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CORREIATIONS BETWEEN PHOTOCONDUCTIVITY AND MOLECULAR 
STRUCTURE OF BRIDGED POLYMERIC PIITHALOCYANINES 

ILANS MEIER and WOLFGANG ALBRECIIT 
Staatliches Forschungsinstitut fur Geochemie, Aufien- 
stelle des Bayerischen Geologischen Landesamtes, 
D-8600 Bamberg, F.R.G. 

MICHAEL IIANACK 
Institut fur Organische Chemie der Universitat 
Tubingen, D-7400 Tubingen, F.R.G.  

Abstract Experiments on the effect of chemical struc- 
ture to photoconductivity have been carried out on 
one-dimensional bridged polymeric phthalocyanines 
[PcMLIn. It is shown that by specific combinations of 
macrocycles, Pc, bridging ligands, L, and central me- 
tal atoms, M ,  photoconductive gain and spectral re- 
sponse to specific wavelength regions can be tailored. 

Keywords: Photoelectric properties of organic compounds (polymers, dyes, CT-complexes): 
photoconductivity and structure, polymeric phthalocyamines 

INTRODUCTION 

It has recently been demonstrated that polymeric phtlialo- 
cyanines formed by polymerization of squareplanar phthalo- 
cyanine rings to linear chains exhibit photoelectric pro- 
perties without any This observation suggests 
that f o r  applications, e.g., as components in photovoltaic 
 cell^^-^, organic photoconductors with relatively l o w  bulk 
resistance may become available. Iiowever, no experimental 
results are known t o  us showing correlations of different 
combinations of macrocycles, bridging ligands and central 
metal atoms to the photoelectric properties of this type 
of one-dimensional conductor. Therefore, studies seem 
necessary to obtain an insight into the effect of  chemical 
structure to photoconductivity of  bridged polymeric phtha- 
locyaninatometal compounds CPcMLln. 
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16 11. MEIER, W .  ALBRECIIT AND M. IUNACK 

I n  t h i s  r e p o r t  t h e  f i r s t  r e s u l t s  of s t u d i e s  on photo- 
c o n d u c t i v i t y  of  ph tha locyan ines ,  CPcMLln, c o n s i s t i n g  of 
d i f f e r e n t  combinat ions of macrocycles ,  Pc, b r i d g i n g  li- 
gands,  L ,  and c e n t r a l  metal a toms,  M, a r e  given.  

EXPER I MENTAL 

Methods 
The p h o t o e l e c t r i c  p r o p e r t i e s  o f  b r idged  polymeric  phtha- 
l o c y a n i n e s  have been measured wi thou t  any a d d i t i v e  i n  
s u r f a c e - t y p e  c e l l s  employing copper /z inc  c o n t a c t s  w i th  
e l e c t r o d e  d i s t a n c e s  of 0.2 mm. The samples  were measured 
a t  p r e s s u r e s  of  - Tor r  i n  t h e  tempera ture  range  
190 - 300 K by  u s i n g  a cont inuous- f low c r y o s t a t .  Dark- and 
p h o t o c u r r e n t s  were r e g i s t e r e d  w i t h  a Ke i th l ey  480 picoam- 
meter i n  combinat ion wi th  a f a s t  r e c o r d e r .  The l i g h t  
sou rce  c o n s i s t e d  of  a 1000-W xenon lamp, focused  by q u a r t z  
l e n s e s  on to  t h e  p h o t o e l e c t r i c  c e l l .  Monochromatic l i g h t  i n  
t h e  s p e c t r a l  range  350 - 1900 nm w a s  ob ta ined  w i t h  band- 
p a s s  f i l t e r s  w i t h  bandwidths of 50 nm. Light  i n t e n s i t i e s  
were v a r i e d  w i t h  n e u t r a l  d e n s i t y  f i l t e r s .  

