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STRUCTURAL DIRECTING EFFECTS I N  SOLID STATE O R G A N I C  
PHOTOCHEMISTRY 

E. HADJOUDIS, M. VITORAKIS AND I. MOUSTAKALI-MAVRIDIS 

Chemistry Department, Nuclear Research Center “Demok- 
r i t o s ” ,  Aghia Paraskevi , A t t i k i  , Greece. 

Abstract :  S t r u c t u r a l  d i r e c t i n g  e f f e c t s  seem t o  be ope- 
r a t i n g  i n  s o l i d  s ta te  photochemistry.  Thus t h e  f i n d i n g s  
i n  t h e  N-salicylidene-aminopyridine s e r i e s  show t h a t  
such e f f e c t s  may be accomplished through he te ronuc lea r  
s u b s t i t u t i o n  while i n  N-salicylidene-2-thenylamines 
we can produce d e s i r e d  p r o p e r t i e s  by proper  s u b s t i t u -  
t i o n  i n  t h e  sa l i cy la ldehyde  moiety of t h e  molecule. 

INTRODUCTION 

The work i n  .progress i n  our is intended t o  exami- 

ne t h e  major f e a t u r e  of t h e  c r y s t a l l i n e  s t a t e ,  namely t h e  

three-dimensional  r e g u l a r i t y  and i t s  e f f e c t  on s o l i d  s t a t e  

photochemistry.  

Although l a t t i c e  imperfect ions may play an important 

r o l e  i n  s o l i d  s ta te  photochemical r e a c t i o n s ,  it has been 

p o s s i b l e  i n  a number of cases  t o  c o r r e l a t e  t h e  r e a c t i v i t y  

with t h e  packing of t h e  r e a c t a n t  molecules i n  t h e  c r y s t a l  

l a t t i c e .  Thus, a sys t ema t i c  chemical and c r y s t a l l o g r a p h i c  

s tudy4 showed t h a t  ha lo - subs t i t u t ed  anthracenes,  l i k e  cin- 

namic a c i d s 5 ,  f a l l  i n t o  a t  least  t h r e e  packing types  accor- 

d ing  t o  whether t he  product of i r r a d i a t i o n  i s  a 

h e a d - t o - t a i l  dimer, a head-to-head dimer o r  t h e  compound 

i s  l i g h t - s t a b l e  . 6 
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2 E. HADJOUDIS ef al. 

I n  another  example, p-ni t rophenol  c r y s t a l l i z e s  i n  two 

mod i f i ca t ions ,  one o f  which, t h e  a-form, i s  l i g h t - s e n s i t i v e  

while t h e  6-form is l i g h t - s t a b l e .  The explanat ion of t h i s  

photochemical behavior  i n  t h e  s o l i d  s ta te  w a s  accomplished 

by analyzing t h e  s t r u c t u r e s  of t h e  two modif icat ions by 

X-ray c rys t a l log raph ic  methods . 7 

A f u r t h e r  a spec t  of s o l i d  s ta te  r e a c t i v i t y  concerns 

t h e  r o l e  of r e a c t a n t  conformation, a r o l e  which should be 

most c l e a r l y  d i s c e r n i b l e  i n  monomolecular r e a c t i o n s 8 .  How- 
e v e r ,  t h e  f a c t o r s  o f  molecular packing and conformation are 

not  independent of one ano the r .  Thus 4-chloro-N-salicylide- 

n e a n i l i n e  and 4-bromo-N-salicylideneanilhe can be r e a d i l y  

incorporated i n t o  one a n o t h e r ' s  s t a b l e  s t r u c t u r e s  by chan- 

ging markedly t h e i r  molecular geometry and consequently 

t h e i r  thermochromic o r  photochromic property'.  I n  another  

case 2,4--dichlorobenzylideneaniline, a non-planar s t r u c t u r e  

is transformed i n t o  a p l ana r  one by t r anspos ing  t h e  2-chloro 

s u b s t i t u e n t  t o  p o s i t i o n  4 of t h e  a n i l i n e  r i n g .  It seems 

t h a t  t h e r e  i s  a s p e c i f i c  r o l e  f o r  t h e  ch lo ro  group i n  t h e  

c r y s t a l  engineer ing o f  4 8  s h o r t  a x i s  crystal  s t r u c t u r e s  o f  

p l a n a r  choro-aromatics . 10 

In  t h e  fol lowing d i scuss ion  on t h e  photochromism and 

thermochromism o f  s o l i d  S c h i f f  bases ,  t h e s e  two f a c t o r s  

