
area subtended by the solid angle must vary as 1/cos¢. Consequently, the reading of the
brightness meter will be cosf/cos¢ times the value of the photomultiplier reading.

In making the measurements, care was taken to cbtain reproducible results. Cells had to be
prepared by a standard procedure, and the voltages had to be applied in the same magnitude and in
the same time sequence. In this manner the values of scattered-light intensity in the DSM and in the
storage state could be reproduced reliably. There tends to be somewhat more fluctuation in the
atienuated direct beam.

A typical curve of light scattering as a function of viewing angle is shown in Figure 16
for one cell in three different ronditions. The clear state still shows a substantial amount of
scattering which is the reason for the relatively low contrast ratios of these cells. The degree
of this scattering was quite variable from cell to cell. It may be refated to the exact treatment of
the wall surfaces, although ve have not been able to demonstrate this conclusively. The scat-
tering was considerably reduced during the erase cycle with the high-frequency field, and the
planar texture appearsd slmosttransparent{19]. When the ficld was removed, however, some
misalignment took place with the molecules rotating out of the plane of the cell. The reason
for this is not understood at present,
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Figure 16. Scattering intensity vs. detector angle.

When a low-frequency electric field was applied to the cells, an electro-hydrodynamic
instability set in at a well-defined threshold voltage. At higher voltages the liquid flow be-
came turbulent. The typical scattering curve in Figure 16 shows a strongly attenuated unscattered
beam and a slowly and monotonically decreasing scattering behavior. The characteristic is the
same as that observed in the DSM of nematic materials with negative dielectric anisotropy. Tis
is also true of the dependence on voltage, angle, and sample thickness. As an example the
voltage dependence of the DSM in a storage material is snown in Figure 17,

When the voltage was remnved and the turbulent motion ceased the scattering focal-conic
texture was produced. Figure 16 demonstrated that the amount of light scattered at a given angle
is similar to the DSM case, but there are differences in detail. There appear to be three
contributions to the transmitted light: the attenuated direct beam, a part which decreases
monotonically with scattering angle and a narrow band locate1 between 25 and 55 deg.
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Figure 17. Voltage depender.ce of scattered light intensity.

The central peak has approximately the same angular distribution as the incoming beam and
mainly represents the attenuatior: of that beam due to scattering. The broad peak at larger
angles is due to Bragy scattering of th2 periodic structure of the cholesteric material. The
repeat distance of the structure is haif the pitch p of the helix since two planes perpendicular
to the helical axis separated by p/2 contain molecules oriented in the same direction (one
cannot distinguish between the two possible orientations along the molecular axis). In the
focal-conic texture the helical axis direction is continuously changing from point to point.

On the scale of microns, such as is used in storage cells, this amounts to a random distribution
of orientation directions. The texture can then be thought to be the analog of a polycrystalline
material or a crystal powder, and the Bragg scattering is similar to a powder x-ray diffraction
pattern. The diffraction rings appear because there are always some *‘crystallites” oriented

so as to fulfill the Bragg scattering equations:

"=1{p/2) 2sin (v/2) (1)

as shown in Figure 18. Here X " is the wavelength in the medium (A "= A/n), and 6 "and ¢ ' are
the interior angles, related to 6 and ¢ by Snell’s law, y =6 + ¢ . The third contribution to the
scattered energy, which has a monotenic dependence on angle, must be due to the random distri-
bution of “domain” sizes and orientations of the focal-conic texture with their concemitant
variacions in refractive index. The effect is qualitatively similar to the scattering behavior of the
DSM except in the latter case the scattering due to the randomly oriented and constantly chang-

ing turbulent vortices is considerably stronger and drops off more slowly with angle.

It should be noted, at this point, that both the DSM and the clear planar texture some-
times appear o have a small amount of Bragg scattering. For the planar texture this means that
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the miserientation mentioned must include some tilt in the helical axjs as well as possible
distortions at the walls ang out of planes Parallel to the walls. The flow ip the DSM must be
sufﬁciently fast and turbulent sp that the helical ordering of the cholesteric phase is almost
completely disrupted.

