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ABSTRACT 

The s y n t h e s i s  and c h a r a c t e r i z a t i o n  of a nove l  c lass  of 
polymeric  ph tha locyan ines  ( P c ) ,  (PcMX), (M=Al,Ga,Cr; X=F 
and M-Si,Ge,Sn; X=O) of  e x c e p t i o n a l  thermal  s t a b i l i t y  are 
summarized. These materials p o s s e s s  a l i n e a r  MX backbone 
surrounded by a s h e a t h  of c o f a c i a l  M-centered Pc r i n g s .  
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300 KUZNESOF ET AL. 

(PcAlF), and (PcGaF), are sub l imab le  ( 10-3mmHg, 540°C 
and 43OoC, r e s p e c t i v e l y )  a l lowing  f o r  t h i n  f i l m  fo rma t ion .  
Iodine-doping l e a d i n g  t o  composi t ions  (PcMXIy), w i t h  y 
ranging  from 0.06 t o  5 .5  i s  r e p o r t e d .  Thermogravimetr ic  
a n a l y s i s  h a s  proven u s e f u l  f o r  i o d i n e  a n a l y s e s  and h a s  
r evea led  t h a t  t h e  o r d e r  of  thermal  s t a b i l i t y  wi th  r ega rd  
t o  l o s s  of i o d i n e  is (PcCrFIy), < (PcGaFIy)nnr(PcAIFIy)n 
< (PcSiOIy)n.  Raman s p e c t r a  p o i n t  t o  13- and I - as t h e  
p r i n c i p l e  p o l y i o d i d e  s p e c i e s ,  though t h e i r  relazive 
p r o p o r t i o n s  v a r y  depending on M and doping l e v e l .  I n c r e a s e s  
i n  t h e  e lectr ical  c o n d u c t i v i t y  by as much as lo9 w i t h  
maximum c o n d u c t i v i t i e s  i n  t h e  r ange  of 0.01-1 ohm-lcm-l 
r e s u l t  from i o d i n e  doping.  Conduct ion appea r s  t o  be t h e r m a l l y  
a c t i v a t e d  (77-3OOK) w i t h  a n  appa ren t  a c t i v a t i o n  energy  o f  
0.04eV. It is l i k e l y  t h a t  e l e c t r o n  t r a n s p o r t  is p r i m a r i l y  
l i gand  based and is meta l - l i ke  in c h a r a c t e r .  

INTRODUCTION 

Development of  new semiconduct ing  and conduc t ing  o r g a n i c  

and o rganometa l l i c  polymers c o n t i n u e s  t o  be  sparked  by t h e  

m u l t i t u d e  of p o t e n t i a l  a p p l i c a t i o n s  i n  s o l i d  s ta te  e l e c t r o - o p t i c a l  

sys tems (1). These advanced technology materials may assume 

prime r o l e s  i n  d e v i c e s  such  as s e n s o r s ,  d e t e c t o r s ,  and e l e c t r o -  

photographic  u n i t s  where low d e n s i t y ,  combined w i t h  the rma l ,  

photo  and chemical  s t a b i l i t y  w i l l  be demanded. The use  of 

chemica l ly  modi f ied  e l e c t r o d e  s u r f a c e s  f o r  s t u d i e s  of  e l e c t r o -  

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

e l e c t r o d e  r e a c t i o n s  is a l s o  undergoing i n t e n s i v e  e x p l o r a t i o n  

( 2 ) .  I n v e s t i g a t i o n  of  t h e s e  p r o c e s s e s  employing c o a t i n g s  of 

e l e c t r o a c t i v e  polymer ic  materials can  be expec ted  t o  be h i g h l y  

rewarding .  C u r r e n t l y ,  widespread a p p l i c a t i o n  of  t h e s e  new 

s u b s t a n c e s  is l i m i t e d  by t h e  n e c e s s i t y  f o r  s p e c i a l i z e d  f i l m  

d e p o s i t i o n  procedures  and t h e  l a c k  o f  materials which demons t r a t e  

e a s e  of f a b r i c a t i o n  and p r o c e s s i b i l i t y .  Evidence of p r o g r e s s  

i n  t h e s e  a r e a s  i s  beginning  t o  appear  ( 3 ) .  

