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ELECTRONICALLY TUNED OPTICAL FILTERS 

By Joseph A. Castellano, George H. Heiheier, 

i1CA Laboratories 
Edward F. Pasierb, Jr., and Michael T. McCaffrey 

SUMMARY 

A new electro-optic e f fec t  based on guest-host interact ions i n  nema- 
The cooperative alignment of a nematic t i c  l iquid c rys ta l s  is described. 

l iquid c rys t a l  i n  an electric f i e l d  is used t o  or ient  "guest" pleochroic 
dye molecules (molecules whose absorption spectrum is a function of 
t he i r  molecular or ientat ion with respect t o  the polar izat ion of the inco- 
dent l igh t ) .  Electronic color switching a t  room temperature was achieved 
using f i e l d s  of the order of 10 lcV/cm (dc through audio) a t  powers of 
approximately 1 mW/cm2 with a var ie ty  of dye structures.  Thus, i t  w a s  
possible t o  produce electronical ly  tuned , monochromic, op t ica l  f i l t e r s  
with a var ie ty  of colors. 

The preparation of dichromic opt ica l  f i l t e r  w a s  achieved using mix- 
This allowed tures  of a photochromic, pleochroic dye i n  a nematic host. 

us t o  e lectronical ly  control two colors i n  the same nematic host. 

Polychromic opt ica l  f i l t e r s  were prepared using layers  of yellow 
and cyan guest-host systems. 
yellow, and cyan by varying the voltage between the t w o  layers. 

Thus, we  could produce blue, green, white, 

A detailed study of the  response and relaxat ion time of the  e f fec t  
was a l so  conducted. R i s e  times of 1 t o  5 msec and relaxation times of 
30 t o  200 msec were obtained. 
t ha t  approximately 1100 molecules of t he  nematic host material act 
col lect ively upon electronic  excitation. 

Dielectric dispersion measurements showed 



INTRODUCTIOK 

Light-emitting and light-modifying ef fec ts  provide the two main 
classes  of electro-optic e f fec ts  discovered to  date. 
tube and electroluminescent devices are examples of light-emitting 
effects .  
electron beam, i n  addition t o  geometric and conpositional requirements 
necessitated by the vacuuE inside the tube. 
are limited i n  varying degrees by spectral  response, brightness, l i f e ,  
speed of response, and nature of the e l ec t r i ca l  drive. 

The cathode-ray 

The former requires re la t tve ly  high voltages t o  produce the 

Electroluminescent devices 

Examples of light-modif ying eff e’ts a r c  mechanical shut t  ??s, satu- 
rable absorbers, Stark e f fec t  or Franz e f fec t  modulators, and e f f ec t s  
based on field-induced changes of the index of re f rac t ion  of a material 
(Pockels e f fec t  and the Kerr e f fec t ) .  Mechanical shut te rs  are l ike ly  t o  
be limited by the i r  speed of response and dr ive requirements while satu- 
rable  absorbers require intense opt ica l  radiat ion f o r  operation. 
general, the  Stark and Franz e f fec ts  require extremely high f i e l d s  and 
voltages t o  produce minimal s h i f t s  i n  absorption spectra. 
single-crystal materials are needed fo r  optimum performance. The l inear  
electro-optic e f fec t  (or Pockels e f fec t )  a l so  requires high voltages and 
f i e lds  i n  addition t o  s t ra in-free s ingle  c rys ta l s  lacking inversion 
symmetry. 
l inear  electro-optic e f fec t  . 

I n  

I n  addition, 

The Kerr e f fec t  &ares the high-voltage requirements of the 

This report  is a detai led account of our e f fo r t s  t o  invest igate  the 
nature and scope of a new e1ec:ro-optic e f f ec t  of the  l i g h t  modifying 
type which can electronical ly  control color. The e f f ec t  is based on the 
cooperative alignment of cer ta in  mesomorphic ( l iquid c rys ta l l ine)  host 
compounds by external e l e c t r i c  f i e l d s  which are used to  or ien t  guest dye 
molecules. This or ientat ion r e su l t s  i n  changes i n  the  op t i ca l  density 
of the material and, consequently, changes i n  the color of l i g h t  trans- 
mitted through the medium. 

The research work performed during the  year (April 1, 196e t o  March 
31, 1969) is described i n  t h i s  report. This work w a s  conducted i n  the 
Consumer Electronics Research Laboratory, T. 0. Stanley, Director, with 
J. A. Castellano as Project Sc ien t i s t  and G .  H. Heilmeier as Project 
Supervisor. 
the e f fo r t  during the report  period. 

E. F. Pasierb, Jr., and M. T. McCaffrey a l so  contributed tc 
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DISCUSS ION 

Cooperative phenomena i n  nematic materials under e l e c t r i c  f i e l d s  
have been the subject of several  s tudies  conducted i n  these Laboratories 
over the past several  years [Refs. 1-41. 
relationship between molecular s t ruc ture  and the e l e c t r i c a l  properties of 
nematic l iquid c rys ta l s  has recently led to  the discovery t h a t  coopera- 
t i ve  alignment of cer ta in  mesomorphic "host" compounds by external 
e l ec t r i c  f i e l d s  can be used t o  or ient  pleochroic dye molecules[Refs. 5 , 6 ] .  

A systematic study of the 

The opt ica l  absorption spectrum of a pleochroic dye molecule is a 
function of its molecular or ientat ion w i t h  respect t o  t h e  polarization 
of the incident l igh t .  
long, cyl indrical ly  shaped molecules containing chromophoric groups 
which form par t  of an extended aromatic system. Thus, i f  the pleochroic 
molecule is  oriented wfth its long axis parallel  t o  the electric vector 
of the incident polarized l i gh t ,  absorptlon of l i g h t  by the molecule 
(low energy t ransi t ion)  occurs and the charac te r i s t ic  color of the  dye 
is observed. 

Materials which exhibit  pleochroism are usually 

Conversely, or ientat ion of the  molecule with i ts  long axis perpen- 
dicular t o  the electric vector r e su l t s  i n  l i t t l e  or no absorption by the 
v i s i b l e  t ransi t ion,  and the incident l i g h t  is transmitted unchanged. 

The e f fec t  of e l e c t r i c  f i e l d s  on mixture of these dyes with nematic 
hosts is i l l u s t r a t ed  i n  Figure 1. The c e l l  is constructed i n  the form 
of a parall; I-plate capacitor with transparent electrodes (Nesa-coated 
glass).  
d ie lec t r ic .  
(12.5 microns). Alignment of the molecules with t h e i r  long axes 
pa ra l l e l  to  the electric vector of the polarized aight  occurs merely 
through contact with the electrode surfaces. Stroking of the Nesa-coated 
surface with a clean cotton swab pr ior  t o  cel l  fabr icat ion enhances the 
degree of alignment. This alignment procedure, therefore, r e s u l t s  i n  a 
cel l  that  has a color charac te r i s t ic  of the dissolved dye [Figure l ( a ) ]  . 
The nematic compound selected as the host should have a very strong 
permanent dipole moment operating along its long molecular axis f o r  mexi- 
mum or ientat ion e f fec t .  
the  direction of an applied e l e c t r i c  f i e l d  and, i n  turn, to  or ien t  the 
dissolved dye molecules with the i r  long axes perpendicular t o  the  
electric vector of the incident polarized l igh t .  This produces a large 
decrease i n  the opt ica l  density and hence i n  the disappearance of color 
[Figure l ( b ) ] .  

The nematic material containing a pleochroic dye serves as the 
Typical electrode spacings are of the  order of 0.5 m i l  

This fea ture  enables the molecules t o  a l ign  i n  

3 
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(a) 

EYA'I1C DOMAINS 

PLEOCHROIC DYE 

GUEST-HOST SYSTEM - NO FIELD 

4 

hV.--r, 

r x 

(b) GUEST-HOST SYSTEM WITH FIELD 

Figwe I .  Schematic representation of elGctro-optic ceZZs 
exhibi6ing eZectronie color stritching. 

