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S U M A t A  R Y 

The review deals with the main results o f  several investigations o f  the 
relationship between the chemical structure o f  imidocarboeyanines and 
their basicio,, redox potentials and photographic  action in silver halide 
emulsions. ,4 number  o f  quantitative and qualitative relationships 
connecting p K~ and E°~(~cd~,z o f  imidocarbocyanines and the H a m m e t t  ap- 
constants o f  different electronic substituents ranging f r o m  C H z O  
( a p = - - 0 - 2 7 )  to CF3SO 2 (Crp----0-96) and the Taft a*-eonstants o f  
groupings attached to the nitrogen atom (alkyl,  aryl, og-trifluoro- 
methylall~vi or sulphoaIl%vI), are discussed. The main fac tors  contributing 
to the total effect o f  spectral sensitization o f  silver halide emulsions by 
imidocarboeyanines are analyzed and a relationship between the degree 
o f  suppression o f  their sensit izing action by colour components  and the 
tendency to aggregate on the surJbce o f  silver halide crystals is 
established. 
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1. I N T R O D U C T I O N  

!. i ' . 3 . Y - T e t r a m e t h y l i m i d o c a r b o c y a n i n e  was  d e s c r i b e d  first in 1933 ~ a n d  
at  o n c e  d r e w  specialists" a t t e n t i o n .  Its visible a n d  U V  s p e c t r a  w e r e  
s t u d i e d  -~ a n d  the  h igh  bas ic i ty  o f  the  b e n z i m i d a z o l e  r ing  was  revea led .  3 
S u b s e q u e n t l y  it was  s h o w n  tha t  the  c o m p a c t  s t r u c t u r e  o f  m o l e c u l e s  o f  the  
d y e  c a u s e s  its m a r k e d  t e n d e n c y  to J - a g g r e g a t i o n .  "~ 

Desp i t e  the  fact  t h a t  in 1949 a c o n v e n i e n t  m e t h o d  fo r  the  p r e p a r a t i o n  
o f  i m i d o c a r b o c y a n i n e s  ( ICC)  was  i n t r o d u c e d .  5 up  to 1956 s y m m e t r i c a l  
d y e s  c o n t a i n i n g  the  b e n z i m i d a z o l e  m o i e t y  w e r e  m e n t i o n e d  in o n l y  a few 
p a t e n t s  t o g e t h e r  w i th  the  n u m e r o u s  a s y m m e t r i c a l  c o m p o u n d s ,  e.g. 
i m i d o o x a c a r b o c y a n i n e s .  6 

In 1956 at  the  I n t e r n a t i o n a l  C o n f e r e n c e  on  Scient i f ic  P h o t o g r a p h y  in 
C o l o g n e  it was  r e p o r t e d  7 tha t  the  i n t r o d u c t i o n  o f  e l e c t r o n - w i t h d r a w i n g  
s u b s t i t u e n t s  (CI. CF3)  in to  the  h e t e r o c y c l i c  m o i e t y  o f  I C C  resu l t s  in 
c o n s i d e r a b l e  i m p r o v e m e n t s  in the  p h o t o g r a p h i c  eff ic iency.  A n  i n c r e a s i n g  
n u m b e r  o f  p a t e n t s  a n d  ar t ic les  has  fo l lowed .  ( In  1933-56  o n l y  ten ar t ic les  
c o n c e r n i n g  this  p r o b l e m  a p p e a r e d  a n d  in the  y e a r s  t ha t  f o l l owed  
(1957-82)  t he r e  w e r e  m o r e  t h a n  300 o f  t h e m . )  At  the  p re sen t  t ime  
b e n z i m i d a z o l e  de r iva t ives  b e l o n g  to  o n e  o f  the  m o s t  i n t ense ly  s t ud i ed  
g r o u p s  o f  p o l y m e t h i n e  d y e s  ( P M D ) .  8 

M o s t  o f  the  p u b l i c a t i o n s  dea l  wi th  the  p r e p a r a t i o n  a n d  a p p l i c a t i o n  o f  
1CC.9-12 It is w o r t h  m e n t i o n i n g  t h a t  I C C  a re  r e c o m m e n d e d  for  
s ens i t i za t ion  o f  si lver ha l ide  e m u l s i o n s  b o t h  i n d i v i d u a l l y  a n d  in m i x t u r e s  
wi th  P M D  o f  o t h e r  types ,  s T h e  n u m e r o u s  p u b l i c a t i o n s  c o n c e r n i n g  the  
syn thes i s  o f  I C C .  the i r  c o l o u r  o r  s o l v a t o c h r o m i s m  ~ 3. ~-~ dese rve  a s e p a r a t e  
review. 

A n u m b e r  o f  p u b l i c a t i o n s  deal  wi th  i n f o r m a t i o n ,  m o s t l y  i n c o m p l e t e .  
c o n c e r n i n g  the  p r o p e r t i e s  o f  I C C - - t h e i r  bas ic i ty .  15"~6 r e d o x  p o t e n -  
tials 17.18 ab i l i ty  to f o r m  c h a r g e - t r a n s f e r  c o m p l e x e s  Is a n d  a g g r e g a t e  in 
d i f f e ren t  cond i t i ons ,~9  p h o t o g r a p h i c  a c t i on ,  a° l u m i n e s c e n c e  a n d  
p h o s p h o r e s c e n c e ,  z 

Resu l t s  o f  s y s t e m a t i c  s tud ies  o f  r e l a t i o n s h i p s  b e t w e e n  the  phys ica l .  
c h e m i c a l  a n d  p h o t o g r a p h i c  p r o p e r t i e s  o f  I C C  a n d  the i r  s t r u c t u r e  h a v e  
been  p u b l i s h e d  in d i f fe ren t ,  s o m e t i m e s  u n a v a i l a b l e  j o u r n a l s .  In this 
c o n n e c t i o n  it was  e x p e d i e n t  to s u m m a r i z e  the  m a i n  resul t s  o f  these  s tud ies  
t a k i n g  in to  c o n s i d e r a t i o n  the  t e n d e n c i e s  w h i c h  h a v e  been  r evea l ed  in the  
l i t e r a t u r e  in r ecen t  years .  
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P r o p e r t i e s  o f l C C  w i t h  d i f f e r e n t  g u i z s t i t v e n t s  in t h e  b e n z e n e  r i n g s  o r  
l i n k e d  t o  t h e  n i t r o g e n  a t o m s  ( s t r u c t u r e  I) a r e  d i s c u s s e d .  ~ '22 -  5~ 

' N - - R  R - - N  f ~ " ' ~  B i-. 
H = C H _ C .  -" ,  

I R I 
RI ! R~ 

(a) 5 , 5 ' - B :  R = R ~  = C 2 H 5  
(b)  5 , 5 ' - B ;  R = C 6 H 5 ;  R l = C 2 H s  
(c) 5 , 5 ' - B - 6 , 6 ' - B  1 ; R =- R ! = C 2 H  5 
(d) 5 , 5 ' - B - 6 , 6 ' - B t ;  R a n d  R~ = d i f f e r e n t  s u b s t i t u e n t s  B a n d  R a r e  

s p e c i f i e d  in T a b l e s  1--4. 

2. B A S I C I T Y  O F  I M I D O C A R B O C Y A N I N E S  

T h e  b a s i c i t y  o f  m o r e  t h a n  300  i m i d o c a r b o c y a n i n e s  z z ' z 6 - 3 ° ' 3 2 - ' * °  w a s  
d e s c r i b e d  in ref .  26.  It  w a s  s h o w n  t h a t  t h e  p K ,  v a l u e s  o f p , p ' - d i s u b s t i t u t e d  
I C C  l a  a n d  l b .  a n a l o g o u s l y  t o  i n d o - ,  t h i a - ,  q u i n o - 2 -  a n d  4 - c a r b o -  
c y a n i n e s ,  2 ° - z9"52  v a r y  in p r o p o r t i o n  t o  t h e  H a m m e t t  f r o - c o n s t a n t s  o f  
s u b s t i t u e n t s  ( r  > 0-97) .  F o r  e x a m p l e ,  f o r  l a :  

pK~ ---- 5-83 -- 3-23 o" v ( G )  

a n d  f o r  Ib :  

pK~ = 4 - 1 7  -- 3-16  o-p ( D )  

A n o t a b l e  f e a t u r e  o f  t h e s e  r e l a t i o n s h i p s  is t h e  h i g h  v a l u e  o f p  ( > 3). T h i s  
f ac t  i n d i c a t e s  a h i g h  "sens i t iv i ty"  o f  t h e  b a s i c i t y  o f  t h e s e  d y e s  to  s t r u c t u r a l  
c h a n g e s .  26 - 29.33 

S i m u l t a n e o u s  i n t r o d u c t i o n  o f  s u b s t i t u e n t s  i n t o  t h e  5 .5 ' -  a n d  6,6"- 
p o s i t i o n s  o f  1, l ' . 3 , 3 ' - t e t r a e t h y l - I C C  (Ic)  b r i n g s  a b o u t  a l m o s t  in all  c a s e s  
t h e  a d d i t i v e  c h a n g e s  in t h e  v a l u e s  o f  pK~  a c c o r d i n g  to  e q n .  (1),  t h a t  is 
p K ~ p ~ =  pK~cjtc~ (e .g .  d y e s  i - 3 .  T a b l e  1). 28.35 

pK~ ---- 5-83 -- 3-23[(o" t + trR) B + (oq + o'R) B~ ] (1) 

In t h e  c a s e  w h e n  B a n d  Bj  a r e  s u b s t i t u e n t s  w h i c h  a r e  a b l e  t o  i n t e r a c t  
w i t h  e a c h  o t h e r  t h r o u g h  d i r e c t  p o l a r  r e s o n a n c e ,  f o r  e x a m p l e  O C H  3 a n d  
S O 2 C F  3. O C H  3 a n d  N O 2 ,  F a n d  S O 2 C F  3 o r  F a n d  C O O C 2 H 5  g r o u p s  
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(e.g. dyes 4 and 5, Table i), the  c o n t r i b u t i o n  o f  t he  tr R c o m p o n e n t  o f  t he  
e l e c t r o n - d o n a t i n g  ( F ,  O C H a )  a n d  e l e c t r o n - w i t h d r a w i n g  ( C O O C 2 H 5 "  

N O : .  S O , C F 3 )  s u b s t i t u e n t s  i n to  c o n j u g a t i o n  wi th  t h e  b e n z i m i d a z o l e  
rings is decreased. This results in a lower basicity o f  ICC compared with 
calculated values: pKu~¢,p < pK~=ic~ (c.f. dyes 4 and S, Table l). 