Phtha locyanines  (4), because  of  t h e i r  t he rma l ,  photo ,  and 

h y d r o l y t i c  s t a b i l i t i e s ,  i n t e n s e  c o l o r s ,  and ready  a v a i l a b i l i t y  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



CONDUCTING POLYMERS 301 

have r ece ived  t h e i r  s h a r e  of a t t e n t i o n  i n  t h e  q u e s t  f o r  new 

e l e c t r o a c t i v e  materials (5-14). The purpose of t h i s  account  

i s  t o  summarize r e c e n t  s t u d i e s  on a nove l  class of bridge- 

s t acked  phtha locyanine  polymers ( F i g u r e  1) which have been made 

h i g h l y  conduct ing  (U RT IV 1 ohm-lcm'l) by ha logen  (12 ,Brz) )  

doping (5-7,10,11).  These systems meet c r i te r ia  e s t a b l i s h e d  

f o r  t h e  p r e p a r a t i o n  of new conduc t ive  materials i n  t h a t  ( a )  t h e  

metal-macrocycle u n i t s  are s t acked  c o f a c i a l l y  and ( b )  t h e s e  

s t a c k s  can  be p a r t i a l l y  ox id i zed  so  t h a t  each  u n i t  i s  fo rma l ly  

i n  a non- in tegra l  o x i d a t i o n  s ta te .  Furthermore,  t h e  br idged  

polymers are unique i n  t h a t  they  are e x c e p t i o n a l l y  robus t  bo th  

chemica l ly  and thermal ly .  Th i s  s t a n d s  i n  c o n t r a s t  t o  s imple  

meta l lomacrocyles  f o r  which t h e r e  i s  no g u a r a n t e e  of s t a c k i n g  

FIGURE 1. 
M=Si,Ge,Sn;X=O). 

Proposed S t r u c t u r e  f o r  (PcMX), (M=Al,Ga,Cr;X=F and 
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302 KUZNESOF ET AL. 

a b  i n i t i o  i n  l i n e a r  a r r a y s  o r  of remaining s t acked  upon t r ea tmen t  

w i th  t y p i c a l  o x i d i z i n g  o r  reducing  a g e n t s .  

SYNTHESIS and CHARACTERIZATION 

The phtha locyanine  polymers (PcMX), (M-Si,Ge,Sn, X-0; 

M = A l , G a ,  X=F) were o r i g i n a l l y  prepared  by Kenney and 

co-workers (15-18). The 0x0-bridged group I V A  ph tha locyan ines  

(18) a r e  e a s i l y  o b t a i n e d  i n  h igh  y i e l d  and p u r i t y  by vacuum 

polymer iza t ion  (300 - 40Ooc) of  t h e  d ihydroxo p recu r so r :  

-nH20 
nPcM( OH) 2 > (PcMO), M=Si,Ge,Sn. 

(PcSiO), i s  an  e x c e p t i o n a l l y  s t a b l e  material: 

by aqueous HF a t  100°C, aqueous 2M NaOH a t  r e f l u x  and II2SO4 a t  room 

tempera tu re  (18). 

phtha locyanines  a r e  prepared  (15 ,16)  f i r s t  by c o n v e r t i n g  

PcAlCl and PcGaCl t o  t h e i r  hydroxo d e r i v a t i v e s  followed by 

r epea ted  evapora t ion  t o  d ryness  wi th  concen t r a t ed  (48%)  aqueous 

i t  i s  una f fec t ed  

The f luo robr idged  aluminum and g a l l i u m  

hyd rof  luo r ic  a c i d  : 

PcMCl PcMOH . xH20 - 
r e f l u x  

48% HF 
nP c MOH . xH2 0 > (PcMF), M=Al,Ga.  