A number of lests were made to compare materiais of different “ompositions. Some resnits
for the storage state are shown in Figure 19, The curves are very similar in Mmagnitude, However,
only the two intermediate tOncentrations shoy the Bragg scattering peak, J¢ has also beep observegd

>

at a similar angle in a 20, mixture, By using a monochromatjc He-Ne laser, accurate values of

vary only slightly among the three samples, a rather SUrprising resujt, Iy can be demonsirated
in a more quantitative way by considering the attenuation of the direct beani, The average ratio
of transmitted 4o incident beam, obtained from Figure 20 ang other data are shown in Table X.If
the scattering megiym were uniform one would expect the attenuation to vary éxponentially with
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Figure 19. Angular light scatfering intensity as a Figure 20. Angular light scattering intensity as a
function of cholesteryl oleate content. function of cell thickness.

thickness {at those values of attenuation the fraction of light scattered back into the direct
beain can be completely neglected), leading to an attenuation coefficient

o« = (1; In(1, /1) (2)

The calculated values of a are shown in Table X. Since they vary cousiderably the assumption
of uniform scattering must be incorrect.

To check the validity of cur assumptions in the considerations of attenuation we measured
a number of combinations of two storage cells on top of each other, or effectively in series. An
example is shown in Figure 21. For the model used the attenuation of the series combination should
be equal to the product of the attenuations of the individual cells. One 6-um cell attenuates
the beam about 8 dB (Table X), while two celis cause 17-dB attenuation, about as expected.

Table X
Attenuation of Direct Beam in Storage Cells
of Various Thicknesses in the Storage State

T T
i A B i C
Cell Thickness % 25um §  12pm : 6 uym
Attenuation Ratio ; 0.038 ] 0.085 i 0.15
Logarithm (dB) | 14.2 10.8 § 8.1
a | 018um? | 021um! | 0.31pum1
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To understand the inwkness dependence of the scattering in the storage mode we must first
discuss the dynamic seattering nusde, from which it is derived. One finds in both the nematic and
storage materials that e wintering in the DSM s quite independent of thickness at a given
voltage. There are two considerations that may contribute to the explanation of this effect. First,
the fact that the eleetnie field, at a given voltage, is higher in thin culls, produces higher
liquid velocity and inereased turbalence which may cause more scattering per unit volume, com-
pensating for the reduction of the voiume with thickness. The other possibility is that the flow
is relatively uniform in the interior o the cells, that most of the turbulence and scattering is
in layers near the surface which have the same properties for all thicknesses. If one assumes
that the focal-conic texture, which forms after the flow has ended, has a structure partially
determined by the flrw patterns, then the second possibility would appear to be dominating.
There is the additionai experimental information that the structure of the focal-conic texture
does not depend strongly on the voltage applied i the DSM above a certain minimum. This could
still be compstible with the notion that most of the structural variation takes place near the
surface of the cell.

One thickness-dependent factor does not appear on the curves. For the thinnest (6 ym)
cells the storage state is not as stable as for the thicker cells. The amount of 2ttenuation of
the direct beam varies with time after the cell is activated into the sterage mode. This is a
partial reversion to the clear state which reaches saturation after about 30 minutes. It indicates
that in these thin cells the wali forces dominate over the volume forces.
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Figure 22. Angular light intensity as a functi-n
of incidence angle.

The measurements described up to now were all takien with the dlununating iight beam
perpendicular to the cells. This is not necessarily the geometrical arrangement i which these celis
would be used for storage or display. We, therefore. performed scatiering measurements where
both the incoming direction and scattering direction were varied. The scattering for two different
directions of ¢ (Figure 15) are compared in Figure 22. They show that the light scattering
appears to depend mainly on (0 + ¢), i.e., on the relative srairering angle fram input
to output, rather than on the orientation of the cell (¢ or ¢ separately). This iz shown
in more detail in Figure 23 where we plot the scattering intensity at fixed values of (6 +¢).

To explain this behaviar let us first consider the attenuated direct beam (6 + ¢ = 0).
If the material is uniformly scattering, the attenuation is given by Eq. (2) with d replaced by
the actual thickness traversed by the beam, namely d/cos ¢. This quantity is shown by the
dashed curve in Figure 23. The agreement with experiment is only qualitative. The same cansidera-
tion would also apply if most of the scattering takes place in two layers next to the surfaces. At
large scattering angles there is no drop of the scatiered intensity at large angles of incidence. An
explanation of this phenomenon will have to await a more detailed knowledge of the microseopic
structure of the texture.
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B. DISCUSSION OF RESULTY

A number of features emerge from -“ie seattering measurenienis which have application
to the design of zelis for npilmum display characteris Most importantly, the scattering of
ihe storage state does net depend mueh either on the proportion of cholesteric materini in the
mixture er on the cell thickness. Since both of these variables have imjsortant influence. on

'ther properties of the cells, particularly the response speed, ope will be able to select

the parameater values to optimize these other propartios.- ’ ]

The contrast ratio, for a giyes mcxtenai is mxhly stermined by the ustmta- ng of the
clear stale. What eunirols this variable properiyis “ciz !e ar, ot it appesrs io bo . lated

surfses effestz, T um. iny Psttgahu,: of wethods to Weat the suriace i3 required.