(molecular packing and conformation) probably are t h e  domi- 

nant  ones and s t r u c t u r a l - d i r e c t i n g  e f f e c t s  w i l l  be a p p l i e d  

t o  them i n  order  t o  achieve d e s i r e d  p r o p e r t i e s .  However 

c e r t a i n  new r e s u l t s ,  as we w i l l  see la te r ,  raise new 

ques t ions  concerning the  r o l e  of s t r u c t u r e  e s p e c i a l l y  i n  

connection with t h e  phenomena of photochromisrn and thermo- 

chromism in t h i s  c l a s s  of compounds. D
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STRUCTURAL DIRECTING EFFECTS 3 

SCHIFF BASES 

S o l i d  S c h i f f  b a s e s  undergo photochromism or thermochromism 

by hydrogen t r a n s f e r  and p r e s e n t  common f e a t u r e s  i n  t h e i r  

s t r u c t u r e s  and r e a c t i o n  mechanisms. Th i s  hydrogen t r a n s f e r  

i s  i n t r a m o l e c u l a r ,  occu r s  v i a  a six-membered r i n g  t r a n s i -  

t i o n  s t a t e  and produces qu ino id  s t r u c t u r e s .  The t h e r m a l l y  

s t a b l e  forms a r e  t h e  ortho-OH s u b s t i t u t e d  a romat i c  s t r u c -  

t u r e s .  

s t a b i l i t y  t o  t h e  photocolhred  s p e c i e s  formed by t h e  endo- 

the rmic  p h o t o l y s i s  s t e p .  

One o r  mre p r o c e s s e s  occur t h a t  b r i n g  some 

The thermochronic compounds d i s p l a y  c l o s e  packed p l a n a r  
0 

s t r u c t u r e s  wi th  3 . 5 A  i n t e r p l a n a r  d i s t a n c e s  wh i l e  t h e  photo- 

chromic ones  have open non-planar s t r u c t u r e s  wi th  d i s t a n c e s  

between r i n g  p l a n e s  of about 4.5A. Both thermochromic and 

photochromic compounds show, i n  t h e i r  hydropen t r a n s f e r  

r e a c t i o n ,  a h igh  degree  of r e v e r s i b i l i t y .  The photo o r  

thermochromic p r o c e s s e s  are mutua l ly  e x c l u s i v e ,  t h a t  i s ,  

a compound i s  photochromic o r  thermochromic bu t  n o t  bo th .  

0 

For t h i n  p o l y c r y s t a l l i n e  f i l m s  prepared  between q u a r t z  

p l a t e s ,  t h e  photochromic phenomenon i s  shown i n  F igure  l a  

f o r  salicylidene-2-chloroaniline. Figure  l b  shows t h e  

thermochromic phenomenon f o r  5-chlorosalicylideneaniline. 

This  i l l u s t r a t e s  t h e  r e v e r s i b l e  s p e c t r a l  c o l o r  changes t h a t  
11,12 r e s u l t  from p h o t o i r r a d i a t i o n  o r  tempera ture  v a r i a t i o n .  

The i n t e r p r e t a t i o n  of t h e  c o l o r  format ion  i s  as  f o l -  
13 lows : t h e r e  is  a tempera ture  s e n s i t i v e  e q u i l i b r i m  i n  

t h e  c r y s t a l  between two tau tomers  of t h e  molecule ,  one wi th  

t h e  c h e l a t i n g  hydrogen c o v a l e n t l y  bonded t o  t h e  oxygen, 

t h e  "OH-form'' ( I) ,  and t h e  "NH-form" (11) wi th  t h e  hydro- 
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4 E. HADJOUDIS et al. 

gen bonded t o  t h e  n i t rogen  (equat ion 1) 