Hea t ing  t h e s e  subs t ances  s e v e r a l  hours  a t  3OO0c i n  vacuo 

r e s u l t s  i n  good y i e l d s  of s a t i s f a c t o r y  p u r i t y .  High p u r i t y  

(PcMF), is o b t a i n a b l e  by vacuum s u b l i m a t i o n  (54Ooc, M-AL; 

43Ooc, M=Ga). 

o r  may by syn thes i zed  from Cr(C0)6 and p h t h a l o n i t r i l e  (19 )  

followed by h y d r o f l u o r i c  a c i d  t r ea tmen t  of t h e  r e s u l t i n g  

PcCrOH (7). 

(PcCrF), is a v a i l a b l e  commercially (Eastman) 

The ex t remely  h igh  the rma l  s t a b i l i t i e s  of t h e  (PcMX)~ 

compounds a r e  apparent  from thermogravimet r ic  a n a l y s i s  (TGA) 
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CONDUCTING POLYMERS 303 

i n v e s t i g a t i o n s  (5-7). The onse t  of i n i t i a l  weight l o s s  ( i . e .  

5% l o s s  i n  weight) was recorded a t  2. 430°, 450°, 490°, 

and 540°C f o r  (PcSiO),, (PcCrF),, (PcCaF),, and (PcAlF), ,  

r e s p e c t i v e l y .  

occu r s  f o r  a l l  of t hese  compounds a f t e r  a 35-40% decrease i n  

i n i t i a l  sample weight. 

A second weight l o s s  between 600-7OO0C 

A v a r i e t y  of physical  evidence p o i n t s  t o  t h e  s t r u c t u r e  

shown i n  Figure 1 for the  0x0- and f luorometal lophthalo-  

cyanines.  Ce r t a in  r e l a t i v e l y  broad bands i n  t h e  i n f r a r e d  

s p e c t r a  have been a t t r i b u t e d  t o  M-X s t r e t c h i n g  along the  

(MX), polymer backbone (16-18). 

were derived from x-ray powder d i f f r a c t i o n  d a t a  are compared i n  

Table 1. The expected inc rease  i n  r ing-r ing d i s t a n c e  upon 

descending a family i s  ev iden t  and t h e r e  i s  e x c e l l e n t  agreement 

with t h e  d i s t a n c e s  c a l c u l a t e d  from i o n i c  r a d i i  (11,16) assuming 

l i n e a r  M-X-linkages. 

I n t e r p l a n a r  spacings which 

From e l e c t r o n  microscopy s t u d i e s  (15, 16) on sublimed 

c r y s t a l s  of (PcAlF), and (PcCaF)n, micrographs were obtained 

which exh ib i t ed  l a t t i c e  image l i n e s .  These l i n e s ,  spaced by 

ca. 1300 t o  1500 pm - which corresponds t o  t h e  van d e r  Waals - 

TABLE 1. 

Ring-Ring (M-X-M) Spacing (pm) for (PcMX)~ 

(PcSiO), (PcCeO), (PcSnO), (PcAlF), (PcCaF)n (PcCrF), 

obs: 332(2)a 350(2)a 383(3)a 366b 386b 387C 

obsd: 333(2) 351(2) 395(2) 

calce:  332d 358d 390d 364b 381b 380 

( a )  Ref. 18. (b )  Ref. 16. ( c )  Ref. 7. (d )  Ref. 11. 

( e )  Calculated using the  p e r t i n e n t  i o n i c  r a d i i :  R. D. Shannon, 

Acta. Crys t a l log r . ,  A, - 32, 751(1976). 
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304 KUZNESOF ET AL. 

wid th  of  t h e  ph tha locyan ine  r i n g  ( 1 6 )  - are o r i e n t e d  p a r a l l e l  

t o  t h e  long  a x i s  o f  t h e  need le - l ike  c r y s t a l s .  T h i s  s u g g e s t s  

t h a t  l i n e a r  c h a i n s  of  (PcAlF), and (PcGaF), are packed 

p a r a l l e l  t o  t h e  long  c r y s t a l  a x i s  and i n d i c a t e s  t h a t  t h e  

(PcAlF), s t r u c t u r e  may b e  regarded  as pseudo-one d imens iona l .  