Our e f fo r t s  during the past  year have been directed toward the 
preparation of l iquid c rys ta l l ine  compounds end selected pleochroic dyes 
which give fundamental color cha,.ges upon appXcation of an e?.ectric 
f i e l d  and which can be operated a t  o r  near roon. temperature. 
e f f o r t  t o  fur ther  characterize t h i s  e f fec t  w e  have made measurements of 
the contrast  r.'itio, rise and decay times, and d i e l e c t r i c  dispersion. 

I n  an 
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Single Kematic Hosts 

The term "nematic" is derived from the Greek word meanlng thread 

A sample of nematic material contained i n  a v i a l  
since it describes the thread-like l i nes  w'.ich these materials exhibit  
under a nicroscope. 
appears 85 a viscoLs, turbid, off-white l iquid.  The molecules of a nera- 
t i c  CCmpOUnd a r e  arragged with the i r  long exes parallel. In contrast  t o  
s m e c t i c  materials, however, the molecules are not arranged i n  layers  and 
are f r ee  t o  s l i de  pas t  each other. 
detencfne the type of mesmorphic behavior exhibited by par t icxlar  
molecules are adequately described eisewhere[Ref . 71 . 

The s t ruc tura l  requirements which 

The nematic molecules selected f o r  t h i s  study are cyl indrical ly  
shaped an6 possess pelarizable aromatic rings.  I n  addition, they have a 
strong dipole moment operating along the long axis :I the  molecule. 
This enables the molecules to  cooperatively a l ign  themselves pa ra l l e l  to  
the l i nes  cc force of the  externally applied e l ec t r i c  f i e ld .  

Our i n i t i a l  studies w e r e  conducted with 2-butoxybenzoic acid and 
p-methoxycinnamic acid (figure 2) but the high operating teaperatures 
required by these hosts prompted a search for other compounds with lower 
crystal-tnematic t ransi t ion temperatures. 
from 2-ethoxybenzylidene-2'-amiaobenzonitrile (PEBAB-2, Figure 2) =as 
found to be suitable,  and s t ruc tura l  modifications of these molecuzes 
w e r e  therefore made. This involved the preparation of compunds with 
from 1 t o  8 carbon atoms i3 the a lkyl  chain attached t o  the oxygen atom. 
This was  accomplished by the sequence of reactions i l l u s t r a t ed  i n  Figure 

A class of compounds derived 

3 W .  

The crys ta l  -+ nematic and nemt ic  -f isotropic  Liquid t rans i t ion  
temperatures f o r  a l l  of these compounds are l i s t e d  i n  Table V I  (Appendix). 
A p lo t  of phase t rans i t ion  temperatures as a function of chain length is 
i l lus t ra ted  i n  Figure 4. With the exception of PEBAB-3 which exhibi ts  
monotropic behavior, a l l  of tha compounds are enantiotropic (i .e. ,  the  
CK point is below the bi point). 
homologous series of l iquid c rys ta l l ine  compounds. 
when the mesomorphic t ransi t ion temperatures (e-g., NL points) f o r  a 
hmologous series of compounds ( in  a series of 2-alkyl e thers  or esters) 
are plotted against the number of carbon atoms i n  the a lkyl  chain, 
smooth curve relationships between even and odd members of the series 
are found t o  exist. This regular a l te rna t ion  of t rans i t ion  points has 
been explained by assuming tha t  the a lkyl  chains adopt the "cog wheel" 
rather than t h e  "zig-zag" conformation i n  the mesomorphic state. 

This plot  is charac te r i s t ic  of a 
It is w e l l  known t ha t  

5 



p-6tJlOXYBENZOlC ACID (NEMATtC RANGE, 147- i61OC) 

p - METHOXYCINNAMIC ACID(NEMATIC RANGE, 171 - 188OC) 

p -ETHOXYBENZYLIDENE- p’- AMINOBENZONITRILE 
(NEMATIC RANGE, 105-124°C) 

Pigure 2 .  Stmtctures of nematic host nnteriak. 

CHO CHO 

OH OR 

OH CN 

0 
CN PYRIDINEI 

-RCOOH 

(bl 

Figure 3. Synthesis of PEBAB t y p e  compounds. 
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No such relationships exist, however, for the  CN t rans i t ion  points 
s ince minor a l te ra t ions  i n  molecular s t ruc ture  can produce la rge  changes 
i n  the energy required to  disrupt the c rys t a l  lat t ice I n  general, 
however, extended a lky l  chains produce weak terminal intermolecular 
a t t r ac t ions  which reduce the energy required t o  disrupt  the crystal 
l a t t i c e  structure.  Thus, the zompounds with the lowest CN points and the 
longest nematic ranges are PEBAB-4, -5 and -6. T t e  higher CN point of 
PEBM-8 r e l a t ive  t o  4, 5, 6 ,  and 7 is anomalous and suggests a special  
ordering of the  chain of t h i s  molecule i n  the c rys t a l  l a t t i c e .  

&.other class of compounds i n  which the molecules or ien t  themselves 
with the i r  long axes i n  the direct ion of an applied e l e c t r i c  f i e l d  are 
the a l ipha t ic  esters of E-hydroxybenzylidene-E'-aminobenzonitrile 
'2%AB-nO series). This series of compounds was prepared by the method 

P E B AB - nO 

shown %n l igure  2(b). 
are l i s t e d  i n  Table VI1 (Appendix) while a phase t rans i t ion  p lo t  is i l l u s -  
t ra ted  i n  Figure 5. 
with increasing chain length is a dramatic demonstration of reduced terminal. 
interactions produced by shielding of the  dipolar end groups. 
terminal interactions are so strong i n  PEW-10 tha t  the molecule does 
not exhibi t  mesomorphic behavior. 

The r e su l t s  of transition temperature measurements 

The very large decrease i n  CN transition temperature 

fndeed, the  

The presence of the  cyano group i n  both the PEBAB-n and PEBAB-nO 
series provides the molecule with a hygroscopic site. 
absorption of moisture id to be avoided, a search f o r  othe- nematic 
molecules which contain groups tha t  have strong dipole moments w a s  
in i t ia ted .  Previous studies[Ref. lo] conducted a t  RCA Laboratories have 
yielded a new series of nematic compounds which contain the strongly 
dipolar carbonyl group and are based on t h i  following structure:  

Since the 
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0 

ABAP 

The preparation and p u r i f i c a t i m  of derivatives of ABAP containing I, 2, 
4, 6 and 8 carbon atoms i n  the alkoxy chain w e r e  car r ied  out, and the . 

t rans i t ion  temperatures are l i s t e d  i n  Table VI11 (Appendix). A p lo t  of 
these r e su l t s  is i l l u s t r a t e d  i n  Figure 6. 
in the series appears to  possess a l l  the  necessary requirements f o r  
mesomorphic behavior, it is i n  f a c t  non-mesomorphic. 
the a lkyl  chain in the ether portion of the  molecule is increased, 
however, mesomorphic behavior appears. An unusual fea ture  of t he  phase 
t rans i t ion  plot f o r  t h i s  series is the  increased nematic as w e l l  as 
smectic thermal s t ab i l€ ty  as the  chain length is iacreased from four t o  
eight carbon atoms. 
lengthening the  chain from four t o  eight carbon atoms, disruption of the  
nematic state is prevented, and nematic thermal s t a b i l i t y  rises. 
these lateral interactions are indeed increased is i l l u s t r a t e i  by the 
higher smectic thermal s t a b i l i t y .  