= 5 - 8 3  - + + + , ,  < 1 ( 2 )  

W h e n  B a n d  Ba a r e  b u l k y  e l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t s ,  d i s t u r b a n c e  
o f c o p l a n a r i t y  by  the  s u b s t i t u e n t s  l eads  to a d e c r e a s e  in the i r  c o n j u g a t i o n  
wi th  the  c h r o m o p h o r e  a n d  br ings  a b o u t  an  i n c r e a s e  in the  e x p e r i m e n t a l  
p K  u va lue ,  i.e. pKa~.r. > PKu,¢~, ( o f  dye~ 6--9. T a b l e  I): 

pA~, = 5-83 -- 3-23[(a~ + trR COS 2 0) a + (a  I + trR)a,] (3) 

(Va lues  o f  0 a re  specif ied in T a b l e  !.) 

PK~ = 5"83 -- 3 2 3  x 2(oh + o~ cos2 0)B: B = B , :  0 = 6 5  ° (4) 

As  s h o w n  in T a b l e  i .  the  bas i c i ty  o f  I C C  5 a n d  4 is l ower  t h a n  expect . .  ~a_ 

T A B L E  ! 
Values  o f  p K  d a n d  2 .... o f  5 .5" .6 ,6 ' -Te t r a subs t i t u t ed  I C C  (le) in E t h a n o l  2s.zs 

Dye B B i p K~ Ap K~ 2.,,,, 
no. (nm) 

E.vp. Eqn. Cah'. 

A 2 ~ a  T 

(ran) 

! C N  C1 3-00 I 3-06 - -0"06 522 
2 F F 5-45 1 5-44 +0-01  506 
3 CF~  F 4-05 I 4-05 0-00 507 

I 2-53 - -0 -40  
4 S O 2 C F  3 F 2-13 2(n = 0 - 5 )  2-15 - -0 -02  527 
5 C O O C z H  s F 3.92 I 4-18 - -0 -26  

2(n ----- 0-75) 3-93 --0-01 519 
6 COOC21-1 s C! 3-80 ! 3.63 + 0 - 1 7  

3 3-78 +0"02  517 
7 COOC_,H.~ Br 3-83 1 3-63 + 0 - 2 0  518 

3 3-86 --0"03 
8 COOC_~H s 1 4-00 ! 3-80 -t-0-20 

3 4"04 - -0 -04  518 
9 COOC_,H  s C O O C 2 H  s 3-73 i 2-93 + 0 - 8 0  516 

4 3.71 + 0 - 0 2  

--1 
- - 2  

0 

+ 2  

0 

- - 6  
- - 7  

- - 8  

- - 1 4  

In a series of  5 ,5" -d ica rboe thoxy-6 ,6" -B , -1CC,  the  ang le  0 for  d i f ferent  B~ has  va lues  
respect ively  o f  0 ° (F),  33 ° (CI). 44 ° (Br).  45 ° (1). 81 ° (CF3).  
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a c c o r d i n g  to  t h e  a d d i t i v i t y  p r i n c i p l e  ( eqn .  (1)): Ap_R-~ = pK,,c~p.,--.pK~=k., 
a n d  is r e s p e c t i v e l y  e q u a l  t o  -- 0-26 a n d  -- 0-40. T a k i n g  i n t o  cons ic l e ra t~on  
t h e  v a l u e  o f  t h e  o R c o m p o n e n t s  fo r  C O O C 2 H  5 a n d  S O 2 C F  3 g r o u p s  (0-15 
a n d  0-31 ) it c a n  be  s h o w n  t h a t  t h e  c o n j u g a t i o n  o f  t h e  s u b s t i t u e n t  w i t h  t h e  
c h r o m o p h o r e  is d e c r e a s e d  by  ¼ a n d  ½ r e s p e c t i v e l y ,  i .e. a t  n ---- 0-75 a n d  0-5 
in e q n .  (2) t h e  e x p e r i m e n t a l  a n d  c a l c u l a t e d  v a l u e s  o f  pK~ c o i n c i d e .  

O n  p a s s i n g  f r o m  5 , 5 ' - d i c a r b o e t h o x y - 6 , 6 ' - d i f l u o r o - I C C  (5) to  t he  5,5 ' -  
d i c a r b o e t h o x y - 6 , 6 ' - d i c h l o r o - b r o m o -  o r  i o d o -  d e r i v a t i v e s  ( dyes  6 - 8 )  t he  
use  o f  e q n .  ( l )  g ives  A p K  a = 0 -20 -0 -80 .  

C o n s i d e r i n g  t h e  fac t  t h a t  in a ser ies  o f  o - s u b s t i t u t e d  N,N- 
d i m e t h y l a n i l i n e s  d i s p l a c e m e n t  o f  t h e  s u b s t i t u e n t  f r o m  t h e  p l a n e  o f  t h e  
a r o m a t i c  r i n g  by  a n  a n g l e  0 d e c r e a s e s  t he  c o n j u g a t i o n  in p r o p o r t i o n  to  
cos-" 0. 53 e q n s  (3) a n d  (4) wer~  p r o p o s e d  fo r  t h e  c a l c u l a t i o n  o f  t h e  pK~ 
v a l u e s  o f  6 , 6 ' - d i s u b s t i t u t e d  5.5"-dicarboalkoxy-ICC. Ti l e  pK~ v a l u e s  o f  
5,5'-dicarboalkoxy-6,6"-disubstituted a n d  5 , 5 ' 6 , 6 ' - t e t r a c a r b o a l k o x y -  
I C C ,  c a l c u l a t e d  f r o m  t h e s e  e q u a t i o n s  w i t h  d u e  r e g a r d  fo r  t h e  r o t a t i o n  o f  
t h e  c a r b o a l k o x y  g r o u p s ,  c o i n c i d e  r e a s o n a b l y  w i t h  t he  e x p e r i m e n t a l  d a t a  
(ApK~ _< 0-05,  T a b l e  I). 

F r o m  T a b l e  1 it a l so  f o l l o w s  t h a t  in a ser ies  o f  6 , 6 ' - d i s u b s t i t u t e d  5,5 ' -  
d i c a r b o e t h o x y - I C C  t h e  v a l u e s  o f  ApK~ a n d  A).m~ ~ c h a n g e  in a c c o r d a n c e  
w i t h  t he  r o t a t i o n  a n g l e  o f  t he  c a r b o e t h o x y  g r o u p s  t h a t  a l l o w e d  t h e  r o u g h  
s e p a r a t i o n  o f  t he  i n f l u e n c e  o f  r e s o n a n c e  (trR) a n d  i n d u c t i v e  (tr 0 
c o m p o n e n t s  o n  t he  c h a n g e  in t h e  c o l o u r  o f  I C C .  It  w a s  f o u n d  t h a t  t h e i r  
c o n t r i b u t i o n s  to  t h e  b a t h o c h r o m i c  sh i f t  o f  2m~ x a r e  a l m o s t  e q u a l .  35 

P r o p e r t i e s  o f  I C C  w i t h  d i f f e r e n t  s u b s t i t u e n t s  a t t a c h e d  to  t he  n i t r o g e n  
a t o m s  ( ld)  h a v e  a l s o  b e e n  i n v e s t i g a t e d .  22"29"a2"3a'36-4° 

P r o c e e d i n g  f r o m  t h e  v a l u e s  o f  tr* o f  N - a l k y l  g r o u p s  o n e  m i g h t  e x p e c t  
t h a t  t he  b a s i c i t y  o f  I C C  w o u l d  i n c r e a s e  w i t h  t h e  n u m b e r  o f  c a r b o n  a t o m s  
(R = C ,  H 2 ,  + ~). H o w e v e r ,  w i t h  t he  t r a n s i t i o n  f r o m  1 ,1 ' -d i e thy l -  a n d  l , l ' -  
d i p h e n y l - 3 , 3 ' - d i e t h y l - I C C  to  h i g h e r  3 ,3 ' -d i (n -a lky l )  d e r i v a t i v e s  (12 = 3 - I 0 )  
t he  pK~ v a l u e s  d e c r e a s e  ( T a b l e  2). T h i s  i n d i c a t e s  a p r e v a i l i n g  i n f l u e n c e  o f  
t h e  s p a t i a l  a r r a n g e m e n t  o f a l k y l  g r o u p s  s h i e l d i n g  t h e  p o l y m e t h i n e  c h a i n  5~ 
w h i c h ,  t h u s ,  h i n d e r s  p r o t o n a t i o n  o f  t he  n i t r o g e n  a t o m .  