Halogen doping ( p a r t i a l  o x i d a t i o n )  o f  low d imens iona l  

m a t e r i a l s  has  proved t o  be  a n  e f f e c t i v e  s t r a t e g y  f o r  t ransform- 

i n g  a normally i n s u l a t i n g  (or poor ly  semiconduct ing)  subs t ance  
( uRT < 1 0 - 6 ~ ~ - l ~ ~ - l )  t o  a conduc t ive  material (6 RT 

ohm-lcm-l). Uptake of i o d i n e  by (PcMX)~ t o  y i e l d  (PcMXIY), 

h a s  been accomplished (5-7,10,11)  e i t h e r  by exposure  of t h e  

powdered material t o  i o d i n e  vapor  o r  by s t i r r i n g  s l u r r i e s  of 

t h e  ph tha locyan ine  i n  i o d i n e - s a t u r a t e d  s o l u t i o n s  of  heptane ,  

carbon t e t r a c h l o r i d e ,  e t h a n o l ,  o r  ch lorobenzene .  Depending on 

r e a c t i o n  c o n d i t i o n s  and (PcMX)~ p u r i t y ,  a wide r ange  of  

dopant  c o n c e n t r a t i o n s  can  be  ob ta ined .  Thus, I/M r a t i o s  of 

0.061 f o r  one sample of (PcCrF), ( 7 )  t o  5.5 f o r  a sample of 

(PcSnO), (11) have been r e p o r t e d .  

maximum halogen/M compos i t ions  are summarized i n  Tab le  2 .  

For the  A l ,  G a  and C r  d e r i v a t i v e s ,  maximum i o d i n e  uptake  is 

achieved  w i t h i n  24  hours  if t h e  r e a c t i o n  is c a r r i e d  o u t  u s ing  

t h e  s l u r r y  t echn ique  (5-7) whereas  t h e  s o l i d / v a p o r  r o u t e  

r e q u i r e s  one t o  t h r e e  weeks ( 5 , 6 ) .  

Conduc t iv i ty  d a t a  f o r  

Phys ica l  methods i n c l u d i n g  TGA, I R ,  Raman, mass spec t romet ry ,  

and magnet ic  s u s c e p t i b i l i t y  measurements have been a p p l i e d  t o  

t h e  c h a r a c t e r i z a t i o n  of t h e s e  materials. TGA h a s  been shown t o  

be  p a r t i c u l a r l y  u s e f u l  f o r  de t e rmin ing  t h e  i o d i n e  c o n t e n t  of 

doped 0x0- and f l u o r p h t h a l o c y a n i n e s  (5-7) .  The thennograms 

i n  F i g u r e  2 f o r  pure  (PcAlF), ( c u r v e  D )  and a t  s e v e r a l  i o d i n e  

doping l e v e l s  a r e  t y p i c a l .  Thus, thermogram A e x h i b i t s  two 

weight  l o s s e s  between room tempera tu re  and t h e  o n s e t  of t h e  

p l a t e a u  a t  24OOC which s i g n a l s  comple te  loss of  i o d i n e .  The 
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TABLE 2 .  

Composition and Conduct ivi ty  Data f o r  Halogen-Doped (PcMX),~ 

Compound 

0.04 

f 

0.04' 

f 

0. 05h 

0.68 

- 

( a )  Data are p resen t  only f o r  maximally doped samples. 
(b )  Room temperature l i n e a r  four  po in t  probe and van d e r  Pauw, 
( ), c o n d u c t i v i t i e s ,  pressed d i s c s .  ( c )  References 5,6.  
(d)  Reference 7 .  ( e )  Reference 11. ( f )  Temperature depen- 
dence of conduc t iv i ty  not reported.  (g) f o r  I / S i  r a t i o  of 
1.40. ( h )  f o r  I / G e  r a t i o  of 1.94. ( i )  A conduc t iv i ty  of 0.2 
ohm-lcm-l i s  reported f o r  (PcSiO11.4)n. 