Although the  f i r s t  compound 

A s  the  length of 

As the  lateral in te rac t ions  are increased by 

That 

I n  an e f f o r t  t o  modify the  MAP s t ruc ture  ( to  eliminate the smectic 
state) an extension of the  a lkyl  chain i n  the ketone portion of the 
molecule w a s  made. 
prepared, but the t r ans i t i on  temperatures (CS--Q6', SN-141', NL-144') 
indicated tha t  the smectic thermal s t a b i l i t y  whs  r i s ing  ra ther  than 
f a l l i n g  . 

Thus, 2-butoxybenzylidene-E*-aminopropfophenone w a s  

p-butoxybenzylidens-g*-aminoticetophenone 

10 
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To counteract t h i s  e f f ec t ,  the  series w a s  continued with the prep- 
arat ion of derivatives (APAP) with an extended alkyl  chain i n  the ketone 
portion of the molecule while the ether  portion w a s  kept a t  one carbon 
atom. The t rans i t ion  temperatures of these compounds are l i s t e d  i n  
Table I X  (Appendix). The absence of smectic behavior i n  t h i s  group of 
derivatives is a dramatic demonstration of the necessity t o  invest igate  
chain extension i n  both portions of a molecule i n  an e f f o r t  t o  obtain the 
desired mesomorphic properties. 

0 

C H 3 * - D C "  = N ~ L ? @  

APAP COMPOUNDS - R' CzH5 CgH7, C& 
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Mixtures of Nematic Compounds 

Mixtures of l inear ,  non-mesomorphic molecuies with nematic compounds 
have been studied extensively i n  the past[Ref. 71. These systems are 
always characterized by a sharp decrease i n  both the nematic -* l iqu id  
and c rys t a l  * nematic t rans i t ion  temperature with increasing concentra- 
t ion of non-mesomorphic component. 
recently been reportedERef. 81 with mixtures of 2-azoxyanisole (nematic) 
and p-ni trobenzy lidene-1' -chloroaniline (non-mesanorphic) . 
diagram f o r  t h i s  binary mixture is i l l u s t r a t ed  i n  Figure 7. 

An example of t h i s  type of system has 

The phase 

Mixtures of two o r  more nematic compounds which possess subt le  
differences i n  molecular s t ruc ture  do not exhibit  decreases i n  the 
nematic -+ 1iquj.d t rans i t ion  temperatures with molar composition although 
eutect ic  points fo r  the c r y s t a l *  nematic t rans i t ion  temperatures are 
obtained. An  example of t h i s  phenomenon w a s  i f r s t  reported by 
DemusERef. 91; a phase diagram f o r  the binary system vhich he used is  
i l l u s t r a t ed  i n  Figure 8 .  
temperatures form a smooth curve Over the en t i r e  range of molar composi- 
tion. 

Thus, the  nematic -+ isotropic  l iqu id  t rans i t ion  

These e f fec ts  can be explained by the following model. 
molecules of a non-mesomorphic guest are randomly oriented i n  a nematic 
host, and the presence of small quant i t ies  is suf f ic ien t  t o  cause 
disruption of neaatic order. 
the dark ovals represent the Don-nematic guest. On the  other hand, 
mixtures of nematic compounds with almost ident ica l  s t ructures  have 
s tab le  mesophases at a l l  molar compositions because a l l  the  molecules are 
oriented i n  the same direction. This r e su l t s  i n  the  formation of a 
"nematic l a t t i ce"  as shown i n  Figure 9(c). 

The 

This is i l l u s t r a t ed  i n  Figure 9(b) where 

The concepts described above were successfully applied t o  binary and 
ternary mixtures of the PEBAB compounds mentioned zar l ie r .  
phase diagram fo r  a ternary mixture of PXBAB type compounds is shown i n  
Figure 10. 
continuous. This is consistent with the m o d e l  described above f o r  m i x -  
tures of nematic compounds. 

A typical  

Note tha t  the nematic -* isotropic  l iqu id  surface is 

Work on mixtures of compounds from both the PEBAB-n and PEBAB-nO 
family has led t o  the  preparation of one mixture which has a nematic 
range of 26-88OC. 
lowest c rys t a l  -+ nematic t rans i t ion  temperatures found t o  date. 
Detailed s tudies  of guest-host interact ions were carr ied out with t h i s  
mixture as the nematic host. 

This mixture, designated as PEBAB-RT, has one of the 
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ISOTROPIC LIQUID 

Although each compound of the  ABAP s e r i e s  pc3sesses smec:ic behavior 
as w e l l  as nematic behmior, w e  believed tha t  mixzures of these compounds 
would exhibit depression of ;he smectic + nematic t r ans i t i on  temperatures. 
A series of binary and ternary mixtures containin2 these compounds were 
therefore prepared and the  t rans i t ion  temperatures measured. The phase 
diagram constructed from these data, however, shaged no depressions i n  
the smectic -t nematic or  nematic -t isotropic t rans i t ion  temperatures 
although eutectic points f o r  the cr;Jstal+ snecti: t r ans i t i on  were 
obtained. 

Mixtures of the three compounds from the MA? series w e r e  made but 
The lovest c r y s t a l  -+ nematic so roam-temperature materials w e r e  found. 

t rans i t ion  temperature fouad f o r  t h i s  series was 'So. 
l i s t e d  i n  Table X (Aypendix). 

These r e s u l t s  are 
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Pleochroic Dyes 

Several classes of organic dyes have been found t o  exhibi t  
pleochroism and some of those which have been oriented i n  nematic hosts 
are i l l u s t r a t ed  i n  Table I. The fundamental colors of the spectrum are 
represented but i n  principle any color can be obtained by su i tab le  
choice of guest dye. A l l  of the compounds are long, rod-like molecules 
which possess highly polarizable terminal groups and aromatc rings. 
These features  resemble those of mesomorphic compounds and thus make the 
molecules compatible with nematic hosts. 
i n  the nematic materials these d y a  are nonionic. 
important c r i t e r ion  since ionic materials must be excluded from electro- 
opt ic  cells of t h i s  type as they produce i r revers ib le  electrochemical 
processes which destroy the material. 
pleochroic dyes from the  cyanine and re la ted  families which are ionic  
cannot be used f o r  t h i s  effect .  

I n  addition t o  being soluble 
This is an extremely 

Thus, a la rge  number of known 

A l l  of these dyes were purified by recrys ta l l iza t ion  followed by 
mill ipore f i l t r a t i o n .  
w e r e  obtained from a local supply house. N,N'-dipalmitoylindigo and 
1,N'--dimethylindigo w e r e  prepared by D r .  D. L. Ross of these Laboratories. 
The two 2,4-dinitrophenylhydrazone derivatives w e r e  prepared by con- 
ventional condensation techniques using the  appropriate aldehydes and 
hydrazine derivatives. 

Methyl red, indophenol blue, and isolar green M 

Dyes representing several other classes of organic compounds w e r e  
obtained from commercial scurces, and purif icat ion of each by recrystal-  
l i za t ion  w a s  carr ied out. 
isoviolanthrone w e r e  not found to  be pleochroic. 
given i n  Table 11. 

Compounds related t o  anthraquinone and 
A list of the  dyes is 

The azo dyes contained f r e e  amino and hydroxyl groups which w e r e  
protected pr ior  to  study i n  electric f ie lds .  
orange 3 (I) was  reacted with 2-butoxybenzsfdehyde t o  give lustrous red 

Consequently, disperse 

I 
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TA3LE XI 

COMMERCIAL DYES STUDIES 
- 

N a n e  

Dynacolor 1 7 A  

Dynacolor i i 8  

Disperse 9range 3 

Disperse Red 13 

O i l  Y e l l o w  

Acetamine Scarlet  E 
Jade Green 

Ponsol Violet BND 

Direct Black 13 

:olor Index 
No. 