Materia 
Two classes  of b r idged  polymeric  ph tha locyan ines  ( s e e  F i -  
gure  1 )  have been examined: 

FIGURE 1 Scheme of t h e  s t r u c t u r e  o f  a x i a l l y  br idged  
polymeric  ph tha locyan ines .  M = metal,  L = b r i d g i n g  li- 
gand. 
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PIIOTOCONDUCl' I V  ITY A N D  MOLECULAR STRUCTURE 77 

( 1 )  Polymeric germanium phthalocyanines in which cyclic 
units are joined by strong covalent linkages with oxygcn 
o r  sulfur as bridging ligands (Type I). These compounds 
were prepared as described . 
(2 )  Axially stacked macrocyclic transition metal cornplc- 
xes bridged by bidentate X-electron containing ligands, 
e.g. pyrazine (pyz), 4,4'-bipyridine (bpy), 1,4-diiso- 
cyanobenzene (dib), tetrazirie (tz), cyanide ( C N - ) ,  which 
were synthesized as previously described 

5-6 

(Type 11). 7-11 

RESULTS AND D I S C U S S I O N  

Photoconductivity of type I 
Polymers obtained by stacking macrocycles via covalent 
linkage show the following photoelectric properties: 

The photoconductive spectra of sulfo- and 0x0-bridged 
phthalocyanines exhibit peaks in the near-infrared region 
at about 1100 - 1200 nm as shown in Figure 2. 

c 
5' 40 
Q) 

U 
c, 
0 

a c 20 

400 800 1200 1600 
Wavelength (nm) 

FIGURE 2 Photoconductive spectrum of  CPcGe0I1,. 

The photoconductive gain, G ,  increases with decrea- 
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78 H .  MEIER, W .  ALBRECIIT AND M. HANACK 

s i n g  s i z e  of t h e  b r i d g i n g  l i g a n d  because of d e c r e a s i n g  
r i n g - r i n g  s e p a r a t i o n .  The photoconduct ive  g a i n ,  G ,  d e f i n e d  
as t h e  number of charge  carriers p a s s i n g  through t h e  s a m -  
p l e  p e r  absorbed  photon ,  acco rd ing  t o  the e q u a t i o n  

I /e 
G = p h  

I A V  
-1 g i v e s ,  e . g . ,  a t  2500 V cm ( A  = 1100 nm) G 2 4 x i n  

[PcGeSln and G ?! 1 x 
c u r r e n t ,  IA t h e  number of photons p e r  c u b i c  c e n t i m e t e r  ab- 
sorbed  p e r  second and V t h e  volume of t h e  sample) .  

i n  CPcGeOln ( I p h  i s  t h e  photo- 

There i s  no change of t h e  n e a r - i n f r a r e d  p h o t o s e n s i t i -  
v i t y  of 0x0-bridged ph tha locyan ines  by i n t r o d u c i n g  bu lky  
s u b s t i t u e n t s  i n t o  t h e  macrocycle.  However, t h e  photocon- 
d u c t i v e  g a i n ,  G ,  d e c r e a s e s  by about  one o r d e r  of magnitude 
and da rk  c o n d u c t i v i t y ,  u D , d e c r e a s e s  by s e v e r a l  o r d e r s  o€ 
magnitude as demonstrated i n  T a b l e  I. 

TABLE I I n f l u e n c e  of s t e r i c  e f f e c t s  i n  CR4PcCeOln. 

Compound ( E  = 
G wD 

2500 V/crn) (S/cm) 

C PcGeO] 1 x 2 x 10-l1 

I ( t - - B ~ ) ~ P c G e 0 1 ~  7 x 2 10- l~  

C (Me3Si)4PcGeOln 2 x 4 10- l~ 

The r e s u l t s  c l e a r l y  i n d i c a t e  r e l a t i o n s h i p s  between 
molecular  s t a c k i n g  and p h o t o c o n d u c t i v i t y :  On t h e  one hand,  
t h e  small d i s t a n c e  of t h e  c o f a c i a l  macrocycles  a l lows  a 

band s t r u c t u r e  t o  be formed by o v e r l a p  of t h e  perpendicu-  
l a r % - o r b i t a l s .  On t h e  o t h e r  hand, e x c i t o n  s p l i t t i n g  r e -  
s u l t i n g  from a s t r o n g  molecular  i n t e r a c t i o n  may be  respon- 
s i b l e  f o r  t h e  long  wavelength s e n s i t i v i t y  because  main- 
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PHOTOCONDUCT1.V ITY AND MOLECULAR STRUCTURE 79 

group ( c l o s e d  s h e l l )  ph tha locyan ines  show no e l e c t r o n i c  