T h i s  c o n c l u s i o n  is c o n f i r m e d  by  a c o m p a r i s o n  o f  t h e  p K  a v a l u e s  
o f  I C C  c o n t a i n i n g  n-  a n d  i so -oc ty l  g r o u p s  a t  p o s i t i o n s  3 a n d  3" (cf. 
d y e s  12, 13 c o m p a r e d  w i t h  I I ,  ApK~ = 0-56 a n d  1-04) as  wel l  a s  by  t h e  
l o w e r  b a s i c i t y  o f  l , l ' - d i ( n - b u t y l ) - 3 , 3 ' - ( n - o c t y l ) - 5 , 5 ' , 6 , 6 ' - t e t r a c h l o r o - I C C  
as c o m p a r e d  w i t h  t he  c o r r e s p o n d i n g  1 , 1 ' - d i e t h y l - 3 , 3 ' - d i ( n - d e c y l ) -  
s u b s t i t u t e d  c o m p o u n d  (dyes  14 a n d  15, m + n = 12, T a b l e  2). 
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T A B L E  2 
Values o f  pK.  o f  5.6.5",6"-tetrachloro-ICC with 

Different N-substituents (ld) 29"32"33"38 - .*0 

Dye R R~ pKo 
n o .  C n H 2 n  + 1 

10 CH 3 C2H s 4"61 
i ! CaH~ C2H5 4"33 
12 C2H s n-CsHIv 3-77 
13 C_,H 5 i-CsHl~ 3-28 
14 Call  s n-C,oH2~ 3-76 
15 tl-C.~ H 9 ~,I-CsH 1 v 3-53 
16 C2H~ (CH 2)3SO ~ " 5-20 
17 C2H.s (CH2)3CH 3 4"15 
18 C2H s (CH2).~CF ~ 3"85 
19 C 2 H  5 CH2CF 3 2"30 

O n  p a s s i n g  f r o m  !. I ' - d i e t h y l -  a n d  I, 1 ' - d i p h e n y l - 3 . 3 ' - d i e t h y l - I C C  to  t h e  
c o r r e s p o n d i n  s d y e s  c o n t a i n i n  E , s u l p h o p r o p y l  g r o u p s  a t  p o s i t i o n s  3 o r  3 
a n d  3". t h e  b a s i c i t y  u n e x p e c t e d l y  i n c r e a s e s  m a r k e d l y  ( T a b l e  2). 3s'30 

A n a l y s i s  o f  n u m e r o u s  d a t a  s u g g e s t s  t he  f o l l o w i n g  e x p l a n a t i o n  f o r  t h e  
" a n o m a l o u s "  i n c r e a s e  in t he  b a s i c i t y  o f t h e s e  I C C .  T h i s  c a n  be  explained by  
the  f o r m a t i o n  o f  t h e  i n t e r n a l  b e t a i n e  b o n d  b e t w e e n  t h e  S O f  g r o u p  a n d  a 
p o s i t i v e l y  c h a r g e d  n i t r o g e n  a t o m  o f  t h e  b e n z i m i d a z o l e  m o i e t y  in t he  
m o l e c u l e  o f  h i g h l y  b a s i c  i m i d o c a r b o c y a n i n e s ,  t h u s  i n c r e a s i n g  the  e l e c t r o n  
d e n s i t y  a t  t h e  a - c a r b o n  a t o m  o f  t h e  p o l y m e t h i n e  c h a i n .  

In a se r ies  o f  l , l ' - d i e t h y l - 3 , 3 ' - d i ( c o - t r i f l u o r o a i k y l ) - 5 , 5 ' - b i s ( t r i f l u o r o -  
m e t h y i s u l p h o n y l ) - .  - 5 , 5 ' - b i s ( t r i f l u o r o m e t h y l ) -  a n d  5 , 5 ' . 6 , 6 ' - t e t r a c h l o r o -  
I C C  l i n e a r  d e p e n d e - a c e s  b e t w e e n  t h e  v a l u e s  o f  pK~ a n d  ~ * - c o n s t a n t s  o f  
s u b s t i t u e n t s  a t  p o s i t i o n s  3 a n d  3' w e r e  f o u n d  as  f o l l o w s  in e q n s  (5 ) - (7)  
r e s p e c t i v e l y ;  r > 0"98:  

p/x"~ = 2-20 -- ! - 4 2 a *  (5) 

p K j  = 3-98 -- 1-84cr* (6) 

pK~ = 4-08 -- 1-98tr* (7) 

D e t e r m i n a t i o ~ i  o f  t he  r e d o x  p o t e n t i a l s  (in m e t h a n o l )  o f  p ,p ' -  
d i s u b s t i t u t e d  ( l a ,  lb)  a n d  s o m e  o t h e r  ( id )  I C C  h a s  s h o w n  t h a t  
d e p e n d e n c e s  E ° ~  =f(O-p) a n d  E Red,_, = . f ( t rv )  a r e  l i n e a r  ( r  >_ 0-99),  4t s i m i l a r  
to  t h o s e  o f  i n d o l i o e -  a n d  t h i a - c a r b o c y a n i n e s ,  s5 
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F o r  I C C  ( la ) :  

F o r  I C C  (Ib):  

O x  g x / 2  = 0-512 + 0-305trp 

ER~d 1,,2 = 1"805 + 0"498trp 

E ° ~  = 0-642 + 0-220c% 

ESed = __ 1"741 + 0"461O'p 1 / 2  

It s h o u l d  be n o t e d  t h a t  t he  ~ox(Rca)values o f  a n u m b e r  o f  I C C .  n o t a b l e  L-, 112  

fo r  t he  h y d r o p h o b i c - h y d r o p h i l i c  b a l a n c e  o f  s u b s t i t u e n t s  a t t a c h e d  to  the  
n i t r o g e n  a t o m s  o r  fo r  the i r  spa t i a l  a r r a n g e m e n t  (see be low) ,  a re  q u i t e  
c lose ,  4~'56 in c o n t r a s t  to  the  va lues  o f  p k g .  

3. A G G R E G A T I O N  C H A R A C T E R I S T I C S  O F  
! M ! D O C A R  B O C Y A N  IN ES 

At  p r e s e n t  the  ab i l i ty  o f  I C C  to  f o r m  J - a g g r e g a t e s  on  the  s u r f a c e  o f  
e m u l s i o n  m i c r o c r y s t a l s  i~ we~l k n o w n .  ~ l ° 2 a - a 3  T h e i r  t e n d e n c y  to  H-  
a g g r e g a t i o n  has  been  o b s e r v e d  o n l y  in a few c a s e s .  3° 'a1"33"39 F o r  the  
c h a r a c t e r i z a t i o n  o f  t he  a b s o r p t i o n  s p e c t r a  o f  I C C  in e m u l s i o n  the  
f o l l o w i n g  c o n v e n t i o n a l  d e s i g n a t i o n s  fo r  the  c o r r e l a t i o n  o f  the  i n t e n s i t y  o f  
J -  a n d  3 / - b a n d s  a r e  used" J I M  > 2 -- J :  2-0 -- 1,5 -- J >  M :  1-4--  1-0 -- 
J 2 M ;  l-0 -- J < M .  23 

In 1956 it w a s  f o u n d  t h a t  the  a b s o r p t i o n  s p e c t r a  o f  l , l ' , 3 , 3 ' - t e t r a e t h y l -  
ICC ( l a :  B = H),  in e m u l s i o n ,  s h o w e d  in a d d i t i o n  to  the  u n r e s o l v e d  
m o l e c u l a r  a b s o r p t i o n  b a n d s ,  J~- a n d  J 2 - b a n d s  (J2 < J1 > M) .  T h e  
a n a l o g o u s  1, l ' - d i p h e n y l - s u b s t i t u t e d  I C C  (Ib) d o e s  n o t  reveal  a t e n d e n c y  
to J - a g g r e g a t i o n  ( M  s p e c t r u m  type ,  7"a2"23 Fig.  lb ,  c u r v e s  l a n d  2). 

All t he  s u b s t i t u e n t s  in the  h e t e r o c y c l i c  nuc le i  c a n  be d i v i d e d  in to  t h r e e  
m a j o r  g r o u p s  a ~ c o r d i n g  to the i r  i n f luence  on  the  t y p e  o f  a b s o r p t i o n  
s p e c t r a  o f  I C C  in e m u l s i o n :  2a 

(i) E l e c t r o n - d o n a t i n g :  C H 3 ,  C H 3 0 ,  C F 3 0  a n d  C H a C O N H  g r o u p s ,  
w h i c h  c a u s e  o n l y  a s l ight  r e d i s t r i b u t i o n  o f  J -  a n d  M - s t a t e s  in the  
a d s o r p t i o n  l aye r ;  J s p e c t r u m  t y p e  (Fig .  l a ,  c u r v e  2). 

(ii) E l e c t r o n - w i t h d r a w i n g :  H a l o g e n ,  C N ,  C O O C 2 H  5 g r o u p s  a n d  s u c h  
g r o u p i n g s  a s  C F 3 ,  C F a - - C H = C H - -  a n d  C F  3 C F ~ - - - C F - -  
i n c r e a s e  the  ab i l i ty  fo r  J - a g g r e g a t i o n  s ign i f i can t ly ;  42 J o r  J >  M 
s p e c t r u m  type  (Fig .  l a ,  c u r v e  3). 
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Fig .  I .  A b s o r p t i o n  c u r v e s  in e m u l s i o n  o f  I c e  l a  a n d  l b  I C e  c o n c e n t r a t i o n =  192 x 
1 0 -  +' w t / w t  A g H a l .  l a :  !.  B = H :  2. B = O C H  3" 3, B = C O O C , H  .~:4. B = S O z C F  3. ib :  I,  

B = H :  2. B = C O O C a H s .  

(iii) E l e c t r o n - w i t h d r a w i n g  s u l p h u r -  a n d  f l u o r i n e - c o n t a i n i n g  g r o u p -  
ings,  such  as C F 3 S .  C F 3 S O ,  S O z F .  C F 3 S O  2 a n d  h e t e r o a r y l  
r a d i c a l s  s u p p r e s s  the  t e n d e n c y  to  J - a g g r e g a t i o n  a l m o s t  c o m -  
p le te ly :  M - s p e c t r u m  type  (Fig .  l a ,  c u r v e  4). 

O n  passing, f r o m  the  5 , 5 " - d i s u b s t i t u t e d  l a  I C C  to  the  c o r r e s p o n d i n g  Ib  
dyes  the  ab i l i ty  to  f o r m  J - a g g r e g a t e s  is d i m i n i s h e d  (Ib,  B-----halogen, 
C O O C ,  H 2 , +  l, C N -  Fig.  Ib ,  c u r v e  2). 