The "NH-form" absorbs a t  longer  wavelengths. Raising 
t h e  temperature inc reases  t h e  populat ion of t h i s  form and 

thus  causes a deepening of color. The intramolecular  hydro- 

gen t r a n s f e r  of thermochromic c r y s t a l s  occurs i n  t h e  ground 

e l e c t r o n i c  s t a t e .  In  c o n t r a s t ,  

d 
0 

1 .o 

o .a 

THERMOCHROMIC 

4 00 600 

high energy is  r equ i r ed  

I I I 

400 600 
A, nm 

FIGURE 1. ( a ) .  Photochromism of sal icyl idene-2-chlo-  

r o a n i l i n e ,  before  ( - 1 ,  a f t e r  (---I i l l umina t ion  and 

back i n  t h e  dark (tt), and ( b )  thermochromism of 5- 

chlorosalicylideneaniline a t  RT ( - )  , l i q u i d  n i t rogen  

temperature (---I  and back a t  RT (tt). D
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STRUCTURAL DIRECTING EFFECTS 5 

f o r  hydrogen t r a n s f e r  i n  t h e  ground e l e c t r o n i c  s t a t e  of mole- 

c u l e s  i n  photochromic c r y s t a l s  because of t h e  non-p lana r i ty .  

A s  a r e s u l t ,  no a b s o r p t i o n  a t t r i b u t a b l e  t o  t h e  NH-form i s  

observed .  However, hydrogen t r a n s f e r  can occur  i n  t h e  ex- 

c i t e d  s t a t e .  The c r y s t a l  s t r u c t u r e  i s  s u f f i c i e n t l y  open 

due t o  t h e  non-p lanar i ty  of t h e  molecules so as t o  permit 

subsequent geometr ic  i somer i za t ion  which leads t o  t h e  

co lored  photoproduct ,  111. However, t h e  n a t u r e  of t h e  

co lo red  s p e c i e s  i n  t h e  s o l i d  s t a t e  i s  s t i l l  a matter of 

con t rove r sy .  
The purpose o f  t h e  p r e s e n t  paper  i s  twofold  : 

1. To d e s c r i b e  t h e  s t r u c t u r a l  d i r e c t i n g  e f f e c t s  w e  can pro- 

duce i n  t h e  N-sa l i cy l idenean i l ine  (I) s e r i e s  by i n t r o d u c i n g ,  

an heteroatom, e .g .  n i t r o g e n ,  i n  t h e  o r t h o  (IV), meta (V) 
and =-pos i t ion  (VI) of t h e  a n i l i n e  r i n g ,  and t h e  subse- 

quent  changes i n  t h e i r  photochromic or thermochromic pro-  

p e r t i e s  which have been a s s o c i a t e d  wi th  t h e i r  c r y s t a l  s t r u c -  

t u r e s  . 14 

2 .  T o  d e s c r i b e  t h e  changes w e  can b r i n g  i n  t h e  N - s a l i c y l i -  

dene-2- thenylamine (VII) s e r i e s  by p rope r  s u b s t i t u t i o n  i n  

t h e  s a l i c y l a l d e h y d e  r i n g ,  and t h e  subsequent changes i n  

photochromic behaviour  . D
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6 E. HADJOUDIS et al. 

RFSULTS AND DISCUSSION 

In order to face the first problem we introduced into a number 

of photochromic and thermochromic N-salicylideneanilines 

nitrogen heteroatom in the ortho-positibn of the aniline ring. 

Analogs with the heteroatom placed in the meta and para- 
position were a l s o  made. 
aminopyridines (IV), N-salicylidene-3-aminopyridines (V) and 
N-salicylidene-4-aminopyridines (VI). 

a 

Thus, we produced N-salicylidene-2- 

In the case of the N-salicylidene-2-aminopyridines all 

the examined molecules turned out to be thermochromic, i.e. 

photochromism Mas not observed15 as in the case of N-sali- 

cylideneanilines. 
that the planarity is achieved because of the position of 

We explained this phenomenon by suggesting 

the hetero-nitrogen atom 

ways at the cis-position 

atom as shown in Fig. 2. 
- 

of the pyridine ring which is al- 

with respect t b  the H(7) hydrogen 

The suggestion originated from 

FIGURE 2. Salicylidene-2-aminopyridines. The hetero- 

-nitrogen atom at cis-position with respect to the 

hydrogen 7. 

the X-ray crystal structure determination of four repre- 

sentative members of this class inluding the parent com- 
1 pound , 

salicylidene-2-aminopyridine (VIII), 5-methoxy-salicylidene- 

Thus salicylidene-2-aminopyridine (IV), 5-bromo- 
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STRUCTURAL DIRECTING EFFECTS I 

-2-amino-4-chloro-pyridine (1x1 and 3-methoxysalicylidene- 

-2-amino-6-methyl p y r i d i n e  (X) a r e  e s s e n t i a l l y  p l a n a r .  I n  