44% weight l o s s  t o  t h i s  po in t  t r a n s l a t e s  t o  I / A l  - 3.4. 

240% t h e  thermogram i s  i d e n t i c a l  t o  t h a t  f o r  pure (PcAlF),. 

The iodine-doped gall ium d e r i v a t i v e s  e x h i b i t  weight l o s s  

processes  i n  t h e  same temperature regimes as t h e  aluminum 

spec ie s .  Thermograms f o r  (PcCrFIy), ( 7 )  a l s o  r e v e a l  

evidence f o r  two weight l o s s  processes  at  130 and 170°C p r i o r  

t o  removal of a l l  iodine.  The weight loss- temperature  p r o f i l e s  

f o r  two moderately doped samples of (PcSiO), ( I / S i  = 1.3 and 

and 1.4) show a low temperature (E. 80°) l o s s  of i od ine ,  bu t  

t h e  second s t a g e  l o s s  i s  no t  completed u n t i l %  34OoC (6,20) .  

I n  terms of thermal s t a b i l i t y  with regard t o  l o s s  of i od ine ,  

t h e  o rde r  i s  (PcCrFIy), < (PcGaFIy), N (PcAIFIy), 

Above 
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80- 

80- 

7c - 
s: 

1 80- 

60- 

40- 

50-  

'\ \ 

FIGURE 2 .  Thennograms f o r  (A) (PcAlFI3,4),, (B) 

Heating rate SO/min (-) and 10°/min (---), N2 flow rate  
50 mllmin. 

( P c A ~ F I ~ . ~ ) ~ ,  (C )  (PcALFI0.75)n and ( D )  (PcA1F)n. 

< (PcSi0Iy),. 

t h e  A l ,  G a ,  and C r  f luorophtha locyanines  inc lud ing  those  

brought t o  cons t an t  weight under dynamic vacuum, evolved 

i o d i n e  when s t o r e d  a t  ambient tempera ture  and p r e s s u r e ,  as 

evidenced by t h e  d i s c o l o r a t i o n  of t h e  polye thylene  caps  of t h e  

s t o r a g e  v i a l s  (6) .  This  s t a n d s  i n  c o n t r a s t  t o  t h e  r e p o r t  t h a t  

t h e  iodine-doped S i ,  Ge, and Sn oxophthalocyanines are 

It is worth no t ing  t h a t  a l l  doped samples of 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



CONDUCTING POLYMERS 30 7 

i n d e f i n i t e l y  s t a b l e  i n  a i r ,  and t h a t  i o d i n e  can  o n l y  be  

d r i v e n  o f f  by prolonged h e a t i n g  above 100°C ( 1 1 ) .  

Raman spec t roscopy  h a s  proved i n d i s p e n s a b l e  f o r  charac- 

t e r i z i n g  t h e  po ly iod ide  s p e c i e s  formed upon o x i d a t i o n  of  a wide 

v a r i e t y  of low d imens iona l  m a t e r i a l s  (9 ,14 ,20 ,21 ) .  Raman d a t a  

f o r  t h e  doped 0x0-bridged group I V A  ph tha locyan ines  (11 )  show 

13- t o  be t h e  p r i n c i p l e  po ly iod ide  s p e c i e s ;  a t  modera te  t o  

h igh  dopant l e v e l s ,  s c a t t e r i n g  due t o  15- can  be observed .  

On t h e  o t h e r  hand, f o r  a l l  (PcCrFIy), composi t ions  scat- 

t e r i n g  a t t r i b u t a b l e  t o  15- dominates t h e  spectrum a l though  

a band due t o  13- is c l e a r l y  e v i d e n t  ( 7 ) .  The s p e c t r a  f o r  

h i g h l y  doped (PcAlF), and (PcGaF), e x h i b i t  i n t e n s e  s c a t -  

t e r i n g  f o r  bo th  13- and 15- w i t h  t h e  former dominant 

( 6 ) .  The presence  of two po ly iod ide  s p e c i e s  shown by Raman 

spec t roscopy  c o r r e l a t e s  w i th  TGA d a t a  such  as shown i n  F i g u r e  2 

f o r  (PcAIFIy),. Curve B shows t h e  TGA o f  ( P ~ A l F 1 2 . 4 ) ~ .  