Gr» I the mpjor material parameters that influence ;ne scaq.:r“-‘-z mv T ”..g. 3
is the piteh of ihe cholesteric helix, We have seen ihat the Bragg scatlerng ;Emdu £z 8 jsfg
{raction of the light intensity at typical viewing. mzéi»a AY -!ues 2 to 40 or 30 deg will
generally be required for viewing in transmitied iight = that the yalue of the helical pitch
should be about £.5 ym.
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SECTION V
| MECHANISMS AND FUNDAMENTALS

Just as in neme tic material, cholesteric material may be composed of molecules which have,
individually, a dielec'ric anisotropy. If the anisotropy is positive, i.e., with the dipole
pointing in the direction of the molecule, a strong electric field wiil have enough electro-
static energy to “unwind” the cholesteric helix to form a quasi-nematic texture. This is an
optically clear state. When the field is removed, the cholesteric helices reform, resulting in a
light scattering (focal-conic) texture. With materials of negative dielectric anisotropy, i.e.,
with dipcles perpendi- ular to the molecular axis, an externat field will result in those dipoles
turning parallel to the field. If the material is originally in the planar {exture, the field can
have no effect other than improving that texture, i.e., making it more perfect. If, however, the
material is in a disrupted state, e.g., the scattering or focal-conic state, the field will act
to convert it to the planar texture. This is the mechanism for “‘erasure” of the storage state.
The “write” mechanism relies on the fact that when the frequency is low enough, the transit of
ions can disrupt the planar texture, converting it to a focal-conic texture (much in the same
way as dynamic scattering affects the nematic state}. These results are sumriarized in Figure 24.
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Figure 24. Schematic representation of electrically
induced texture changes.

There is at each frequency (and dc), but below a critical frequency, a voltage at which an
undistus bed planar texture is converted to the stored texture. This can be considered a threshold
voltage; below this voltage, there is no disturbance of the planar texture and therefore no storage.
To erase, a voltage must be applied of sufficiently high frequency to have no ionic effects. The
field can then act on the negative dielectric anisotropy of the material to convert it to the
planar (clear) texture. This frequency has been measured in tt e mixture «f NH-1 and 7.5% choles-
teryl oleate as a function of temperature {and thus of s, the conductivity;. At 45 V rms, the
frequency at which the material changed from storage to clear (f.) varied from 52 Hz at
25"C to 1250 Hz at 82°C. This variation was proportional to ¢ as found by plotting
o vs. f, with temperature as a parameter. Such behavior is similar to the reported{19]
variation of the threshold for dynamic scattering.
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Above the threshold, a voltage can be used to write or erase by a small frequency shift,
centered around f,.

The fact that the planar texture can be induced with an apphied field has been used to
improve the off state in the sterage-effect samples by applying the field to the ceils while they
were isotropic, then cooling. This resulted in a clearer off state and thus a better contrast
ratio. The texture was so “good™ that when the erase field was removed, no optical change was
noticed in the cell. After storing for a time, the ¢rased state was restored and was equatly
“‘good”. Note that the storage material system is the oniy system that can be improved by the
application of a high field during cell fabrication and which will result in a better contrast
ratio.

One of the most important parameters to consider in any discussion of the mechanism of this
effect is the pitch of the helix in these cholesteric materials. Efforts to measure this pitch
for a variely of materials are currently under way. We have purchased a Zeiss circle nolarimeter
(0.01°) and expect to measure the optical rotary power of these materials in both the
isotropic and anisotropic states to determine the relatiorship (if one exists) between the
chirality of the helix and the chirality of the molecule.

The first approach involves a study of the effect of temperature on optical rotary power,
and a speciat cell for use in the Z:isy polarimeter was designed and built. Measurements of the
magnitude and sign of the optical rotation for a variety of compounds and mixtures wera initiated
only recently. Unfortunately, no significant conclusions could be drawn from these very limited
data.
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SECTION VI
STATE-OF-THE-ART DEVICES

Earlier in this coniract year (June 1971) a preliminary design plan was presented for
a storaze display panel which attempted to simulate the operation of a glide-path indicator. The
relative merits of such a dispiay application were reviewed* in consideration of the already
existing electronic techniques utilized in military aircraft during controlled instrument landings.
The relative simplicity of these existing ILS procedures and the conditioned pilot’s experience
with familiar instrument presentations are strong arguments against 2 new type of glide-path
display system with storage capability. A further discouragement of the proposed liquid crystal
glide-path indicator is the necessity to introduce an analog-digital converter to interface the
available electronic infurmatioa (in analog form) from the aircraft receiving systems with the
X-Y addressed liquid crystal display.