I V  VIII I X  X 
t h e  p l a n a r  molecular  s t r u c t u r e  t h e  lone  p s c r  of t h e  imino 

nil-rogen atom does n o t  ove r l ap  t h e  electrons of t h e  

p y r i d i n e  ring and consequent ly  t h e  b a s i c i t y  o f  t h e  b r i d g e  

n i t r o g e n  atom and hence t h e  s t r e n g t h  of t h e  hydrogen bond 

between t h e  H atom of  t h e  OH group and t h e  imino N atom 

should  be h igh .  The re fo re ,  t h e  pro ton  t r a n s f e r  shown i n  

eq .  2 i s  favoured  i n  t h e  p l a n a r  a s  a g a i n s t  a non-planar 

conformation. 

The molecular  s t r u c t u r e s  o f  t h e  f o u r  s a l i cy l idene -2 -  

-aminopyridines show a s t r o n g  i n t r a m o l e c u l a r  hydrogen bond 

wi th  

p r o p r i a t e  geometry f o r  t h e  H atom t o  p o i n t  toward t h e  lone  

a mean H (1) ... N (1) d i s t a n c e  o f  1 .8  8 ,  and t h e  ap- 

p a i r  o f  N ( 1 )  atom a s  it is shownin 

salicylidene-2-aminopyridine. 

Fig. 3 for t h e  case of 

FIGURE 3. Geometry and r e l e v a n t  d i s t a n c e s  (i) 
salicylidene-2-aminopyridine. 

fo r  D
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8 E. HADJOUDIS er al 

The molecular packing of t h e  fou r  compounds for which 

t h e  c r y s t a l  s t r u c t u r e  was solved, is  characteristic of f l a t  

molecules arranged i n  s t a c k s  along t h e  s h o r t e s t  c r y s t a l  

axis with mean interplanar distance of 3 . 5 4  8 .  The s t r u c -  

t u r e s  a r e  shown i n  Fig .  4 .  

Q 

b 

b 
a 

C r l  

FIGURE 4. Packing arrangement of salicylidene-2-amino- 

py r id ine  ( a ) ,  5-methoxysal~cylidene-2-amino-4-chloro- 

pyr id ine  ( b ) ,  5-bromosalicylidene-2-arninopyridine ( c )  

and 3-methoxysalicylidene-2-amino-6-methyl-pyridine (d)  
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STRUCTURAL DIRECTING EFFECTS 9 

Based on t h e i r  i d e n t i c a l  behav iour ,  thermochromic i n  

each  c a s e ,  i t  may no t  be  u n j u s t i f i e d  t o  suppose t h a t  a l l  

t h e  salicylidene-2-aminopyridine compounds i n v e s t i g a t e d  

w i l l  have similar packing  arrangement.  

We, t h e r e f o r e ,  sugges t  t h a t  t h e  p l a n a r i t y  i s  achieved  

because of t h e  he t e ro -n i t rogen  o f  t h e  p y r i d i n e  r i n g  a t  t h e  

o r t h o  - p o s i t i o n .  I n  t h e  c a s e  of  s a l i c y l i d e n e a n i l i n e s  t h e -  

r e  i s  s t e r i c  h indrance  due t o  t h e  s h o r t  d i s t a n c e  of  about 

2 a between t h e  o r t h o  - hydrogen Hg and exocyc l i c  hydrogen 

H7 when t h e  molecule i s  p l ana r16 .  This  r e p u l s i o n  i s  r e l i -  

eved i n  t h e  c a s e  o f  salicylidene-2-aminopyridines because 

t h e  n i t r o g e n  heteroatom i s  always a t  t h e  c i s - p o s i t i o n  wi th  

r e s p e c t  t o  t h e  H7 hydrogen atom. The d i s t a n c e  o f  about 2 . 5 8  

between t h e s e  atoms cor responds  t o  normal van d e r  Waals 

c o n t a c t .  These f i n d i n g s  i n d i c a t e  t h a t  t h e  d r i v i n g  f o r c e  for 

t h e  observed p l a n a r i t y  o f  t h e  salicylidene-2-aminopyridine 

is  twofold  : t h e  i n t r a m o l e c u l a r  hydrogen bond which "locks" 

t h e  s a l i c y l a l d i m i n o  group i n  t h e  p l a n a r  p o s i t i o n ,  and t h e  

presence  of t h e  n i t r o g e n  atom of t h e  p y r i d i n e  moie ty  

which a l lows  t h e  pyr imidino  r i n g  t o  be co-p lanar  w i th  t h e  

s a l i c y l a l d i m i n o  group. The re fo re ,  t h e  thermochromic beha- 

v i o u r  i n  t h e  c r y s t a l l i n e  s t a t e  of t h i s  class of compounds 

can be i n t e r p r e t e d  a s  due t G  a s h i f t  i n  t h e  t au tomer i c  equ i -  

l i b r i u m  shown i n  equa t ion  2 .  