5 , 5 ' 6 , 6 ' - T e t r a s u b s t i t u t e d  I C C  Ic wi th  h a l o g e n  a t o m s ,  C N ,  C O O A I k  o r  
C F  3 g r o u p s ,  a n a l o g o u s l y  to the  d i s u b s t i t u t e d  dyes ,  a r e  a d s o r b e d  on  the  
su r f a c e  o f e m u l s i o n  m i c r o c y s t a l s  p r e f e r a b l y  in J2- o r  J3-s ta tes .  In the  case  
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w h e n  n o t  o n l y  t h e s e  s u b s t i t u e n t s  b u t  a l so  s u l p h u r -  a n d  f l u o r i n e -  
c o n t a i n i n g  g r o u p s  ( C F 3 S  , C F 3 S O 2 ,  etc . )  a r e  p r e s e n t ,  t h e  ab i l i t y  o f  I C C  to  
f o r m  J - a g g r e g a t e s  d i s a p p e a r s  a l m o s t  c o m p l e t e l y ,  z4-33-43 

T h e  n a t u r e  o f  s e n s i t i z a t i o n  a n d  a b s o r p t i o n  s p e c t r a  o f  I C C  in e m u l s i o n  
is, t o  a lesser  e x t e n t ,  a f f e c t e d  b y  t h e  i n f l u e n c e  o f  g r o u p i n g s  a t t a c h e d  to  t h e  
h e t e r o c y c l i c  n i t r o g e n  a t o m s ,  as  h a s  b e e n  o b s e r v e d  in t he  c a s e  o f  
t h i a c a r b o c y a n i n e s .  5v T h e  i n c r e a s e  in t h e  n u m b e r  o f  c a r b o n  a t o m s  in 
C,,Hzn+~ g r o u p s  a t  p o s i t i o n s  3 a n d  3' o f  l , l ' - d i e t h y l - 5 , 5 ' - d i -  a n d  
5 , 5 " , 6 . 6 " , t e t r a - s u b s t i t u t e d  I C C  d e c r e a s e s  t h e i r  t e n d e n c y  to  J - a g g r e g a t i o n  
m a r k e d l y  o n l y  a f t e r  n > 6. T h e  s u b s t i t u t i o n  o f  e t h y l  g r o u p s  a t  1,1'- a n d  
3,3'  p o s i t i o n s  o f  I C C  fo r  n - a i k y l  w i t h  n a n d  m > 3 ( T a b l e  2) d e c r e a s e s  t h e  
a b s o r b a b i l i t y  o f  d y e s  o n  t he  s u r f a c e  o f  m i c r o c r y s t a l s  ( M C )  a n d  f o r m s  J l -  
i n s t e a d  o f  J 2 - s t a t e s .  32'33"4° 

A n a l o g o u s l y  to  t h e  t e t r a a l k y l  s u b s t i t u t e d  dyes ,  J - b a n d s  a l so  p r eva i l  in 
t h e  a b s o r p t i o n  s p e c t r a  o f  l , l ' - d i e t h y l - 3 , 3 ' - d i ( t o - t r i f l u o r o a l k y l ) - 5 , 5 ' , 6 , 6 ' -  
t e t r a c h l o r o - l C C  in e m u l s i o n ,  b u t  t he  a b s o r p t i o n  m a x i m u m  is s h i f t e d  
b a t h o c h r o m i c a l l y  by  3 5 - 3 7  n m  in c o m p a r i s o n  w i t h  4.0-45 n m  f o r  t h e  
1.1 ' 3 , 3 ' - t e t r a s u b s t i t u t e d  dye .  39 T h e  g e n e r a l  s h a p e  o f  t he  s e n s i t i z a t i o n  a n d  
a b s o r p t i o n  s p e c t r a  c u r v e s  d o e s  n o t  u s u a l l y  c h a n g e  w i t h  s u b s t i t u t i o n  o f  
e t h y l  g r o u p s  a t  p o s i t i o n s  3 o r  3 a n d  3' in  5 , 5 ' - d i c a r b o e t h o x y - ,  5 ,5 ' ,6 ,6 ' -  
t e t r a c h l o r o -  a n d  o t h e r  di-  a n d  t e t r a - s u b s t i t u t e d  I C C  fo r  7 - s u l p h o p r o p y l .  
3 , - su iphoa l ly l  o r  c a r b o x y a i k y l  g r o u p s :  a n a r r o w  i n t e n s e  J b a n d  w i t h  a 
s h o u l d e r  o n  t he  s h o r t e r  w a v e l e n g t h  p a r t  o f  t h e  c u r v e  in t h e  r e g i o n  o f  t h e  
m o l e c u l a r  a b s o r p t i o n  b a n d  prevai ls .  33'39"'~4-a6 T h e  l e n g t h e n i n g  o f  t he  
a lky l  r a d i c a l  o f  ) , - s u l p h o a l k y l  g r o u p s  a t  p o s i t i o n  3 o f  l . l , ' 3 ' - t r i e t h y l -  
5 , 5 ' , 6 , 6 ' - t e t r a c h l o r o -  a n d  e spec i a l l y  o f - 5 , 5 ' - d i c a r b o e t h o x y - l C C  b r i n g s  
a b o u t  a d e c r e a s e  in i n t e n s i t y  o f  J - b a n d s  a n d  s o m e t i m e s  even  t h e  
a p p e a r a n c e  o f  H - b a n d ,  t h a t  is a " h e t e r o g e n e o u s '  s t r u c t u r e  o f  t he  
a d s o r p t i o n  l aye r  is o b s e r v e d  in th i s  c a se  ( s p e c t r u m  t y p e  J ___ M >_ H ) .  T h e  
s o d i u m  sal t  o f  l , l ' - d i e t h y l - 3 , 3 ' - d i ( ) , - s u l p h o p r o p y l ) - 5 , 5 ' - b i s ( t r i f i u o r o -  
m e t h y l s u l p h o n y l ) - l C C  is a b s o r b e d  o n  t h e  s u r f a c e  o f  m i c r o c r y s t a l s  m a i n l y  
in t h e  m o l e c u l a r  s t a t e  as  is t he  3 , 3 ' - d i e t h y l  s u b s t i t u t e d  c o m p o u n d .  33"39 

4. S E N S I T I Z I N G  P R O P E R T I E S  O F  I M 1 D O C A R B O C Y A N I N E S  

S y s t e m a t i c  s t u d i e s  o f  r e l a t i o n s h i p s  b e t w e e n  t he  c h e m i c a l  s t r u c t u r e s  o f  
I C C  a n d  t h e i r  p h o t o g r a p h i c  p r o p e r t i e s  w e r e  c a r r i e d  o u t  f o r  a c o a r s e -  
g r a i n e d  A g B r / J  e m u l s i o n  ( C G E ,  d =  1 -0p ro ,  p B r  = 2-3 -t- 0-1, p H  = 7-0). 
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T h e  s e n s i t i z i n g  a c t i o n  w a s  c h a r a c t e r i z e d  by  t h e  v a l u e  o f  t h e  a d d i t i o n a l  
l igh t  s ens i t i v i t y  o f  t he  c o r r e s p o n d i n g  p h o t o l a y e r s  s h i e l d e d  w i t h  a y e l l o w  
fi l ter  t~vcr  - t 8) t  ,~o-85 a n d  d a t a  o f  t he  r e l a t ive  q u a n t u m  y ie ld  o f  s e n s i t i z a t i o n .  
~ / ~ 4  2 0 

r " 

it is k n o w n  t h a t  t he  to ta l  effect  o f  t h e  s p e c t r a l  s e n s i t i z a t i o n  (SS) is 
d e t e r m i n e d  by  t he  c h a n g e  in the  ba s i c i t y  o f  d y e s  a n d  t he i r  t e n d e n c y  to  J -  
a g g r e g a t i o n  a c c o r d i n g  to the  s u b s t i t u e n t  p r e s e n t .  N u m e r o u s  e x p e r i m e n -  
tal d a t a  h a v e  s h o w n  t h a t  a d e c r e a s e  in t h e  b a s i c i t y  o f  t he  I C C  d y e s  c a u s e d  
by  t he  i n t r o d u c t i o n  o f  e l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t s  i n t o  t he  
h e t e r o c y c l i c  r i ng  u s u a l l y  i n c r e a s e s  b o t h  t he  s e n s i t i z i n g  e f f ic iency  a n d  t he  
re la t ive  q u a n t u m  yie ld  o f  s e n s i t i z a t i o n .  7-23-24"29-3°-33-41 T h e  i n c r e a s e  in 
t h e  b a s i c i t y  o f  I C C  c o n t a i n i n g  e l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t s  b r i n g s  
a b o u t  a d e c r e a s e  in the  s e n s i t i z i n g  a n d  an  i n c r e a s e  in t he  h a z i n g  ef fec ts  
(dyes  20.  21. T a b l e  3). 

A n  i n c r e a s e  in t he  ef f ic iency o f  I C C  o n  p a s s i n g  f r o m  d y e  20 to  t he  5.5 ' -  
d i f l u o r o  d e r i v a t i v e ,  d y e  22. (pK~ = 5 - 4 5  a n d  6-00. r e spec t ive ly )  is 
d e t e r m i n e d  m a i n l y  by the  f o r m a t i o n  in t he  a b s o r p t i o n  l aye r  o f  
p h o t o c h e m i c a l l y  ac t ive  J - a g g r e g a t e s  (qS~-'° = 0-8). 

A d e c r e a s e  in t he  ba s i c i t y  o f  I C C  ( la )  c a u s e s  a h i g h  ef f ic iency  a n d  
c o r r e s p o n d i n g  v a l u e s  o f  q572° o f  the  m o l e c u l a r  s t a t e  o f  I f C  (cf. d y e s  20. 
26. 27). in t he  case  o f  5 , 5 ' - d i c h l o r o  ( C F  3, C O O A l k ,  C N ) - I C C  ( la )  an  
i n c r e a s e  in the  s e n s i t i z i n g  effect  is a resu l t  o f  t he  i n c r e a s e d  ab i l i t y  fo r  J-  
a g g r e g a t i o n  a n d  o f  t he  i n c r e a s e  in q~2o in M'- a n d  e s p e c i a l l y  J - s t a t e s  w i th  
d e c r e a s i n g  ba s i c i t y  (cf. d y e s  20, 23, 24). 23 

T h e  p a r t i c u l a r  i m p o r t a n c e  o f  t he se  f a c t o r s  fo r  t he  SS to t a l  effect  is 
c o n f i r m e d  by  t he  f o l l o w i n g  facts .  