-- 
11005 

11115 

11160 

11110 

59825 
-- 
-- 

Class 

Merocyanine 

Meroryanine 

Azo 

Azo 

Azo 

Azo 

Isoviolanthrorie 

Anthraquinone 

Anthraquinone 

Pleochroism 

Y e l l o w  4 Colorless 

Red - + Y e l l o w  

Orange -+Pale Y e l l o w  

Red -+Pale Y e l l o w  

Y e l l o w  4 Colorless 

Red +Pale  Y e l l o w  

None 

N o n e  
None 

p la tes  of the expected Schiff base (11). 
pleochroism from red t o  pale  yellow. 

This compGund (PNAZA) exhibited 

Dt MP 132OC 

The azo dye known as o i l  yellow was t reated in a simflar fashion to give 
compound 111 which exhibited pleochroism from orange * colorless.  

Me Me 

111 MP 87-88OC 
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GUEST-SOST INTERACTIONS 

Monochromic C e l h  

Spectral Response. -- Exploratory s tudies  of e lec t ronic  color switch- 
ing of the guest-host mixtures shown i n  Table I were carr ied out with 1% 
concentrations of dye at  the low-temperature portion of the  nematic range 
of PEW-RT. The thickness of the  act ive area varied from 6 to 25 
microns, and exci ta t ion with 2 t o  100 vo l t s  (through audio) a t  a power 
of approximately 1 mW/cm* w a s  employed. 

A detai led study of the changes i n  o? t ica l  density a s  a function of 
f i e l d  strength and dye concentration w a s  conducted with cells prepared 
as described above containing mixtures of indophenol blue and PEW-RT. 
Measurments of the spec t ra l  changes were made with the a id  of a device 
designed fo r  spectrophotometric s tud ies  of electro-optic cells (Fig- 
ure 11). 
electric f i e lds ,  ro ta t ion  of polar izers ,  and control of temperature. In  
the experiments described here, however, only one polar izer  w a s  used. 
The device was then placed i n t o  the sample compartment of the C a r y  14R 
spectrophotometer (Figure 12), and measurements of the  absorption spectrum 
were made. 
a A- at 6000 A (Figure 13). The polar izer  w a s  rotated u n t i l  the  maximum 
absorption at 6000 1 w a s  obtained. 

concentration of dye and the r e su l t s  are shown i n  Figure 14. 
old f o r  switching w a s  between 1 and 2 V f o r  all concentrations except 
5.0%, f o r  which a threshold of 5 V was obtained. 
at low power is possible with systems of t h i s  type is indicated by the 
decrease i n  r e l a t ive  absorbance at  very l o w  voltages (2 t o  8 V). 
r e su l t s  are i n  agreement with those obtained from a study of the  infrared 
dichroism of a nematic compound of almost i den t i ca l  s t ruc ture  (Ref. 11). 
The f i e l d  strength required to obtain maximum orientat ion cl domains w a s  
reported t o  be approximately 5 kV/cm which corresponds closely t o  the 
values shown i n  Figure 14. In  addition, the value f o r  the dichroic r a t i o  
at maximum orientat ion is i n  the same order of magnitude as t h a t  f o r  the 
r a t i o  of the absorption of the  dye vi thout  and with an applied f i e l d .  
Since the or ientat ion ?f nematic domains can be obtained from t h i s  value, 
it appears t h a .  the degree of or ientat ion of dye molecules is closely 
related t o  the degree of or ientat ion of the host. 

This  piece of apparatus provides means for appl icat ion of 

This spectrum consisted of a broad Gaussian absorption with 

Measurements of the  absorbance a t  the  

The thresh- 
as a function of applied dc electric f i e l d  were then made f o r  each 

That f i n e  color tuning 

These 

The e f f ec t  of dye concentration on absorbance change is shown i n  

The gradual decrease i n  ab- 
Figure 15. 
obtained a t  a dye concentration of 1.0%. 
sorbance change with increasing dye concentration above 1.0% indicates 

The maximum e f fec t ,  a change i n  absorbance of 1.4 un i t s ,  was 
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Figure 13. &sorption qeotmm of 1% CndophenoZ btue-Ph'BAB 
rwixture wi th  (A )  YW f ie ld  appZied and ( B )  a 
f i e l d  of 4.0 x 104 V 0 1 t 8 / ~ ? ~  
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that  the nematic host can produce alignment of onljj a maximum number of 
guest molecules. 
beyond t h i s  maximum, unoriented molecules contribute to t h e  sbsorbance 
of the medium i n  the presence of an applied e l e c t r i c  , ield.  
concentration suggests that  each dye molecule is associated with approxi- 
mately 100 host l iquid c rys ta l  molecules. Furthermore, optimum alignment 
impl i e s  that  the alignment energy is of the order of kT. 
the case with the PEBAB-R'f host w e  require 

As the number of dissolved dye molecules increases 

The optimum 

For t h i s  t o  be 

3 - +  
E = N N E % kT 

where = molecular dipole moment (%3) 

E = f i e l d  strength (% 4.0 kV/cm) 
3 

and N = number of dipoles cooperatively aligned (% 100). 

Thus, it is implied from these measurements t ha t  t h i s  nematic l iquid 
exhibits a cooperative behavior involving approxhately 100 molecules. 

In  an e f fo r t  t o  fur ther  elucidate the interactioris of dye molecules 
i n  l iquid crystals ,  the absorption character is t ics  of indophenol blue i n  
PEBAB-RT as a function of concentratioi  and ce!2 thickness were deter- 
mined. The Beer-Lambert p lo t  (absorbance vs. concentration) showed only 
a s l i g h t  deviation from l inea r i ty  a t  concentrations above 1 t o  1.5%. 
This deviation is probably due t o  association of the dye molecules i n  the 
nematic host and is w e l l  known t o  cccur wfth many organic molecules dis- 
solved i n  isotropic  solvents a t  these concentraiions (5.0 x 10-2M). The 
absorbance of a mixture containing 0.5% indophenol blue i n  PEBAB-RT was  
measured as a function of cell thickness ranging from 1 / 4  m i l  t o  2.0 
mils, but no deviation from l i nea r i ty  was  observed as expected. 

A study of the spectral response as a function of f i e l d  strength 
w a s  a l so  made with the PNAZA (yellow -3 colorless) dye dissolved i n  
PEBAB-RT. The v i s ib l e  absorption spectrum consisted of a long t a i l  
from 4000 t o  5000 1: 
indophenol blue-PEBAB-RT mixtures. 
tained a t  a dye concentration of 1 t o  1.5%. 

The r e su l t s  were similar t o  those obtained for the 
The maximum contrast  r a t i o  w a s  ob- 

The presence of a keto group i n  the terminal posi t ion of molecules 
of MA2 and APAP .rovides them with strong dipole moments along the 
molecular axis, and cooperative alignment e f fec ts  similar t o  those ex- 
hibited by PEED-RT should occur. An examination of the behavior of 
2-ethoxybenzylidene-&-aminoacetophenone (ABM, n = 2) i n  mixtures with 
indophenol blue wcre therefore in i t ia ted .  The nematic molecules are 
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i n i t i a l l y  oriented with the i r  long axes perpendicular t o  the electrode 
surfaces. This is i n  contrast  t o  the behavior of PEBAB and i t s  deriva- 
t ives  which ;.;ive orientation pa ra l l e l  t o  the electrodes.  When a f i e l d  
w a s  applied across the material the molecules aligned with the i r  long 
axes perpendicular t o  the direct ion of the f ie ld .  
with indopkenol blue w a s  subjected to  an applied electrical f i e l d ,  the 
material changed from colorless t o  blue. The contrast  r a t i o ,  however, 
was not as high as previously demonstrated. Further work on these 
materials is planned. 