Two weight l o s s  p rocesses  a t  90 and 2OO0C are appa ren t .  

h e a t i n g  t h i s  sample t o  90°C under  dynamic vacuum (PcAlFI0.75) 

w a s  ob ta ined .  I n  c o n t r a s t  t o  t h e  p a r e n t  composi t ion ,  l i t t l e  

weight  l o s s  is  observed below 150OC f o r  t h i s  composi t ion  

( F i g u r e  2 ,  Curve C) and t h e  Raman spectrum shows a less promi- 

n e n t  15- peak r e l a t i v e  t o  13-. 

and Raman d a t a  i n d i c a t e  t h a t  t h e  f i r s t  weight l o s s  p rocess  f o r  

t h e  h e a v i l y  doped materials can  be p r i m a r i l y  a s s o c i a t e d  wi th  

15- decomposition; t h e  second s t a g e  is p r i n i c p a l l y  due t o  

l o s s  of  13-. One p a r t i c u l a r  composi t ion ,  (PcGaF10.62)n, 

e x h i b i t e d  a thermogram wi th  a s i n g l e  broad weight l o s s  beginning  

a t  E. 60OC. 

15- peak t o  be dominant, c o n s i s t e n t  w i t h  t h e  recorded  

thermogram. To summarize, a l l  work r e p o r t e d  t o  d a t e  on iod ine-  

doped 0x0- and f luo roph tha locyan ines  (5-12) shows 13- and 

15- t o  be t h e  pr imary  po ly iod ide  s p e c i e s  p r e s e n t ,  presumably 

After 

Thus, t h e  combination of TGA 

The Raman spectrum f o r  t h i s  sample showed t h e  
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occupying channe l s  between t h e  (PcMX), c h a i n s .  

f o r  12 ( d e t e c t a b l e  by Raman spec t roscopy)  has  been noted and ,  

a l though  Mgssbauer s p e c t r a  have not  been r e p o r t e d  f o r  

(PcMXIY),, t h e r e  does  not  seem t o  be any precedence f o r  

s i g n i f i c a n t  c o n c e n t r a t i o n s  of I- i n  any i o d i n e  doped conduct- 

i n g  phtha locyanine  m a t e r i a l .  

No evidence  

For iodine-doped (PcAlF), and (PcGaF),, v a r i a b l e  

tempera ture  (ambient t o  300OC) mass s p e c t r a l  d a t a  were 

c o l l e c t e d  ( 6 )  which confirmed i o d i n e  as t h e  predominant 

v o l a t i l e  s p e c i e s  du r ing  the rmolys i s .  

i n t e n s i t y  v s  tempera ture  also showed 12 was l o s t  i n  two 

s t a g e s ,  i n  agreement wi th  t h e  Raman and TGA d a t a  c i t e d  above. 

P r o f i l e s  of  I2+ i o n  

ELECTRICAL CONDUCTIVITY 

(PcMX), compounds are t y p i c a l  i n s u l a t o r s ,  bu t  p a r t i a l  

o x i d a t i o n  r e s u l t s  i n  i n c r e a s e s  i n  c o n d u c t i v i t y  by as much as 9 

o r d e r s  of magnitude compared t o  t h e  undoped m a t e r i a l  ( 5 - 7 ,  

1 0 , l l ) .  The c o n d u c t i v i t y  rises r a p i d l y  as t he  I/M r a t i o  

approaches 0.2 w i t h  r e l a t i v e l y  s l i g h t  i n c r e a s e s  t h e r e a f t e r  up 

t o  t h e  maximum doping l e v e l .  Room tempera t ive  c o n d u c t i v i t i e s  

(compressed d i s c s )  f o r  t h e s e  composi t ions  are c o l l e c t e d  i n  

Table  2 and, w i th  t h e  excep t ion  of t h e  t i n  ph tha locyan ine ,  

f a l l  between 0.01 and 1 ohm-lcm-l. 