(i) In e m u l s i o n s  w h i c h  d i f fe r  f r o m  a c o a r s e - g r a i n e d  e m u l s i o n  in t h a t  
s u r f a c t a n t s  a r e  u sed  for  the  p r e c i p i t a t i o n  o f  t he  so l id  p h a s e ,  I C C  
d y e s  20 a n d  22 d o  n o t  s h o w  a t e n d e n c y  to  J - a g g r e g a t i o n  a n d  b r i n g  
a b o u t  t he  e q u a l  b u t  l o w e r  level o f  l igh t  s ens i t i v i t y  o f  t he  p h o t o -  
layers .  33-56 

(ii) T h e  e q u a l  e f f ic iency o f  | C C  d y e s  20 a n d  25 (pK~ 5-45 a n d  4-84) a n d  
the  r a p i d  rise in ef f ic iency o n  p a s s i n g  f r o m  29 to  32 (pK~ 4-45 a n d  
2.78).  23 

In a ser ies  o f  5 .5 ' -d i (C,F_ . , , .  , S O 2 ) - I C C  ( l a ) w i t h  n = 1-3 ,  t he  p r o p e r t i e s  
o f d y e s  a re  ve ry  c lo se  (ApK~ < 0-2). At  n > 3 a n d  e s p e c i a l l y  w i t h  b r a n c h i n g  

-I- YCf, yellow colour filter. 
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T A B L E  3 

Prope r t i e s  o f  I C C  la  a n d  l b  -"a'a3"'*~ 

387 

Dre. B p K  a El?. _R,a S p e c t r u m  oo-8s~rc/l s Dao qb~zo 
no. t ype  

20 
l a  R = C 2 H  5 

H 5-45 - - ! - 8 0  J2 < J t  > ~/" 100 0-15 

21 O C H  3 6"80 -- 1"94 J > M 25 0 '44  
22 F 6"00 - - I - 7 8  J 170 0"!5 

23 CI 4-98 - - I - 6 9  
24 C O O C 2 H  5 4-28 -- 1-55 
25 Benzo th iazo l -2 -y l  4-84 -- 1.60 
26 S O C F  3 2-50 -- !-46 
27 S O 2 C F  3 2-44 -- 1-34 

28 H 4-45 -- 
29 F 3-98 -- 
30 CI 3"40 --  
31 C O O C 2 H  s 2.62 -- 
32 Benzo th iazo l -2 -y l  2-78 -- 
33 S O 2 F  ! -57 -- 
34 S O 2 C F  3 1-04 -- 

0"35 J l  - -0 -44  
J2 -- 0"40 

0 - 3 8 -  0-83 
0.58 ~ 

J 200 0-15 0-50 0-65 
J 300 0"!7 0"57 0"73 

~ I  1 0 0  0 " 4 0  - -  - -  

M 230 0"12 0"70 - -  
M 320 0"!4  0"75 - -  

l b  R = C6H 5 
• 74 J~l I00 0 . ! 6  0-65 - -  
-71 d <  A/ 120 0-20 0-67 0-43 
-64 J << M 200 0-10 0"75 0-60 
-50 J <  M 240 0-19 0.70 0-35 
-54 A,t 320 0-30 0-90 - -  
-34 AI 170 0-12 0-58 - -  
-31 ,~! 170 0-15 0.35 - -  

a T h e  va lue  of~b r o f  the M-s t a t e  is o v e r e s t i m a t e d  by the s u p e r p o s i t i o n  o f  a very  in t ense  J-  
b a n d  (";'ma~ 535 n m  a n d  578 n m .  respect ively) .  

o f  t h e  p e r f l u o r o a l k y l  r a d i c a l  c h a i n  t h e  s e n s i t i z i n g  a c t i o n  is  d r a s t i c a l l y  

d e c r e a s e d :  f o r  e x a m p l e  t e n - f o l d  o n  p a s s i n g  f r o m  t h e  5 , 5 ' - d i ( C F 3 S O 2 )  

d e r i v a t i v e  t o  t h e  5 , 5 ' - d i ( C F 3 ) 3 C S O 2 - s u b s t i t u t e d  d y e .  T h i s  is  p r i m a r i l y  

c a u s e d  b y  a d e c r e a s e  i n  t h e  a d s o r p t i o n  o n  t h e  m i c r o c r y s t a l s .  4v 

M o s t  o f  t h e  s t u d i e d  s y m m e t r i c a l  t e t r a - s u b s t i t u t e d  a n d  a s y m m e t r i c a l  d i -  

a n d  t r i - s u b s t i t u t e d  I C C  d o  n o t  d i f f e r  f r o m  o r  i m p r o v e  o n  t h e  

c o r r e s p o n d i n g  d i s u b s t i t u t e d  d y e s  i n  t h e i r  s t : n s i t i z i n g  a c t i o n .  T h e  

s e n s i t i z a t i o n  a n d  a b s o r p t i o n  s p e c t r a  c h a r a c t e r i s t i c s  of" t h e s e  d y e s  i n  

e m u l s i o n  is  d e t e r m i n e d  b y  t h e  c o m b i n a t i o n  o f  s u b s t i t u e n t s .  24"a3"43"gs ' '*9 

I n  a s e r i e s  o f  1 . 1 ' - d i e t h y l - 5 , 5 ' - d i -  a n d  5 . 5 ' . 6 . 6 ' - t e t r a - s u b s t i t u t e d  I C C  
( l d )  a n  i n c r e a s e  i n  t h e  n u m b e r  o f  c a r b o n  a t o m s  i n  t h e  C n H 2 , , +  1 g r o u p s  

( n  = 2 - 8 )  a t  p o s i t i o n s  3 a n d  3 d o e s  n o t  a f f e c t  t h e  e f f i c i e n c y  o f  t h e  
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d y e s .  3a'33 b u t  t h e  e f f i c i e n c y  is d e c r e a s e d  in t h e  c a s e  o f  3 , 3 ' - d i - C F 3 ( C H 2 ) , , -  
s u b s t i t u t e d  d y e s  (n = 1 -3 ) .  3s 

T h e  s e n s i t i z i n g  a c t i o n  a n d  t h e  v a l u e  o f  (ib~ a2°  o f  J -  a n d  . h i - s t a t e s  a r e  
m a r k e d l y  i n c r e a s e d  o n  p a s s i n g  f r o m  i . l ' , 3 , 3 ' - t e t r a e t h y l - 5 , 5 ' - d i c a r b o -  
e t h o x y - 5 , 5 ' - d i c h i o r o -  a n d  - 5 , 5 ' , 6 . 6 " - t e t r a c h l o r o - l C C  t o  t h e  c o r r e s p o n d i n g  
3-e t  h y l - 3 ' - ( ) , - s u l p h o p r o p y l ) -  a n d  3 , 3 ' - d f i ( y - s u l p h o p r o p y l ) - s u b s t i t u t e d  
d y e s .  33.39.44.45 

F r o m  F ig .  2 a~ it is s een  t h a t  t he  v a l u e s  o f  O~2° o f  M - s t a t e s  o f  ICC ( l a )  
r i se  w i t h  a d e c r e a s e  in pK~ a n d  E R~ a n d  a n  i n c r e a s e  in E °~ (as  u s e d  in t h e  I , ' 2  

l i t e r a t u r e ,  s s ' s9  t h e  d e s i g n a t i o n  E Red 1:2 > o r  < i m p l i e s  t h e  a b s o l u t e  v a l u e  o f  
E Red~ 

1 [ 2 / -  

~p~2o[ ~ o 13 

t ' g o  

0.4 - 6 ~ 1  
"~.., 

2 4 5 pKa 

/ o2o '~o ~ - - . ~  ~ 2o.~ 1 ~  o21 

l- ° 
' ' ' ' ' 

: , . ~  -~.'~ - , -7  ~- ~ c~ r  0'6 "~ E 112 

Fig. 2. Dependence of~,-4"" of , i t - s ta tes  o f l C C  la in emulsion on the value ofpK~(a) ,  E Red 112 

(b) and E°~ (c). Key for B: !. H:  2. F: 3. CI: 4. C O N H C H 3 :  5, thiazol-2-yl:  6. C N :  7. 
benzthiazol-2-yl:  8. N ~ N - - - - C , H  5: 9, C O O E R 3 :  10. C O O C z H  5- I I, CF3-" 12. SEE3,  13, 
S O , N H C H 3 :  14, .qO,N(CH3)2:  15, S O z N H C 6 H s ;  16, S O C F a :  17. N - ~ - N - - C F 3 :  18. 

S O : F :  19. SO2CF3;  20, SOzCF2CHF_, ;  21. S O 2 C F , C H F C F  a. 

H o w e v e r .  t h e  r e l a t i o n s h i p s  cb -~2° = f ( p K ~ ) .  qS~ 2° - - F ( E R , %  d'~ a n d  d) 420 - -  
T r  -- .I 1 / -- I T r  -- 

Ox . f (El/  ) c a n  b e  o n l y  r o u g h l y  d e s c r i b e d  b y  a l i n e a r  e q u a t i o n  w i t h  
r =  0 - 6 0 - 0 - 6 5 .  A t h r e e f o l d  i n c r e a s e  in t h e  e f f i c i e n c y  o f  I C C  ( l a )  w i t h  a 
d e c r e a s e  in pK~ f r o m  5-45 t o  2-44  a n d  in E Red f r o m  - -  I "80V t o  -- 1 -34V ! , ' 2  

w a s  o b s e r v e d  in e m u l s i o n s  w i t h  d i f f e r e n t  s izes  o f  m i c r o c r y s t a l s  
( d =  i - 0 - 0 - 0 5 p m )  a n d  t h u s  it is a g e n e r a l  e f f ec t ,  a l t h o u g h  it is n o t  
c o n s i s t e n t  w i t h  t h e  g e n e r a l  i d e a  t h a t  w i t h  a n  i n c r e a s e  in t h e  a b s o l u t e  v a l u e  
o f  irRed t h e  e f f i c i e n c y  o f  P M D  r i ses  o r  is n o t  c h a n g e d  ( w h e n  ~ 1 1 2  
ERTfl _> ! - 1 - 0 5 ) .  5 0 - 5 8  

F r o m  F ig .  3 it is s een  t h a t  l . l ' - d ipheny l - lCC  ( l b )  s h o w s  in a c o a r s e -  
g r a i n e d  e m u l s i o n  a m a r k e d  - ' - : "  aoidty  t o  d e s e n s i t i z e  ( S )  w h i c h  d e c r e a s e s  w i t h  
t h e  b a s i c i t y  ( f r o m  4 .45  t o  1-04) a n d  w i t h  Eat:~ f r o m  -- 1 -74V t o  -- 1-32V.  
A t  t h e  s a m e  t i m e  E~/~ i n c r e a s e s  f r o m  0-64  t o  0 -85 ,  a n d  t h e  r e l a t i o n s h i p s  
S = . f ( p  K~) a n d  S = . f ( E ° ~ )  a p p r o a c h  l i n e a r i t y  ( r  = 0-9 a n d  0-8).  In a s e r i e s  
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F i g .  3 .  