Hence, when a mf-xture 

Response and ReJaxation Time. -- A study of the z f f ec t  of d:e struc- 
ture  and concentration as w e l l  as of temperature and f i e l d  s t r e w t h  on 
the rise and decay t i m e s  of electro-optic cells w a s  made during the past  
year. 
indophenol blue and PNAZA. A s ingle  nem,c.tic host  was chosen f o r  these 
experiments i n  order t o  avoid complications i n  in:=. ~ t e t a t ion  of the re- 
a l ~ ~ .  The experimental apparatus consisted of a mercury 6rc beam di- 
rected through a Corning type 7-59 broad-bandpass f i l t e r  focused onto 
the cell under test and detected by an RCA 935-S photomultiplier tube. 
The output voltage of the photomultiplier tube, proportional t o  the in- 
cident l i g h t  in tens i ty ,  was sampled by a type 503 Tektronix oscillos?ope. 
Listed below are :he sa l i en t  features  of the  accumul-.ted resu l t s .  

The measurements were made with mixtures of PEBAB-80 and the dyes, 

1. No signif icant  differences i n  rise t i m e s  are notsd f o r  d e 

the rise t i m e  a t  6OoC is 1.2 msec and %0.2 msec a t  45 V. 
The relaxation t h e  of a l l  the cells made with dye concentra- 
t ions of 2.5, 5.0, and 10.0% is ~ 3 0  wee and is independent 
of the magnitude of the  i n i t i a l l y  applied voltage pulse a 

For applied voltages of 45 V (3.6 x lo4 V/cm) the  rise t i m e  
f o r  a l l  cells  (dye concentrations 0 to 10%) is less than 1 msec 
and re la t ive ly  insensi t ive t o  temperature chiiliges. 
dye concentration of 10% responds i n  ' ~ 5  m s e c  but decreases 
rapidly t o  1.0.5 msec a t  voltages greater  than 25 V. 
C e l l s  made with e i the r  undoped ‘est material o r  a 1.2% dye con- 
centratlon relax abot t  2 t o  3 t i m e s  slower than the un i t s  with 
higher dye concentrations, but again no voltage dependence w a s  
observed 
higher temperatures (80 t o  C:OC). 

concentrations of 1.2, 2.5, and 5.9%. At 10 V (0.8 x 10 3: V/cm) 
2. 

3. 

A t  10 V, a 

4. 

A s l i g h t  decrease i n  relaxation t i m e  was noted a t  

The compiled data  l i s t e d  i n  Table 111 show the  speed of respb.?se 
t i m e  f o r  seven d i f fe ren t  e?-ectro-optic cells a t  three d i f fe ren t  applied 
voltage pulses and at two temperatures. A l l  of the  cells had an act ive 
are& of approximately 1.3 em2 with a 0.5-mii separaticn between TIC-coated 
glass  elzctrodes. 
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TABLE I11 

-- ,'oltage pulse = 4% 1 
Temp 
63" C 8Q'C 
(msec) (msec) 

0.2-0.5 0*1-0.5 

0.1-0.5 0.1-0.5 

0.1-0.5 0. i -0.5 

0.1-0.5 0.2-n.5 

0.1-O . 5 0.1-0.5 

0.1-0.5 0.1-0.5 

0.1-0.5 0.1-0.5 

RISE TIME M E A s b i N T S  OF PNA2A-PEBAB MIXTURES 

r I 
Voltage pulse = 1OV 

Concentration i n  Temp Temp 
PEBAB-80 :: 4.09, 

5.0% 

7.5% 

10.09. 

1.0% Indophenol I Blue 

60°C 80°C 
(mec) ( msec) 

2-3 1-2 

1-2 1-2 

1-2 1-2 

1-2 1-2 

4 4 

5 5 

6 3-4 

Voltage pu:se = 12.w 

Terp3, Temp 
60" C 8IY C 
(msec) (msec) 

0.5-1 0.1-0.5 

0.5-1 0.1-0.5 

0.5-3 0.1-0.5 

0.5-1 0.1-0.5 

0.5-1 0.1-0.5 

1-2 1-2 

1-2 0.1-0.6 

A detai led investigation w a s  made of speed of response time as a 
function of cell tzraperature. 
double grooved s p l i t  substrate  minimized poten t ia l  differences tha t  might 
be introduced in the cell fabricat ion process. 
2.5% PNAZA and 2.2% indophenol blue i n  PEBAB-80 allowed comparative 
measurements t o  be made between the two diffe?-c;i dye ntaterials. 
temperature r q e  of interest w a s  dictated by the  m a s t i c  range of the 
hosE PEBAB-80 material, between 56OC and 9COG (Figures 16 and 1.7). 

Two d i f f e ren t  electro-optic un i t s  on one 

Dye concentrations of 

The 

The relaxation t i m e  remais re la t ive ly  constant a t  30 t o  50 msec, 
independent 
or the cell temperature i n  its n m t i c  state. 
were affected only a t  the lower temperatures & a t  l o w  electric f i e l d  
pulses. For au applied voltage pulse of 10 V across a 1 / 2 - m i l  cell, a 
rise time of 6 met; is measured near the C-N temperature at 55OC. At 
6S°C the rise time is reduced s igni f icant ly  t o  about 2 msec and remains 
re la t ive ly  unaffected as the cell temperature is increased fur ther  t o  
%92OC. 

f the i n i t i a l l y  applied electric f i e l d  pulse ('5 x lo3 V/cm) 
Rise time charac te r i s t ics  
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Although no inportant temperature r e s t r i c t ions  could be imposed on 
cell performance relating t o  speed of response t o  an applied electric 
f i e ld ,  an apparent reduction of "on-off'' contrast  r a t i o  is observed a t  
elevated temperatures. 

These r e su l t s  indicate  tha t  both the speed of response and decay are 
dependent on the  nature of the host material and independent of the s t ruc-  
t u re  of the guest dye molecule. 
the high viscosi ty  of the nematic material. 
toward ways and means t o  reduce the relaxation t i m e  by lowering the 
viscosi ty  of the medim and/or by application of reversed pulses of ac 
or dc f i e l d s  

The long relaxation t i m e  may be due t o  
Future work w i l l  be directed 

Dichromic C e l l s  

The use of l iquid c rys t a l s  in  orienting pleochroic dye molecules 
should a l so  be applicable to  photochromic dyes. 
possible t o  control the photochromic reaction by changing the  or ien ta t ion  
of the  dye with respect to the incident l i gh t .  

It should therefore be 

An examination of the behavior of photochromic, pleochroic dyes i n  
the PEBAB-RT host w a s  therefore i n i t i a t e d  during the pas t  year. 
of PEBAB-RT with 6,6'-dihexyloxythioindigo (Ref. 12) ( I V )  w e r e  prepared 
at concentrations of 1, 2, and 5% of dye. 

Mixtures 

Crys ta l l iza t ion  of the  dye 

0 0 

from the nematic material occurred, however, i n  the 5% mixture due t o  
poor so lub i l i t y  of the compound i n  PEBAB-RT. 
nevertheless prepared with the 2% mixture,  and the  spec t r a l  changes w e r e  
studied with the ;EO device previously described (Figure 11). 
spectrum of the dye exhibi ts  a peak a t  4600 
one a t  5100 I r rad ia t ion  of the cell with l i g h t  
of the proper wavelength produces conversion of one form t o  the other. 
This revers ible  process occurs i n  the nematic host t o  the same degree as 
it does i n  solution. 
molecule are pleochroic, i t  is possible t o  achieve e lec t ronic  color 
switching of e i the r  form by application of electric f i e l d s  of the order 

An electro-optic cell w a s  

The 
form and due t o  the 

due t o  the trans form. 