- 

To t e s t  t h e  importance of t h e  n i t r o g e n  h e t e r o c y c l i c  

atom i n  t h e  o r tho -pos i t i on  wi th  r e s p e c t  t o  t h e  C =N b r i d g e  

w e  have p repa red ,  as w e  have s a i d ,  a number o f  s a l i c y l i -  

dene-meta-aminopyridines - and salicylidene-para-aminopyridi- - 
nes .  

By sc reen ing  t h e  salicylidene-meta-aminopyridines for - 
photochromic and thermochromic p r o p e r t i e s  we  found a l l  of 
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LO E. HADJOUDIS ef al. 

them to be weakly thermochromic. 

The crystal structure analyses for the parent compound 

and for 5-methoxysalicylidene - 3 -3minopyridine shows the 

following feature2 : the structure of 5-methoxysalicylide- 

ne - 3 -aminopyridine is disordered (Fig. 5a), the molecu- 
les having two orientations of the pyridine ring in a sta- 

tistical sense. Thus N occupies two positions correspon- 2 
ding to a rotation by 180° of the ring around 

b 

FIGURE 5. Conformations of 5-methoxysalicylidene-3- 
aminopyridine (a) and salicylidene-3-aminopyridine (b). 

In salicylidene - 3 -aminopyridine (b), the heteronit- 
rogen atom is cis with respect to H7, as opposed to the he- 

teronitrogen atom of 5-methoxysalicylidene - 3 -aminopyri- 

dine which is mainly (75%) trans. 

- 

Apparently , there is no appreciable energy difference 
between the two orientations due to the symmetry of inter- 

action of both H atoms ortho to the imino group with H 
This is in contrast to salicylidene-ortho-aminopyridines, 

where the observed unique conformation does not involve 

such an interaction. As a result of this repulsive inter- 

action, a rotation of the pyridine plane around N -C by 

14.8O and an in plane deformation ( N  -C -C 
to give a separation of 2 . 0  8 for H7.. . .H12. The observed 

deviation from planarity in this class of compounds and 

7' 

l o  * - 1 2 4 . 7  ) occur 1 8 1 2 -  D
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STRUCTURAL DIRECTING EFFECTS 1 1  

t h e  weak thermochromic behaviour i n d i c a t e  t h a t  t h e  s t r e n g t h  

of t h e  l a t t e r  might be a monotonic funct ion of t h e  d i h e d r a l  

angle  def ined by t h e  r o t a t i o n  o f  t h e  py r id ine  r i n p  with r e s -  

p e c t  t o  t h e  p l a n a r  s a l i cy l idene imine  p a r t  of t h e  molecule.  

The  s c reen ing  of salicylidene-para-aminopyridines for 

photochromic and thermochromic phenomena showed t h e  ex i s -  

t ance  of photochromic and thermochromic compounds and t h e r e -  

f o r e  non-planar and p l ana r  s t r u c t u r e s  are expected.  However, 

t h e s e  compounds p resen t  d i f f i c u l t y  i n  c r y s t a l l i z a t i o n  and 

t h e  so lven t  used may p l a y  an important r o l e .  Thus, of t h e  

two compounds which have been examined i n  d e t a i l  one,  

3,5-dichlorosalicylidene - 4 -aminopyridine, i s  found t o  be 

photochromic but  i s  r e a d i l y  hydrolyzed i n  t h e  s o l i d  state 

and the  hydro lys i s  products  c o c r y s t a l l i ~ e ~  with one water 

m l e c u l e .  