8 0  

6 0  

4O 

"l: = 0 - 8 6  2.0 

S 

9(3 
80 

7O 

6oi 
I so. 

T . - - ~ f  = 

1-3 

a 

19 10 ~ 1.4Q.oIQ_ 03 -o-- I a  

1 3 - ~ ~  

A 8  

I I 
0 1 2 3 

I c . ~  Lx~ b 

14~'13 ~ 7  

6~- _4~ A2 

I b  

' 1 : 5  ' 1.~ ' ' E R e d  1/2 

! ! 
4 5 pKa 

16~18 lg c 
11&//- 

7~ --j~14 

, ,8 roT, 
1"¢~ 0-6 0.7 0~8 o - g  ox  E~/2 

ERed D e p e n d e n c e o f t h e s e n s i t i z i n g a c t i o n  o f l C C  ia  a n d  I b o n  t h e v a l u e o f p K ~ ( a ) ,  .2 
(b)  a n d  E ° ~  (c). B s u b s t i t u e n t s  are  as  in  F i g .  2. 

o f  I 1 ' -dithyl-substituted ICC (la) the ana logous  changes  in p K ~ , / ; ' R e d  and 
s ~ 1 1 2  

E°,~ do  not  cause  desensi t izat ion.  In this connec t ion  the abil ity o f  ICC for 
desensi t izat ion can be expla ined by twisting o f  the phenyl  rings from 
planarity,  caus ing  a specific or ientat ion o f  ICC on the surface o f  
microcrystals.33"s° 

F r o m  the above ,  it fo l lows that the properties o f  1, l ' -diethyl-  and 1,1 '- 
d ipheny l - ICC ( la  and Ib) differ substantial ly.  Data  summarized  in Table  4 
characterize the changes  in the basic parameters  o f  these dyes caused by 
the introduct ion  o f  subst i tuents  into the heterocycl ic  rings. It has been 
shown 5° that differences in the phys icochemica l  and photographic  
properties can be logically explained by the as sumpt ion  that the phenyl  
rings at pos i t ions  I and 1' o f  ICC, as in l - p h e n y l b e n z i m i d a z o l e ,  are 
rotated from the heterocycle  plane,  the deviat ion angle  being equal  to 
52 °60 o f  400. 61 

A decrease o f  A2,,a~ and an increase o f  ApK~ observed on go ing  from 
ICC ia to Ib is apparently  due to non-planar i ty  o f  the phenyl  rings. 
C o m p a r i s o n  o f  p g ,  values o f  ICC la  and Ib after the introduct ion  o f  
subst i tuents  (ApK~ (lb) > pK~ (la)) explains  the earlier unclear  26 a lmost  
equal  values o f  p (3-23 and 3-16) on equat ions  (G)  and (D) .  Thus  taking  
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T A B L E  4 
C o m p a r i s o n  o f  t h e  P r o p e r t i e s  o f  I C C  l a  a n d  I b  

P a r a m e t e r  B I C C  

l a  Ib 

A,:-m~. ( n m )  H ---. C!  9 6 
H ~ S O 2 C F  3 22  ! 5 

p K ~  = f(ar3 S O 2 C F  3 -- - H -- - O C H  3 

p ill e q u a t i o n  3 -23  3 - 1 6  

A p K ~  H ~ CI  0 - 4 7  1-05 
H ---* S O - . C F  3 3 - 0 0  3 -45  

A b s o r p t i o n  H J ,  < J~ > ,W 31 
s p e c t r u m  t y p e  S - H a l .  C O O C _ . H  5 J J < ,'~t 
in  a c o a r s e -  C F  3. C N ,  - - C H = = = C H - - - - - C F  3 J J ~ ~tl 
g r a i n e d  e m u l s i o n  5. 6 - C i  ( F )  d o r  J > ,'~t AI ;  J'~l >> J 

C o m p o n e n t  5----(71 100 ( I 0 0 )  6 0  (20 )  
s t a b i l i t y .  K ~ K v 0  
( see  t e x t )  

in to  c o n s i d e r a t i o n  o n l y  the  va lues  o f p K ~  5-45 a n d  4.45 for  I C C  la  a n d  Ib 
(B = H) respec t ive ly ,  l ower  va lues  o f  p s h o u l d  be e x p e c t e d  in the  s e c o n d  
case.  D i f f e r e n c e s  in the  s ter ic  c o n f i g u r a t i o n  o f  I C C  la  a n d  ib  w h i c h  c a u s e  
m a r k e d  d i f f e r ences  in the  pK~ va lues  d o  n o t  m a r k e d l y  af fec t  the  va lues  o f  
E°.~ a n d  espec ia l ly  o f  ~Rca. 2 ( fo r  the  d y e s  l is ted in T a b l e  3, ApK~ = 2 . 0 2 -  
0-6, A E ° ~  = 0-! 3 -0 -04V a n d  AERcd~2 = 0"06-0"036V).  

N o n - c o p l a n a r i t y  o f  the  p h e n y i  r ings  in I C C  (lb) c a u s e s  the i r  w e a k e r  
a d s o r p t i o n  on  the  m i c r o c r y s t a l  s u r f a c e s  in c o m p a r i s o n  wi th  ICC (la) .  
T h u s ,  a f t e r  i n t r o d u c t i o n  o f  5 , 5 " , 6 , 6 ' - t e t r a c h l o r o - I C C  l a  a n d  lb  in to  the  
c o a r s e - g r a i n e d  e m u l s i o n  at  the  o p t i m a l  c o n c e n t r a t i o n  ( 160 × 10-  6 w t / w t  
A g H a l )  the  first is a d s o r b e d  a l m o s t  c o m p l e t e l y ,  w h e r e a s  the  s e c o n d  is 
pa r t i a l l y  r e t a i n e d  in the  ge la t in  phase .  

T h e  s ter ic  c o n f i g u r a t i o n  o f  ICC ( lb )  is a l so  c l ea r ly  r evea led  in its ab i l i ty  
to u n d e r g o  J - a g g r e g a t i o n  on  the  s u r f a c e  o f  m i c r o c r y s t a l s .  Th i s  effect  
e i t he r  d e c r e a s e s  in c o m p a r i s o n  wi th  I C C  I a  o r  d i s a p p e a r s  c o m p l e t e l y  
(Tab l e s  2 a n d  4). Ev iden t ly ,  the  d e v i a t i o n  o f  the  p h e n y l  r ings  f r o m  
p l a n a r i t y  to  a c e r t a i n  e x t e n t  p r e v e n t s  the  c o n v e r g e n c e  o f  the  m o l e c u l e s  o f  
I C C  (lb) on  the  s u r f a c e  o f  the  m i c r o c r y s t a l s  a n d  d i m i n i s h e s  the  usua l  
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i n t e r m o l e c u l a r  i n t e r a c t i o n s .  It  is well  k n o w n  t h a t  the  i n t r o d u c t i o n  o f  
p h e n y l  r ings  i n to  the  p o l y m e t h i n e  c h a i n  o r  h e t e r o c y c l i c  r ings  o f  th ia- ,  oxa- ,  
a n d  t h i a z o l o - c a r b o c y a n i n e s  i n c r e a s e s  t he i r  t e n d e n c y  f o r  J - a g g r e g a t i o n .  7 

5. C O M P O N E N T  S T A B I L I T Y  O F  I M I D O C A R B O C Y A N I N E S  

T h e  poss ib i l i ty  o f  u s ing  su i t ab l e  I C C  fo r  the  spec t r a l  s ens i t i z a t i on  o f  
c o l o u r e d  p h o t o g r a p h i c  m a t e r i a l s  has  b e e n  m e n t i o n e d  in a n u m b e r  o f  
p a t e n t s  62 a n d  in a review.  63 H o w e v e r ,  unt i l  19682s t h e r e  has  been  no  
s y s t e m a t i c  i n v e s t i g a t i o n  o f  the  c o m p o n e n t  s t ab i l i ty  o f  ICC,  i.e. the  e x t e n t  
to  w h i c h  the i r  s ens i t i z ing  a c t i o n  is p r e s e r v e d  in the  p r e s e n c e  o f  c o l o u r e d  
n o n - d i f f u s i n g  c o m p o n e n t s  ( C N C ) .  

It was  f o u n d  t h a t  in this  series  o f  dyes ,  c o n t r a r y  to  the  f ind ings  w i t h  
o t h e r  c a r b o c y a n i n e s  a n d  de r iva t i ve s  o f  b e n z o t h i a z o l e  the  i n t r o d u c t i o n  o f  
v a r i o u s  s u b s t i t u e n t s  i n to  t he  h e t e r o c y c l i c  r ings  o f  I C C  inc rea se s  the  
c o m p o n e n t  s t ab i l i ty ,  K. f r o m  5-10°//o up  to 80 -100  ~/o ( T a b l e  5). 

~ v c f - 1 8  wi th  c o m p o n e n t  II t , I I ,  o r  PS 
K t .  2 o r  PS ='- '0-85 - x 1 0 0 %  

~ , Y C f - - 1 8  w i t h o u t  c o m p o n e n t  " - '0 .85  

B 
| .IIN N H C O C I 7  H35 

C! 
O N 

~ S O 3 H  

O C 6 H 5  
I! 