Since both cis and trans forms of the guest: 
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of 10 t o  40 kV/cm. This  adds another dimension t o  our e lec t ronic  color 
switching e f f e c t  s ince it now provides us with means f o r  conversion of 
one color t o  another photolytically i n  addition t o  changing the ap t i ca l  
density e lectronical ly .  A schematic diagram of these changes is i l l u s -  
trated: 

4 
L - 

YELLOW hV2 ORANGE-RED 

I /  E ii 
COLORLESS COLORLESS 

The law ext inct ion coeff ic ients  of t5ese absorption bands as w e l l  as the  
poor so lub i l i t y  of the  dye i n  PEBAB-RT resul ted in l o w  contrast  ra t ios .  
fn addition, these fac tors  hampered e f f o r t s  t o  study photochromic be- 
havior as a function of field strength.  

In order to circumvent these d i f f i c u l t i e s  a new compound, 6,6'-di-3- 
pentyloxythioindigo (Ref, 12) (V) which had a higher so lub i l i t y  in 
PEBA3-RT than IV was prepared. 
taining concentrations of 1.25 and 2.0% of V in PEBAB-RT were fabricated 
and t he i r  absorption spectra  measured with the SEO device inser ted  i n  
the Cary 14R jpc2trophotometer. The spectrum of thg exhib i t s  a 
peak at 4700 A due to the form and one a t  5200 A due t o  the trans 
f om. 

Two d i f f e ren t  electro-optic cells con- 

OCH& 0 0 0 ~ = b  &===m 
a Et &ti0 

OCHEtg Et2CHO 

P 
X = s m %  fRANQ 5200s 
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The i n i t i a l  op t ica l  density vs. waveler,gth charac te r i s t ics  were re- 
corded and s i m i l a r  measurements repeated a f t e r  illuminating the particu- 
lar cell  a t  wavelengths e i the r  above o r  below %5000 8. 
CS 3-70 and CS 5-60 f i l t e r s ,  which w e r e  inser ted between the l i g h t  source 
(Hanovia 150-W Hg vapor lamp) and the electro-optic cel l  under test, were 
used t o  select the desired wavelength of incident radiation. 
reasonable l z m i t s ,  nei ther  the magnitude of the radiant energy nor the 
time of i r rad ia t ion  were critical f o r  thesf measuremegts. 
shows the opt ica l  density changes a t  5200 A and 4700 A of each cell  a f t e r  

Corning type 

Within 

Table I V  

TABLE IV 

OPTICAL DENSITY CHANGES AT 4700 1 AND 5200 AFTER 
TWO CYCLES OF IRRADIATION 

Order of 
Irradiation - 

0 

1 

2 

3 

4 

Irradiation 
Conditions 

In i t ia l  optical 
density 

F i l t e r  CS 3-70 
x > 5000 
1 minute 

F i l t e r  CS 5-60 

1 minute 

F i l t e r  CS 3-70 
1 minute 

Fi l ter  CS 5-60 

x < 5000 B 

Dye Coax 

I. 25% 

O.D. of O.D. of 
trans c i s  

0.64 0.44 

- - 

0.72 0.32 

0.60 0.62 

0.72 0.32 

0.60 0.62 

tration 

2.0% 

O.D. of O.D. of 
trans - c is  - 

1.45 1.50 

1.55 1.00 

1.20 1.72 

1.55 1.00 

1.20 1.72 

two cycles of i r radiat ion.  
also accomplished and these r e su l t s  are shown i n  Table V. 

Electronic color switching of each form w a s  
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TABLE V 

T 1.25% cell - 2.0% c e l l  

I trans - cis - trans - c is  - 
Optical density 
with v = 0 0.61 0.42 1.00 1.60 

Optical density I with v * 22 vol ts  0.25 0.17 0.63 0.90 

OPTICAL DENSITY vs. APPLIED ELECTRIC FIELD W I T H  
NO CHANGE IN ILLUMINATION CONDITIONS 

. 

Thus, w e  have demonstrated tha t  gcod contrast  r a r io s  can be obtained 
with photochromic, pleochroic dyes i n  l iqu id  crysiai--  i n  a l l  of these 
experiments, however, the op t i ca l  density of the  cells was so high t h a t  
enough light w a s  absorbed t o  produce photochromism i n  both or ientat ions 
(Et1 and E ) of the  dye molecules. This is undoubtedly due to the f a c t  

tha t  at  high concentration of dye (above I%) a large number of molecules 
are not oriented by the  l iquid c rys t a l  and contribute t o  the absorbance 
of the  medium. 
mixture described above (see Figure 15). 

1 

This e f f ec t  w a s  observed with the  indophenol blue-PEW-RT 

After about six cycles of i r rad ia t ion  between the two isomeric forms 
the changes in oa t i ca l  density began t o  decrease. 
known t o  occur when t h i s  photochromic dye is dissolved i n  an ac id ic  
medium. 
par t icular  dye. 
ward the use of dyes with fiigher ext inct ion coeff ic ients  and grea te r  

This "fatigue" is 

Thus, the  l iqu id  c rys t a l l i ne  system may be too ac id ic  f o r  t h i s  
Future work i n  t h i s  area must therefore be devoted to- 

s t ab i l i t y .  

Polychromic Cells 

For p rac t i ca l  u t i l i t y  i n  color switching applications,  it would be 
desirable t o  fabr ica te  a s ingle  un i t  which would exhib i t  a desired color 
of the spectrum by application of an e l e c t r i c  f i e l d  of spec i f i c  magnitude. 
One way t h i s  may be accomplished is t o  fabr ica te  a unit which contains 
separated layers of material (dye and host) t h a t  transmit the three 
primary subtract ive colors -- yellow, cyan, and magenta. Variation of 
the voltage amoug the  layers  should then produce a l l  the  colors of the  
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spectrum i n  the l i gh t  transmitted through the uni t .  For t h i s  reason, a 
considerable e f fo r t  w a s  devoted t o  m e a n s  of obtaining dye mixtures (and 
electro-optic ce l l s )  tha t  would exhibi t  the desired spec t ra l  characteris-  
t i cs .  

A part ia l  demonstration of t h i s  concept w a s  provided by electronic  
color switching of two d i f fe ren t  c e l l s  placed one upon the other. Thus, 
w e  were able t o  observe four primary colors by placing a cel l  (.4 con- 
taining 1% of the PNAZA dye (yellow) i n  PKBAB-RT over one (B) containing 
1% indophenol blue i n  ? E M - R T  and examining the l i g h t  transmitted 
through both cella ( i n i t i a l l y  green) as a function of a 40-kV/cm e l e c t r i c  
f i e l d  applied t o  both cells (white), to  A (blce) and t o  B (yellow). 
Variation of the voltage between the two c e l l s  produced shades of color 
among these four. 

Since w e  have not been able  t o  obtain a dye which exhibi ts  an absorp- 
t ion spectrum similar t o  tha t  9f the "standard" cyan (Kodak Wratten 
F i l t e r  #44A), our e f f o r t s  w e r e  d i rected toward the use of two pleochroic 
dyes i n  the same nematic host. 
PNAZA (yellow) w e r e  prepared with the PEBAB-RT host,  and the resul t ing 
electro-optic c e l l s  exhibited spec t ra l  charac te r i s t ics  which closely 
approximated those of the standard (Figure 18). 
t a in  the standard magenta w a s  a l so  made. 
t ion of additional mixtures of indophenol blue and the red hydrazone V I  
with PEBAB-RT. 
s i red  color. 
e f f o r t  t o  m e e t  t h i s  objective. 