Trends w i t h i n  a f ami ly  are appa ren t  i f  c o n d u c t i v i t i e s  f o r  a 

g iven  I/M r a t i o  are compared. Thus, Q (Al)  >Q(Ga) ;  U ( S i )  

> Q ( G e )  > d ( S n ) .  These t r e n d s  c o r r e l a t e  w i th  t h e  i n t e r -  

ph tha locyanine  r i n g  spac ings  g i v e n  i n  Tab le  1 (Smal l e r  

spac ing ,  h i g h e r  c o n d u c t i v i t y )  and suppor t  t h e  i d e a  t h a t  t h e  

conduct ive  pathway i s  p r i m a r i l y  l i g a n d  based a conduct ion  

band genera ted  by i n t e r - r i n g  p i - o r b i t a l  ove r l ap .  These sys tems,  

t hen ,  a long  w i t h  r e l a t e d  h igh ly  conduc t ive  s t acked  meta l lo-  

maCKOCyC1fC systems ( 2 2 ) ,  s t a n d  i n  c o n t r a s t  t o  Krogmann salts  
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CONDUCTING POLYMERS 309 

and r e l a t e d  compounds which are low dimensional conductors i n  

which charge t r a n s p o r t  occurs  mainly along a t r a n s i t i o n  metal 

backbone. 

The v a r i a t i o n  of conduc t iv i ty  with temperature (77-300K) 

h a s  been examined ( 6 , l l )  f o r  va r ious  (PcMXIY), compositions,  

(M+Cr). The four-probe s t u d i e s  ind ica t ed  that conduction is 

thermally a c t i v a t e d ,  and t h e  l i n e a r i t y  of l o g c  v s  l / T  p l o t s  

allowed for eva lua t ion  of t h e  apparent  a c t i v a t i o n  ene rg ie s  

l i s t e d  i n  Table  2.  The remarkably low a c t i v a t i o n  e n e r g i e s  and 

high c o n d u c t i v i t i e s  are comparable t o  those observed f o r  

compressed d i s c s  of PcNiI1.0, s i n g l e  c r y s t a l s  of which were 

found t o  behave a s  a "molecular metal" (8). Furthermore, 

Faraday- type magnetic suscep t i b i l i  t y  d a t a  c o l l e c t e d  f o r  t he  

iodine-doped S i ,  G e ,  and Sn compounds (11) appear c o n s i s t e n t  

with magnetic behavior t y p i c a l  of many low-dimensional mixed 

valence systems - weak paramagnetism a t  300K and only weakly 

temperature dependent. 

SUMMARY 

Bridge-stacked (PcMX), compounds c o n s t i t u t e  a new class of 

low-dimensional materials which can be made h igh ly  conducting 

by halogen doping. That t h i s  conduc t iv i ty  is probably metal- 

l i k e  along t h e  chain d i r e c t i o n  can be i n f e r r e d  from t h e  phys ica l  

s t u d i e s  which have been performed and from s t u d i e s  of r e l a t e d  

systems f o r  which m e t a l l i c  conduction h a s  a c t u a l l y  been observed. 

Although iodine-doped (PcAlF), and (PcCaF), appear t o  have 

lower thermal s t a b i l i t y  with regard t o  l o s s  of i od ine  compared 

t o  iodine-doped (PcSiO),, t h e  v o l a t i l i t y  of t h e  former 

m a t e r i a l s ,  due t o  polymer chain l i nkage  coord ina te  covalent  

bonds, a l lows f o r  formation of t h i n  f i lms .  Because of t h i s  

processing advantage (PcMF), i n  f i l m s  may f i n d  a p p l i c a t i o n  i n  

s o l i d  s ta te  dev ices  or as e l e c t r o - o p t i c  materials. 
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