In view of these restrictions and disadvantages, an alternate type of storage display panel
has been devised. Though fundamentally similar to the glide-path indicator, this display presents
the pilot (or navigator) with a ground location marker determined by the intersection of two
radial beams transmitted from omnidirectional navigation stations.

The display panel is shown in Figure 25: it consists of two flat glass plates with a
aumber of transparent electrode stripes present on each plate. However, unlike the usual linear
X-Y format (columns and rows}, the electrode stripes on each plate are extended in a radial
fashion to accurately represent the radiation pattern transmitted in any 180° arc by the
omnidirectional ground station. In actual practice it would be necessary to fabricate two
separate devices, each presenting directional information received from only one transmitting
navigation station. This would allow the system to be used with any two navigation stations
regardless of their relative geographic positions. In addition, a moving map overlay would be
required to locate specific areas over which the aircraft was scheduled to fly. A top view of
one of these devices showing the electrode pattern is given in Figure 26.
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Figure 25. Liquid crystal panel for ground position locator.

*We wish to thank members of the AF Materials Laboratory and the Flight Dynamic Laboratory for thewr active
p ‘rticipation in an informative open discussion of military ILS techniques during our visit in July.
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Due to space limitations and wiring requirements, the display has nine “range legs” on
each glass plate allowing a total of 81 discrete location markers on a 3.5-in. x 3.5-in.
area of a standard aeronautical navigation map. The display presented on the prototype ground
position locator was chosen so that the two transmitting navigation stations are conveniently
located within the viewing area. For maximum contrast of the liquid crystal location marker it
was necessary to displace the incident light beam from the transmitted light by some 35 to 45
degrees. An example of how this wae accomplished is shown in Figure 27.

LIGHT LOUVE::ED
Fil
SOURCE TRANSPARENT
DIFFUSER / MAP
o .
Figure 27. Cross-sectional view showing OBSERVER

louvered light control film.
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Figure 48. Simuiated airborne ground position locator.
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A simplified description of the method of >peration requires only ore stripe on each opposing

glass surface to be electronically addressed. The directional information supplied to each plate
selects a particular stripe corresponding to a radial direction from adjacent navigation stations.
One omnidirectional station selects an approuriate stripe on thr .p glass, the second station
determines a corresponding stripe on the bectom plate. By choosing an appropriate dc bias or
“write” voltage to activate the selected 'ines. an opaque area appears only at the intersection
of the addressed stripes. This opaque area is highly light scattering oif-axis from the incident
light beam and provides 2 discrete illuminated area to be positively located on the transparent
navigational chart (see Figure 27}. Increasing the magnitude of the “write” signal allows the
entire segmented length of the two activated radial lines to be clearly visible. The pictorial
information such a display might present is shown in the photograpn of Figure 25. In this simu-
lated display, the extended radial lines represent the directional path to {from) the chosen
navigation stations and the intersection of these two lines corresponds to the aircraft’s

relative ground location.

Since no power is required to maintain the activated areas in their scattering state
(storage mode), the panel is ready to receive and dispiay similar infermation at any later
time, thus maintaining a ground track history of the aircrafi’s flight path. Erasure of unwanted
“stored” information is accomplished by merely replacing the dc ‘“write” voitage with an
appropriate high-frequency signal. A schematic diagram of the electronic control circuit for
this simulated display is shown in Figure 29.

It should be understood in the operation of a practical device that the navigational stations
need only to provide the necessary directional information to select the desired radial lines
on the liquid crystal cell. The actual “write” and “erase™ signais applied to the liquid
crystal material between these selected lines can easily be obtained from an internal low power
supply.
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Figure 29. Schematic diagram of simulated ground position locator.
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SECTION VI
CONCLUSIONS AND RECOMMENDATIONS

The materials research effort has been divided into two parts. In the first pait a search
for broad-range nematic materials with negative dielectric anisotropy led to the synthesis of a
homologous setries of p-alkoxybenzylidene-p -aminopheny! acylates and p-alkoxybenzylidene-p -
aminopheny! n-alky! carbonates. Mixtures of selected compounds from the former series were pre-
pared and one “room-temperature” ternary mixture (NH-1), which exhibited nematic behavior from
25 to 105°C, was found. A ternary mixture (NH-2) prepared with compounds from the iatter
series had 2 nematic range of 30 to 118°C but it exhibited poorer dynamic scattering charac-
teristics than NH-1.