Thus, mixtures of indopheaol blue and 

A similar e f f o r t  t o  ob- 
This work involve3 t.!ie prepara- 

However, we have still been unable t o  achieve the de- 
Several other red dyes w i l l  be investigated soon i n  an 

srr 

Another mode of operation using e lec t ronic  color switching involves 
the use of a mixture of a pleochroic and nonpleochroic dye i n  the same 
nematic host. 
4-methoxybenzylidene - 2',4'-dinitrophenyfdrazone (VII) ('Lo.5%) i n  

I n  t h i s  case, a mixture of indophenol blue ($0.5%) and 
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PEBAB-RT was examined i n  the  normal cell configuration. 
could be switched from v io le t  t o  red with f i e l d s  of %40kV/cm. 
red dye is oriented by the  nematic material but i ts color does not change 
since its absorption spectrum is not a function of its or ien ta t ion  with 
respect t o  the  polarized l i gh t .  The indophenol lue,  however, operates 
in the  usual way. 

The material 
Thus, the 

A dye which is known t o  exhibit  extensive solvatochromic behavior 
(change i n  color with change i n  polar i ty  of solvent) has the  s t ruc ture  
VI11 . 

Since the PEBAB-RT host changes its d f e l e c t r i c  constant upon the applica- 
t i on  of a dc b ias ,  it should be possible t o  e lec t ronica l ly  produce 
changes i n  the color of mixtures of VI11 and the  nematic host. An 
attempt t o  accomplish t h i s  w a s  made but the poor so lub i l i t y  of VI11 i n  
the nematic host reduced the  absorption charac te r i s t ics  t o  such a degree 
tha t  PO color changes were observed. 
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DIELECTRIC DISPERSION MEASURE4ENTS 

Color switching by means of guest-host interact ions i n  nematic 
l iquid c rys ta l s  has a t  i ts very foundation the or ientat ion of the nematic 
host i n  an external e l e c t r i c  f i e ld .  
molecular behavior is the measurement of the  d i e l ec t r i c  dispersion. 
Thus d ie lec t r ic  studies of the PEBAB family were conducted v i t h  and 
without the presence of a bias  f i e ld .  

A fundamental tool  i n  the study of 

Measurements were made on the sandwich type cells used i n  a l l  of 

Measurements were not made above 
our guest-host experiments. 
using a Boonton capacitance bridge. 
1MfIz. The Hewlett-Packard (3024) impedance meter was used t o  check the 
data. The Boonton bridge had a provision fo r  introducing an external dc 
bias. The measuring s ignal  w a s  of the order of a few mi l l ivo l t s  and had 
no ef fec t  OR the  measurements. The data with and without b ias  are 
shown i n  Figure 19 and can be summarized as follows: 

The d i e l ec t r i c  dispersion w a s  measured 

1. 

2. 

3. 

Kith no bias present the material has a d i e l ec t r i c  constant of 
7 wirh a relaxation which occurs around 1 t o  5 MHz. 
With bias  present the d i e l ec t r i c  constant is increased t o  21 
while a relaxation is observed t o  occur a t  about 50 Hz. 
I n  the i so t r l2 i c  state the aielectric constant is 10.5. 
has no effect .  

B i a s  

I n  the unbiased state the molecular alignment, as  confirmed by observing 
the sample i n  transmitted l i g h t  between crossed polarizers,  is  such tha t  
the molecular axes a r e  essent ia l ly  pa ra l l e l  t o  the electrodes,. 
biased state the molecular axes l ie  perpendicular t o  the electro3es and 
parallel to the bias f i e ld .  
s ince the PEBAB family has a strong permanent dipole moment due t o  the 
pressure of t he  cyano group along the molecular a i s .  

I n  the 

This type of alignment is t o  be expected 

The nature of the relaxation data  requires some consideration. For 
example, is the relaxation due t o  in t e r f ac i a l  phenomena or is i t  t rue  
Debye relaxation? Relaxation data are generally interpreted i n  terms of 
a complex d i e l ec t r i c  constant and the admittance is  given by 

Y = j W & *  = jw(s '  - jd') (2) 

For Debye type relaxation a t  frequencies below relaxstion[Ref.l4] 

E" a w 
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In  the case of f.?terfaeial polarization 

and P 
1 E" a - 
w 

Thus, the behavior of the imaginary part of the  complex d i e l e c t r i c  con- 
s t an t  as a function of frequency (Figure 20) can be used t o  d i f f e r e n t i a t e  
between a t rue  relaxation e . d  i u t2 r f ac i a l  polarization. Our da ta  indi- 
ca te  t ha t  the relaxatic-.s of concer3 i n  our experiments are of the  former 
type. 

Paier and MeierERef. 151 have calculated tbe anistropy of the 
d i e l ec t r i c  constanc Zor nematic macerials ,,ing Onsager's model of a 
liquid d ie lec t r ic .  While the i r  calculation is i n  error,  the  approach 
is correct. The co,iected equations are: 

[. - 11 - 3 cos 
el-l I 
- A a ~ + k  

4r  3kT 

41 



. ..- -0 c - -  

d 
cy 

42 - .  



where 

E = die lectr ic  constant 

a = electronic polarizability 

=molecular dipole moment 

2 S - 1 - 3/2 s in  8 

3: 
2; + 1 h =  

2 ; - 2  * y 
2 Z + l  3 M f =  

1 
F ’ l - i w ’ f  

- - = 1/3 (a, I - 2 a ~ ) ;  a 

6 = angle of molecular axes with f i e l d  

E = 1/3 (cl + 2 ~ ~ )  

B = angle of dipole with molecular axis 

and the orientations are as shown i n  Figure 21. 

From Eqs. (3) and (4) .- -. 

In the isotropic liquid S = 0; hence, 

2 
FlJ 

E 

5 NhF (;+E) isotropic 
4R 

Neglecting the anisotropy of the electronic polarizability which is 
possible if ‘isotropic >> 1 (roughly the case i n  the PEBAB family) 
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c 

m32t12 (1 -  COS 
&fl E isotropic -1 - 
- =  
4n 4n 3lcT 

Hence, E > E f o r  $ 55O 1- isotropic 

For the PEBAB family, 8%0 and assuming S'b.5 we obtain 

2 2  
E = E  + 4nNh' IJ 2Eisotropic 1 isotropic  3ki 

and 

E 
E +2E 

3 = isotropic  1 2  

With bias  present the molecules are aligned along the d i rec t ion  of the 
f i e l d  and we measure el = 21. 
essent ia l ly  pa ra l l e l  t o  the electrodes and we measure ~2 = 7. Now the 
measured value of Eisotropic is = 10.5 which is roughly €112 as required 
by Eq. ( 8 ) .  Using the  exper3mental value:, f o r  E and E and Eq. (9) 

For the  case of no'bias, :he molecules l i e  

1 2 
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E + 2E2 1 
3 11*7 rr ‘isotropic 

This is i n  good agreement with the experimental value of 10.5, and gives 
us confidence i n  the approach. 

The in te rpre ta t ion  of the relaxation s h i f t s  with b ias  is more com- 
plex and only a simple =del is avai lable  at  the present time. 
f e l t  that  the presence of an orienting bias  f i e l d  gives rise t o  an 
addi t ional  energy bar r ie r  t o  rotat ion.  

It is 

Thus 

T = T exp (U/kT) E o  

where 

r 

T = relaxation time without b ias  

= re laxat ion time with b ias  present E 

0 

U = bar r i e r  energy 

kT = thermal energy 

Exper h e n  t a l l y  

T % 100 To E 

This implies t ha t  

exp(U/kT)  100 

and U % 4.6 kT 

(12) 

Now suprose the addi t ional  ba r r i e r  energy is due solely to dipolar 
or ientat ion;  then 

* n’Ebias = 4.6 kT (13) 
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where 

p - molecular dipole moment % 4 debye 

6 = 1.3 x 10 V/m Edc 
n = number of cooperatively or ient ing dipoles  

A t  300°K 

This approach suggests t ha t  the alignment energy i n  the b ias  f i e l d  
is equivalent t o  tha t  of 1100 molecules act ing col lect ively.  
barrier energy of 4.6 kT which is introduced by the b ias  f i e l d  seems 
reasonable since the or ientat ion pat tern is s t a b l e  with respect t o  
thermal f luctuat ions.  Thus, the increase i n  the relaxat ion time 
possibly can be accounted f o r  by the field-induced bar r ie r .  