,,,1, B_-._ 
(112) B = N = N  O H  

PS d i s p e r s i o n  o f  d i b u t y i  p h t h a l a t e  a n d  t r i p h e n y l - p h o s p h a t e  (2:1) in 
I 0 O/,o ge la t in  s o l u t i o n  (d  = 0-2 l tm).  51 

As  c a n  be seen f r o m  T a b l e  5, t he  g r o w t h  o f  K~ is d e t e r m i n e d  n o t  by  the  
e l e c t r o n i c  n a t u r e  o f  s u b s t i t u e n t s  bu t  m a i n l y  by  the i r  i n f luence  on  the  
s u r f a c e  o f  t he  m i c r o c r y s t a l s .  T h u s  i n t r o d u c t i o n  o f  c h l o r i n e ,  c y a n o  o r  
c a r b o e t h o x y  g r o u p s  in to  p o s i t i o n s  5 a n d  5' o f  I C C  l a  (B = H,  s p e c t r u m  
t y p e  J2 < J t  > M ) ,  c a u s e s  a s h a r p  i n c r e a s e  in t he  t e n d e n c y  to  J -  
a g g r e g a t i o n  ( s p e c t r u m  t y p e  J)  a n d  leads  to  t he  i n c r e a s e  o f  K 1 to  
8 0 - 1 0 0  o/ In the  case  o f  I C C  Ib  wi th  the  s a m e  s u b s t i t u e n t s  s p e c t r a  w i t h  / o "  
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T A B L E  5 
R e l a t i o n s h i p s  B e t w e e n  t h e  C o m p o n e n t  S t a b i l i t y  o f  I C C  l a ,  a n d  lib, T h e i r  S t r u c t u r e  a n d  

T h e i r  A b i l i t y  t o  A g g r e g a t e  26"3"~ 

B l a ,  R = C 2 H  s Absorp t i on  lb ,  R - -  C 6 H  5 A b s o r p t i o n  
spec t rum type  spec t rum o 'pe  

K I K z in emuls ion  K,  K,_ in emuls ion  
(~'o) t ~,g) (°.,o) ( % )  

H 5 ! J 2  < J t  > ,%1 5 - 1 0  < I M" 
CI  100 1 5 - 2 0  J 60  1 0 - 1 5  d < ~1,t 

C O O C 2  n 5 7 0 - 8 0  1 5 - 2 0  J 40  20  J <  A¢ 
C N  100 1 5 - 2 0  J 50 20 J >_ At 

S C F  3, S O C F  3 100 1 5 - 2 0  AI 100 20  At  
S O 2 C F  3 I 0 0  1 5 - 2 0  .~I 100 15 M 

severa l  b a n d s  ( s p e c t r u m  type  J >_ M )  a r e  e x h i b i t e d  a n d  the  va lue  o f  K~ is 
u s u a l l y  e q u a l  to  4 0 - 6 0  ,%0. O n  the  o t h e r  h a n d ,  t he  sens i t i z ing  a c t i o n  o f  ICC 
la  a n d  lb  wi th  s u l p h u r - c o n t a i n i n g  s u b s t i t u e n t s  w h i c h  a r e  a d s o r b e d  on  the  
s u r f a c e  o f  the  m i c r o c r y s t a i s  m a i n l y  in the  M - s t a t e  is no t  r e d u c e d  in the  
p r e s e n c e  o *" c o m p o n e n t  I I , .  

T h u s  the  s t r u c t u r e  o f  the  a d s o r p t i o n  l aye r  o f  I C C  on  the  m i c r o c r y s t a l  
s u r f a c e  as d e t e r m i n e d  by the  type  o f  a b s o r p t i o n  s p e c t r u m  ( M -  o r  J - b a n d  
p r e v a l e n t ,  o r  M-  a n d  J - b a n d s  s imi l a r  in i n t ens i ty )  is the  f a c t o r  a f fec t ing  
the  d e g r e e  to  w h i c h  the  sens i t i z ing  a c t i o n  o f  d y e s  is p r e s e r v e d  w h e n  
c o l o u r e d  c o m p o n e n t s  h a v e  been  i n t r o d u c e d  in to  the  e m u l s i o n .  T h i s  is 
c o n f i r m e d  by  a c h a n g e  in the  c o m p o n e n t  s t ab i l i ty  ( K  1) o f  I C C  w h e n  the  
e m u l s i o n  p a r a m e t e r s  ( c o m p o s i t i o n ,  size o f  m i c r o c r y s t a i s ,  pBr ,  etc .)  v a r y  
a c c o r d i n g  to  the  a b s o r p t i o n  s p e c t r u m  t y p e  o f  a d y e  in this  sy s t em.  Th i s  is 
exempl i f i ed  by I , l ' . 3 , 3 ' - t e t r a e t h j i - 5 , 5 ' 6 , 6 ' - t e t r a c h l o r o - I C C .  w h e r e  in a 
c o a r s e - g r a i n e d  e m u l s i o n  J >  M,  K~ = 100°,.-o a n d  in a ve ry  f i ne -g ra ined  
e m u l s i o n  J <  3 t .  K~ =60°/..'o-33"46"56 

It is k n o w n  t h a t  s u p p r e s s i o n  o f  the  l ight  sens i t iv i ty  o f  sens i t ized  
e m u l s i o n s  by the  m a s k i n g  c o m p o n e n t  112 (B = - -  N ~ N - - A r )  is d u e  to  the  
fi l ter  effect  b o t h  o f  ge la t in  in t he  m e d i u m  a n d  a lso  o f  the  a d s o r b e d  
c o m p o n e n t .  It is a lso  a resul t  o f  the  d e s e n s i t i z i n g  a c t i o n  o f  the  l a t t e r  in 
d i s p l a c i n g  p a r t  o f  the  d y e  f r o m  the  m i c r o c r y s t a l  s u r f a c e ,  a n d  o f  its 
s u p p r e s s i o n  o f  the  va lue  o f  4,42°. 64 T h e  sens i t i z ing  a c t i o n  o f  I C C  l a  a n d  
m o s t  o f  I C E  lb  a p a r t  f r o m  s o m e  5 , 5 ' - b i s h e t e r o a r y l  s u b s t i t u t e d  
de r iva t ives  3°'6s is s h a r p l y  d e c r e a s e d  a f t e r  the  i n t r o d u c t i o n  o f  m a s k i n g  
c o m p o n e n t s  in to  the  e m u l s i o n  ( K  2 ~ 20 ~'o)- 
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A n  i n c r e a s e  in t h e  c o m p o n e n t  s t a b i l i t y  ofd i . -  a n d  t e t r a - s u b s t i t u t e d  I C C  
in r e l a t i o n  to  t h e  m a s k i n g  c o m p o n e n t s  I I  z f r o m  1 5 - 2 0  ~o u p  to  6 0 - 7 0  
c a n  be  a c h i e v e d  by  a n  i n c r e a s e  in t h e  n u m b e r  o f  c a r b o n  a t o m s  a t  t h e  3,3"- 
p o s i t i o n s  (n >_ 6) o r  in m o s t  ca ses  by  t he  s u b s t i t u t i o n  o f  e t h y l  g r o u p s  fo r  
c a r b o x y -  o r  s u l p h o - a l k y l  g r o u p s .  

T h e  l i gh t  s e n s i t i v i t y  o f  p h o t o l a y e r s  c o n t a i n i n g  I C C  o f  th i s  t y p e  in a n  
e m u l s i o n  t o g e t h e r  w i t h  a m a s k i n g  p u r p l e  c o m p o n e n t  as  a ru l e  d e c r e a s e s  by  
n o t  m o r e  t h a n  3 0 - 4 0  .°/o l a rge ly  d u e  to  t h e  f i l ter  ef fect  o f  t h e  l a t t e r  ( T a b l e  
6 ) . 3 2 . 3 3 - 3 9 - 4 4 - 4 6  

T A B L E  6 
T h e  R e l a t i o n s h i p  Between the  C o m p o n e n t  S t ab i l i t y  (K_.) 
o f  I , l ' - D i e t h y l - I C C  Id a n d  the N a t u r e  o f  S u b s t i t u e n t s  a t  

P o s i t i o n s  3 a n d  3 '32"33"3a'a9 

B R t K_, ( ~ ; )  

5,6-C! C2 H s 20 
5,6-CI n -C a H ~ 7 70 
5,6-C! ( C H 2 ) 3 C H  3 45 
5.6-CI (CH_ . ) aCF  3 60 
5 .6-Ci  (CI - / z )aSO ~- 70 

5 " C O O C 2 H  5 C 2 H  5 20 
5 " C O O C 2 H  5 ( C H z ) 3 S O 3  70 

5 - S O z C F  3 C 2 H  5 20 
5-5 O2C1~3 n - C a l l  17 70 

It  is a l s o  o f  i n t e r e s t  to  n o t e  t h a t  a s i g n i f i c a n t  i n c r e a s e  in t h e  c o m p o n e n t  
s t ab i l i t y  (K~ a n d  K2) o f  I C C  a d s o r b e d  o n  t h e  m i c r o c r y s t a i s  m a i n l y  in t he  
M -  a n d  J - s t a t e s  c a n  be  o b t a i n e d  w h e n  o p p o s i t e l y  c h a r g e d  p o l y m e t h i n e  
d y e s  o f  d i f f e r e n t  s t r u c t u r e  33"46"66 o r  s o m e  q u a t e r n a r y  sa l t s  o f  h e t e r o c y c l i c  
ba se s  o r  o r g a n i c  s u l p h o a c i d s  34"46 a r e  i n t r o d u c e d  i n t o  t h e  e m u l s i o n .  

T h e  d e p r e s s i n g  i n f l u e n c e  o f  t h e  p r o t e c t e d  ( h y d r o p h o b i c )  c o m p o n e n t s  
a n d  p r o t e c t i n g  s o l v e n t s  o n  t he  p h o t o g r a p h i c  p r o p e r t i e s  o f  p o l y m e t h i n e  
d y e s  is d e t e r m i n e d  in t h e  first  p l a c e  by  t h e  s o l u b i l i t y  o f  t h e  d y e s  in t h e  
p r o t e c t i n g  s o l v e n t s  a n d  t h e i r  ab i l i t y  to  a g g r e g a t e  o n  the~ m i c r o c r y s t a l  
s u r f a c e .  51 

F o r  a ser ies  o f  1,1 " 3 , 3 ' - t e t r a e t h y l - l E G  ( l a  a n d  Ib),  s o l u b l e  in p r o t e c t i n g  
s o l v e n t s ,  t h e  d e g r e e  o f  s u p p r e s s i o n  o f  t he i r  s e n s i t i z i n g  a c t i o n  by  p r o t e c t e d  
c o m p o n e n t s  d e p e n d s  o n  t h e  t y p e  o f  J - a g g r e g a t e s  t h a t  a r e  f o r m e d .  67 
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A s  c a n  be  seen  f r o m  T a b l e  7. t h e  p a r a m e t e r s ,  K~ a n d  Kp.~, fo r  
a g g r e g a t i n g  5,5 ' -di-  a n d  5 .5 ' , 6 ,6" - t e t r a - subs t i t u t ed  I C C  w h i c h  c h a r a c t e r i z e  
t he i r  r e s i s t a n c e  to  d e s o r p t i o n  ( K  i)  a n d  t o  d i s s o l u t i o n  by  p r o t e c t i n g  
s o l v e n t  (K,~) a r e  in g e n e r a l  c h a n g e d  to  t h e  s a m e  e x t e n t .  