3 ,5-dichlorosal icylaldehyde and 4-aminopyridine, 

form a s o l i d  s a l t  with water p a r t i c i p a t i o n .  The hydro- 

gen o f  t h e  hydroxy group has  been moved t o  t h e  n i t rogen  of 

t h e  py r id ine  r i n g .  The aldehyde group on t h e  o t h e r  hand 

p o i n t s  t o  t h e  amino group of another  py r id ine  molecule rea- 

dy t o  form t h e  S c h i f f  base,  while a molecule of water co- 

- c r y s t a l l i s e d  i n  t h e  system. There a r e  two d i f f e r e n t  

salicylaldehyde-pyridine p a i r s  i n  t h e  u n i t  c e l l .  The ang le s  

between t h e  r i n g  p l anes  are 14' and 19O r e s p e c t i v e l y .  

hea t ing  t h i s  yellow sa l t ,  water comes o f f  and t h e  3,5-dich- 

l o rosa l i cy l idene -4 -  aminopyridine i s  formed. This  i s  an 
orange s o l i d  compound and i s ,  as w a s  mentioned be fo re ,  pho- 

tochromic. The r e a c t i o n  i s  r e v e r s i b l e .  Thus, t h e  orange com- 

pound t a k e s  two moles of water t o  give again t h e  yellow 

s a l t  i n  t h e  presence of water .  

Figure 6 shows t h a t  t h e  two p recu r so r  compounds, 

On 
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12 E. HADJOUDIS eta / .  

@ c :  oh! 9,) 

FIGURE 6 .  A view of t h e  u n i t  

____ 

c e l l  a long t h e  b a x i s .  

S t r u c t u r a l  s t u d i e s  of t h e  orange compound a r e  a l r eady  under 

way and it is be l i eved  t h e y - w i l l  e luc idate  the above behaviour. 

SALICYLIDENE-2-THENYLAMINES 

In  o r d e r  t o . a d r e s s  t h e  second purpose w e  prepared a number o f  
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STRUCTURAL DIRECTING EFFECTS 13 

N-salicylidene-2-thenylamines (VII). This class of compounds 

presents very interesting photochromic and thermochromic 
phenomena and a complete study will appear elsewhere. Here 

we will report some preliminary results in the solid state 

in connection with the problem set. Thus, the  parent 

compound (VII) of this class is, in the crystalline state, 
photochromic. Substitution in the benzene ring of this com- 

pound bring interesting results which appear in Table I. The 
presence of the methylene group in the bridge disconnects the 

resonance between the two aromatic rings and introduces a 

TABLE I. Photochromic and Thermochromic Properties of 

Some Crystalline N-salicylidene-2-thenylamines. 

Compound Property 

R 1 = H  R 2 = H  Photochromic 

R1 H R = 5-Br Photochromic 2 
R = H R = 3-Me0 

R = 3-Br R2 = 5-Br 
1 2 

1 
R1 = 3-C1 R z 5-C1 2 

Photochromic 

Thermochromic 

Thermochromic 

R = 4-Me0 Photo/thermochromic 2 R1 = H 
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14 E. HADJOUDIS et al. 

t e t r a h e d r a l  carbon which f o r c e s  t h e  molecule i n t o  a non pla- 

nar geometry. Thus it was expected t h a t  a l l  t h e  above com- 

pounds would be photochromic. In s t ead ,  we observe not  only 

photochromic compounds but  thermochromic as we l l .  And f i n a l -  

l y ,  f o r  the f i r s t  t i m e  observed i n  the  Schiff  base series, 

t h e  c l e a r  case of a compound w i t h  both-photochromic and 

thermochromic p r o p e r t i e s .  The above r e s u l t s  show t h e  need 

f o r a  r e - i n v e s t i g a t i o n  of t h e  whole a r e a  and e s p e c i a l l y  t h e  

t h e s i s  t h a t  planar  molecules a r e  connected with thermochro- 

m i s m  and non-planar with photochromism. 

The s t r u c t u r e  of compound (VII) is  under i n v e s t i g a t i o n  

and it is  b e l i e v e d w i l l  e l u c i d a t e  the connection between crys- 

t a l  s t r u c t u r e  and photochromic and/or thermochromic proper- 

t i e s .  

The above f ind ings  show t h a t  s t r u c t u r a l - d i r e c t i n g  e f -  

fects may be accomplished through proper s u b s t i t u t i o n .  The 

examination of more s t r u c t u r e s  i n  combination with des i -  

r ed  p r o p e r t i e s  of photochromism and or thermochromism w i l l  

add i n  t h i s  r e l a t i v e l y  new f i e l d  of c r y s t a l  engineering. 
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