The second part of the materials program was concerned with the preparation of Schiff base
deriv tives which exhibited cholesteric mesomorphism. A group of optically active benzylidene
aniline dernivatives having alkoxy and acyloxy groups with asymmetric carbon atoms were prepared,
and the compounds were found to exhibit cholesteric mesomorphism. One of these compounds,
¢-p-anisylidine-p -aminophenyl 3-methylvalerate, had a cholesteric range of 41 to 78°C.

Other derivatives which had asymmetric carbon atoms in the alkoxy pertion of the molecules
exhibited both smectic and cholesteric behavior. However, it was possible to prepare mixtures
of these compounds with NH-1 to eliminate smectic mesomorphism.

The criterion by which the cholesteric-nematic systems under investigation were evaluated
wa. their ability to modify incident light (reflection, transmission, coatrast ratio) at moderate
excitation voltages and to retain their scattering texture over a reasonable period of time with
no mainiaining power, Except for the materials containing less than 2% or greater than 20%
cholesteric component, all of the mixtures satisfied these requirements to some degree.
Electro-optic behavior of materials containing less than 2% cholesteric component was similar
to that of dynamic scattering w. ~  devices made with materials having greater than 20% cholesteric
component exhibited cholesteric type characteristics. Test cells made with the cholestery!
oleate-NH-1 nematic mixtures - specifically in the 5 to 10% compeosition range - appear to be
qualitatively superior in terms of display-related parameters. A particularly useful mixture
contained 7.5% rholesteryl oleate and had a cholesteric range of 25 to 96°C. We recommend
that more extensive measurements be made with the nonsteroidal cholestzrics and, in particular,
with mixtures containing both the steroidal and nonsteroidal cholesterics.

Standard test cells fabricated with 5 to 10% cholesteryl ojeate-NH-1 mixtures exhibited
writing speeds of 5 to 10 msec and erasure speeds of 0.5 to 1.0 sec at room temperature, using an
appropriate ac drive signal of approximately 100 V (rms). With no excitation field applied, the
contrast ratios were usually greater than 5:1, withmaximum contrast occurring at the Bragg
scattering angle displaced some 40 to 55° from the incident light. Storage properties
appear 10 be one of the lesser problem areas. Unencapsulated cells stored in room ambient condi-
tions have exceeded three months life testing with no objectional reduction in visual appearance
or operating ch.racteristics,

In order to establish the relationship between electro-optic behavior and molecular structure,
capacitance and light-scattering measurements were made on selected cholesteric materials. The
capacitance measurements enabled us to calculate a dielectric constant of 4.9 for the focal-
conic {scattering) texture and 5.8 for the planar texture of 7.5% cholesteryl oleate in NH-1, This
20% variation in dielectric anisotropy is tvpical of the changes observed in pure nematic
compounds. Light-scattering measurements led to a value of 1.6 um for the hel,.al pitch
of 10% cholestery! oleate in the standard nematic. We recommend that light-scattering measure-
ments of this type be extended to other steroidal and nonsteroidal compounds in an effort to
develop a better understanding of the relationship between helical pitch and molecular structura.
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Rapid temperature changes partially converted the focal-conic texture of the material in
the stoied state to the clear planar texture. At constant temperature within the liguid crystalline
range of the material, cells could he operated normally in both the storage and erase modes. In
fact, some improvements in electro-optic properties were noted up to temperatures of 65°C.

Current experimental studies have suggested the probability of a specific materials resis-
tivity range for optimum dewvi ‘e performance. It appears that materials having a bulk resistivity
of less than 10! % ohm-cm exhibit response charactenstics superior to devices made with
higher resistivity materials. Further work on establishing optimum resistivity levels should
be done,

On the basis of the exprriments described above the mechanism of the optical storage
phenomenon appears to involve a change from the “clear”, planar texture of the cholesteric
mesophase to the scattering, focal-conic texture by the turbulent motion of ions in transit
through the ordered liquid. When the electric field is removed the turbulence ceased but the
quasi-stable, focal-conic texture remains. The application of a high-frequency signal produces a
reorientation of molecules and, hence, a reversion to the stahle planar texture,

A state-of-the-art storage device was constructed which would serve as the display unit in
an zirborne ground location system. It would provide the pilot or navigator of an aircrait with
a map presentation of the past and present position of his aircrait in relation to two separate
ground navigation stations.
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