i t  h a s  been  s h o w n  t h a t  fo r  a ser ies  o f  ICC t h e  d i f f e r e n t  d e g r e e s  o f  
e x t r a c t i o n  o f  J - a g g r e g a t e s  a d s o r b e d  o n  t h e  m i c r o c r y s t a l  s u r f a c e  i n t o  
o r g a n i c  s o l v e n t s  c a n  c h a r a c t e r i z e  t he  s t r e n g t h  o f  t h e s e  a g g r e g a t e s ,  i.e. t h e  
s t r e n g t h  o f  t h e  i n t e r m o l e c u l a r  i n t e r a c t i o n s  in  t h e  l a t t e r .  O n  t h e  bas i s  o f  
s u c h  d a t a  a c o r r e l a t i o n  ha s  b e e n  e s t a b l i s h e d  b e t w e e n  t h e  c o m p a c t n e s s  o f  
t he  s t r u c t u r e  o f  J~-,  J2-  a n d  J 3 - a g g r e g a t e s  o f  I C C  a n d  t h e  s t r e n g t h  o f  t he i r  
a d s o r p t i o n  o n  A g H a l .  "s~'-s7 

T A B L E  7 
R e l a t i o n s h i p  Be tween  the  V a l u e s  o f  K~ a n d  Kr~ o f  !.  I ' - D i e t h y l - i C C  

( ld) .  T h e i r  S t r u c t u r e  a n d  A b i l i t y  to  U n d e r g o  J - a g g r e g a t i o n  57 

B R I Adsorp t ion  K t 1£~ 
s p e c t r u m  t.iTe 

01 emuls ion  

H C2H5 Jz < Jl  > AI 5 <_ I 
5 - S O z C F  3 C 2 H  5 t i t  100 20 
5-SO_.CF 3 ( C H . ) 3 S O ~  ,~,t 15 95 

5-CF.~ C 2 H  5 "]1 60 30 
5 - C O O C z  H.~ C2H~ J2 80 30 
5 - C O O C 2 H  5 ~CH 2)3SO ~ .12 100 100 

5-CI C2H~ J3 100 100 
5.6-C1 C_~H~ J3 100 100 
5.6-C! (CHz)3SO~ J~ 100 100 

Speci f ic  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  s h o w n  by  I C C  d y e s  a r e  
c o n n e c t e d  w i t h  p e c u l i a r i t i e s  o f  t he i r  s t r u c t u r e ,  n a m e l y  w i t h  t he  
b e n z i m i d a z o l e  r i n g  w h o s e  s y m m e t r y  c a u s e s  l igh t  a b s o r p t i o n  a t  s h o r t e r  
w a v e l e n g t h s  t h a n  o b s e r v e d  w i t h  t he i r  b e n z o t h i a z o l e  c o u n t e r p a r t s  a n d  is 
r e s p o n s i b l e  f o r  h i g h  ba s i c i t y  a n d  t he  c o m p a c t n e s s  o f  t h e  m o l e c u l e .  T h e s e  
f a c t o r s ,  in t h e i r  t u r n .  i n d u c e  ve ry  h i g h  s ens i t i v i t y  o f  t h e  m o l e c u l e  t o w a r d s  
s t r u c t u r a l  c h a n g e s .  F o r  e x a m p l e  in an  a p p r o p r i a t e  ser ies  o f  I C C  the  
d e p e n d e n c e  o f  t he  s e n s i t i z i n g  a c t i o n  o n  t h e  pK., a n d  ~R~d is r e v e a l e d  m o r e  ~ 1 / 2  
c l ea r l y  t h a n  in o t h e r  g r o u p s  o f  p o l y m e t h i n e  dyes .  In  g e n e r a l  t he  v a l u e s  o f  
th72° fo r  t h e  m o l e c u l a r  s t a t e  o f  I C C  i n c r e a s e  as  t h e  p K  a a n d  t h e  a b s o l u t e  
v a l u e  o f  E'~e~i,_ d e c r e a s e  a n d  in c e r t a i n  ser ies  t h e s e  a re  l i nea r ly  r e l a t ed .  
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A n o t h e r  i m p o r t a n t  p a r a m e t e r  w h i c h  d e t e r m i n e s  t h e  t o t a l  effect  o f  t h e  
s p e c t r a l  s e n s i t i z a t i o n  o f  I C C  is t h e i r  J - a g g r e g a t i o n  b e h a v i o u r ,  t h e  f irst  
f a c t o r  p r e v a i l i n g  in s o m e  cases  ( s p e c t r u m  t y p e  A/') a n d  t h e  s e c o n d  in 
o t h e r s  ( J  o r  J > M) .  

R e l a t i o n s h i p s  b e t w e e n  t h e  s t r u c t u r e  o f  I C C  a n d  t h e i r  ab i l i t y  to  u n d e r g o  
J - a g g r e g a t i o n  a l s o  h a v e  b o t h  g e n e r a l  a n d  spec i f i c  c h a r a c t e r i s t i c s .  
I n t r o d u c t i o n  o f  b u l k y  s u l p h u r -  a n d  f l u o r i n e - c o n t a i n i n g  g r o u p s  o r  
h e t e r o a t o m i c  r i n g s  i n t o  a h e t e r o c y c l i c  n u c l e u s  d o e s  n o t  c h a n g e  t h e  d e g r e e  
o f  c o m p a c t n e s s  o f  t he  bas i c  c h r o m o p h o r e  s y s t e m  b u t  m a k e s  in t e r -  
m o l e c u l a r  i n t e r a c t i o n  m o r e  di f f icul t .  T h i s  is a n a l o g o u s  to  t he  k n o w n  
"negat ive" i n f l u e n c e  o f  t h e  " increase  in the  we igh t"  o f  s u b s t i t u e n t s  o n  jr_ 
a g g r e g a t i o n  in t h e  ca se  o f  o t h e r  p o l y m e t h i n e  d y e s ,  e .g.  9 -e thy l -5 ,5 ' - f l -  
d i s u b s t i t u t e d  t h i a c a r b o c y a n i n e s  (B CHa---~C2Hs, C H 3 0 - - ~ C 2 H s O ) .  7"68 
O n  t h e  o t h e r  h a n d ,  in c o n t r a s t  to  t h i a c a r b o c y a n i n e s  a n  i n c r e a s e  in t h e  
n u m b e r  o f  c a r b o n  a t o m s  ( u p  to  n = 6) in a ser ies  o f  l , l ' - d i e t h y i - 3 , 3 ' -  
d i (CnH2n ÷, ) -5 ,5 ' -d i -  o r  - 5 , 5 ' 6 , 6 ' - t e t r a - s u b s t i t u t e d  I C C  h a s  n o  effect  o n  t h e  
a d s o r p t i o n  o f  d y e s  a n d  the i r  t e n d e n c y  to  J - a g g r e g a t i o n ,  w h i c h  m a y  be  
b e c a u s e  o f  t h e  p o s s i b i l i t y  o f  o r i e n t a t i o n  o f  I C C  m o l e c u l e s  a t  t he  s u r f a c e  o f  
t he  m i c r o c r y s t a i s  w i t h  t h e  s e c o n d  a d s o r p t i o n  c e n t r e ,  i.e. n i t r o g e n  a t o m s  a t  
p o s i t i o n s  1 a n d  1' 

C o p l a n a r i t y  o f t h e  p h e n y i  r i ngs  o f l C C  h a s  spec i f ic  e f fec ts  fo r  all  s t u d i e d  
p h y s i c o c h e m i c a l  a n d  p h o t o g r a p h i c  p a r a m e t e r s  (w i th  t h e  e x c e p t i o n  o f  

R e d  E , , z ) ,  i n c l u d i n g  t h e  d e g r e e  o f  s t ab i l i t y  o f  t he  s e n s i t i z i n g  a c t i o n  to  t he  
d e p r e s s i n g  a c t i o n  o f  c o l o u r  c o m p o n e n t s  (K~). It is n e c e s s a r y  to  m e n t i o n  
t h a t  t he  e s t a b l i s h e d  d e p e n d e n c e  o f  t h e  s t r u c t u r e  o f  t he  I C C  a d s o r p t i o n  
l aye r  o n  t he  c o m p o n e n t  s t ab i l i t y  ( K )  is specif ic .  T h u s  in a ser ies  o f  d y e s  
th is  is, g e n e r a l l y ,  d e t e r m i n e d  by t h e i r  r e l a t i ve  ab i l i t y  to  u n d e r g o  jr_ 
a g g r e g a t i o n  a n d  a l s o  d e p e n d s  o n  t he  i n d i v i d u a l  c o m p o u n d  a c c o r d i n g  to  
its c h a n g e  in d i f f e r e n t  e m u l s i o n s .  

C o m p a r i s o n  o f  t h e  v a l u e s  o f  K, a n d  Kos in a ser ies  o f  ICC w h i c h  a r e  
a b l e  to  f o r m  JI-, J2- o r  J a - a g g r e g a t e s  o n  t he  m i c r o c r y s t a l  s u r f a c e  
c o n f i r m s  t h e  s u p p o s i t i o n  t h a t  t he  s t r u c t u r e  o f  t h e s e  a g g r e g a t e s  d i f fe rs  
a c c o r d i n g  to  t he  d e g r e e  o f  o v e r l a p  o f  t he  m o l e c u l a r  p l a n e s  w h i c h  in t u r n  
c a u s e s  d i f f e r e n c e s  in t h e i r  p r o p e r t i e s .  57 

T h e  p e c u l i a r i t i e s  in t h e  s t r u c t u r e  o f  i m i d o c a r b o c y a n i n e s  ( t h e  s y m m e t r y  
o f  b e n z i m i d a z o l e  r i ngs  a n d  t he  h i g h  s ens i t i v i t y  o f  t he se  d y e s  to  s t r u c t u r a l  
c h a n g e s )  h a v e  p e l ' m i t t e d  t he  e s t a b l i s h m e n t  o f  r e l a t i o n s h i p s  b e t w e e n  t h e  
s t r u c t u r e  o f  t he se  c o m p o u n d s  a n d  t h e i r  v a r i o u s  p h y s i c o c h e m i c a l  a n d  
p h o t o g r a p h i c  p r o p e r t i e s .  
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