The 
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STATE-OF-THE-ART DEVICES 

Several devices designed to  demonstrate the u t i l i t y  of e lectronic  
color switches were constructed during the pas t  year. 
the 1.0% indophenol blue-PEBAB mixture described i n  the tex t  w a s  used 
successfully t o  modulate theobeam of a 1-mW helium-neon laser. 
laesr has an outpGt a t  6328 A which cozresponds to the absorption of the 
dye. With no f i e l d  applied, therefore, 97% of the laser l i g h t  was  
absorbed. 
cooperative alignment, and the medium absorbs only 50X of the laser 
l igh t .  
modulation i n  the kHz range with only minimal power requirements. 

A cel l  containing 

This 

A f i e l d  of 4.0 x IO4 V/cm appliec to  the ce l l  produces 

This inexpensive device provides a simple method f o r  laser 

Tne numeric display shown in Figure 22 is another representative 
state-of-the-art device using the indophenol b1ue:PEBAB-RT mirture. 
complete ran;e of s€ngle d i g i t  numbers (0 through 9) is possible by 
photoetching the usual seven-segment pattern onto one of the TIC-coated 
surfaces of the 1/2-mil spaced electro-optic cell. Automatic sequential  
counting is achieved using commercially a v a i l a b h  c i r c u i t s  consisting of 
a tfmer (clock), binary counter, and a seven-segment decoder su i tab le  
fo r  addressing the seven-segment display element. A f l a t ,  2-inch 
square fluorescent panel capable of 8 t o  12 W continuous operation 
provides ample back illumination for viewing the display. 

The 
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CONCLUSIONS 

The development of e l e c t r o n i c d l y  tuned opt ica l  f i l t e z s  using the 
interact ion becween pleochroic guest molecules and l iquid crystallit.2 
(nematic) host materials has been achieved. The preparation of new 
nematic compounds has led to the discovery that  mixtures of cer ta in  
Schiff bases yield host materials which can be operated a t  room tempera- 
ture. 
t o  produce a number of monochromic electro-optic ce l l s .  
dyes in the  same nematic host has allowed us t o  produce electro-optic 
c e l l s  with any desired shade of color. 
chromism i n  l iquid crystals .  

In addition, w e  have found tha t  a var ie ty  of dyes could be used 
The use of two 

We have a l so  demonstrated photo- 

The speed cf res?onse and decay of the  monochromic electro-optic 
cef fs  w a s  found to be a function of the nematic host material with l i t t l e  
or no ef fec t  of the dissolved dye. The response w a s  of the order of 1 
to  5 msec, while the relaxation time w a s  30 to  200 msec (depending on 
che temperatiire). 
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W e  plan to  devote a considerable e f fo r t  i n  the coming yezr t o  the 
development of a s ingle  uni t  which c o n t r d s  l i gh t  wer tha en t i r e  v i s i b l e  
region of the spectrum. We f e e l  that  t h i s  can Le accomplished by 
u t i l i z ing  layers of guest-host materials which exhibit  the primary sub- 
t rac t ive  colors: cyan, magenta, and yellow. 

Efi-orts t o  reduce the relaxation time of the guest-host systems w i l l  
a l so  be a major objective of our research. 
both e l ec t r i ca l  and chemical techniques. 
be conducted i n  an e f fo r t  t o  obtain a be t t e r  understanding of the rise 
and decay phenomena. 

This w i l l  involve the use of 
IR addition, experiments w i l l  
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NEW TECHNOLOGY 

A. T i t l e :  Helium-Neon Laser Modulator 

Page Reference: 67 

Comments: A c c i l  containing a I X  indophenol blue-PE3AB mixture w a s  
used successfully t o  modulate the beam of a 1 mW helium- 
ne03 laser. 

B. T i t l e :  Numeric Indicator with Liquid Crystal Display 

Page Reference: 48 

Comments: An indophenol b1ue:PEBAB-RT mixture has been u t  l ized 
a device displaying the complete range of s ing le  d i g i t  
numbers. 

C. T i t l e :  Electronically Tuned Monochromic F i l t e r s  

Page itefercnce: 21-27 

Comments: An electro-optic cell  prepared with 1% indo-,htnol b"ne 
PEW-A'f can be used t o  control l rgh t  of 6000-1 wave- 
length. 

.n 

I). T i t l e :  Electronically Tuned Dichromic F i l t e r s  

Page Reference: 32-35 

Comenrs: An electro-optic cell  prepared with a phctochromic, 
pleochroic dye i n  PPBAB-RT can be uszd t o  electronical ly  
contrcl  l i g h t  a t  470C 1 and at  5200 A. 

E. T i t l e :  Electronically Tuned Polychromic F i l t e r s  

Page Reference: 35-38 

C o m m a t s :  Electronic control of four primary colors using a s ingle  
uni t  has been achieved. 
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APPENDIX 

TABLE VI 

PHASE TRANSITION TEMPERATURES FOR PFBAB - n COWOUNDS 

Trar.8 i t ion Tempera tures, C 
NL atematic -+ liquic!! 

120 

2 105 132 

Nematic 
Ra.ige, "C 

14 

27 

TAB= VI1 

PHP3E TRANSXTION TEWERATURES FOR PEBAB - 30 COMPOUNDS 

93 

100 

95 

62 

6 55 

7 66.5 

I 
I 

--- 

n 

2 

3 

4 

5 

6 

7 

8 - 

3i 

45 

28.5 

Trhaeition 

CN (crystal -+nematic) 

158 

111 

108 

4 3  

66 

54 

'.2 

' 8  78 t 91.5 1 13.5 
I . -. 

Bet mesomorphic 

125 

112 

(9C) monotroyic 

99 

94 

93 

NL (nematic 4 liquid,' 

.- 
14 

b 

*- 

32 

40 

41 
.- 

Range, " C  
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TABLE VIII 

74 

71 c 108 

113 

PBASE TRANSITION TiMPERAT7JRES FOR ABAE' COMPOUNDS 

Transition Temperatures, OC I 
NL - 

I 119 (115) monotropic 

109 

111 

116 

Nematic 
Range, "C 

12 

3 

* crystal +smectic 
* earectic + nematic 

PHASE TRANSITION 

TABLE Ix 

TEWERATDRES FOR MAP COMPOUWDS 

L Tramition Temperatures, OC 
I 

101 monotropic 

87 I 105 I 
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TABLE X 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

PHASE TRANSITION TEKPERATURES FOR MIXTURES 
OF APAP COMPOUNDS 

Molar Composition 

%A XB %c 

50 
0 
50 
33 
10 
15 
75 
40 
40 
20 
50 
25 
25 

59 
50 
0 
33 
15 
75 
10 
40 
20 
40 
25 
25 
50 

0 
50 
50 
33 
75 
10 
15 
20 
40 
40 
50 
50 
25 

Transition Temperature, " C  

C -N N-L 

93-5" 
83-5" 
81' C 
80. 
7 
9C- 
103 j 
I6" 
7J3 

84" 
78" 
83" 

820 

114-115 5" 
102-102,5" 
13.6- 5 -118" 
109- I(>" 
106-7' 
100-101.5" 
122-5" 
112-3O 
113.5 - 114.5" 
108.5-Ill. So 
116-17" 
110 5- 111 5" 
107.5 -109" 
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