bands o t h e r  t han  t h e  Q band and t h e  S o r e t  band. 
T h e r e f o r e ,  t h e  i n t e r a c t i o n  of c i c i t o n s  w i t h  d e f e c t  

s i t e s  may be  r e s p o n s i b l e  f o r  t h e  g e n e r a t i o n  of charge  
p a i r s  which can  undergo e i t h e r  geminate recombina t ion  o r  
d i s s o c i a t i o n  i n  an e x t e r n a l  e l e c t r i c  f i e l d  t o  form f r e e  
ca r r i e r s12-13 .  In  t h i s  c o n t e x t ,  i t  i s  remarkable  t h a t  

charge  p a i r  s e p a r a t i o n  is  due t o  t h e  Onsager mecha- 
nism 14-15. In agreement w i t h  t h e  e q u a t i o n  

I /E - ( e ~ T I A V / L ) ~ o e x p ( - r c / r o ) ( l  + ercE/2kT) 
Ph 

where V0 i s  t h e  pr imary  quantum y i e l d  f o r  i n i t i a l  charge  

p a i r  g e n e r a t i o n ,  ro t h e  i n i t i a l  charge  s e p a r a t i o n  d i s t a n c e ,  
r t h e  c r i t i c a l  Onsager d i s t a n c e ,  E t h e  d i e l e c t r i c  con- 

s t a n t ,  E t h e  e l e c t r i c  p e r m i t t i v i t y  of f r e e  s p a c e ,  ib  t h e  
m o b i l i t y ,  and 7 t h e  c a r r i e r  l i f e t i m e ,  a p l o t  of T /E vcr-  

sus t h e  f i e l d  s t r e n g t h ,  E ,  g i v e s  a l i n e a r  dependence as 
shown i n  F i g u r e  3. 

C 

0 

Pi] 

n 

7 3  
c, 
rl 
0 > 

0 u 3  
w 
\ c a 
H 3  I 

2*103 4-lo3 6 0 1 0 ~  8*103 
E (volt/cm) 

FIGURE 3 P l o t  of I /E v s  E f o r  r(Me3Si)4PcGeOlr,. 

1200 nm. 303 K. S/I  = 2.5 x low5. Pi1 
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80 11. MEIER, J .  ALDSECiiT A N D  M. HANACK 

From l e a s t  s q u a r e s  a n a l y s i s  of t h e s e  p l o t s ,  s l o p e s  t o  i n -  
t e r c e p t  r a t i o s  froiri 2 x t o  8 x cm/V f o r  
[R4PcGeOln are ob ta ined .  These v a l u e s  a r e  i n  agreement 
w i t h  t h e  v a l u e  p r e d i c t e d  by the Onsager model w h i c h  cor -  
responding  t o  t h e  e q u a t i o n s  

is 3.4 x c m / V  a t  296 K ( E  = 3 .2 ) .  

A d d i t i o n a l l y ,  acco rd ing  t o  Eq. ( 3 )  a p l o t  of t h e  s l o p e  t o  
i n t e r c e p t  r a t i o ,  S / I ,  v e r s u s  l / T 2  shows t h e  l i n e a r  depen- 
dence p r e d i c t e d  by t h e  Onsager mechanism. 

Pho toconduc t iv i ty  of t ype  I1 
Ax i a1 1 y p o 1 yme r i I, e d mac r o c  y c 1 i c t ran s i t ion  me t a1 c o mp 1 e xe s 
c o n t a i n i n g  b r i d g i n g  l i g a n d s  which a r e  bound e i t h e r  by two 
c o o r d i n a t i v e  bonds o r  by a c o o r d i n a t i v e  and a u-bond are 

c h a r a c t e r i z e d  by t h e  f o l l o w i n g  photoconduct ive  p r o p e r t i e s :  
Pho tocur ren t  a c t i o n  s p e c t r a  show peaks above all i n  

the v i s i b l e  and n e a r - i n f r a r e d  r e g i o n s ,  as demonstrated f o r  
r P c ~ e ( t z ) ] ~ ~  i n  F i g u r e  4. 

0 

0 20 
c, 

c 
E4 
3 

. 5 . 0  

0) 400 800 1200 p: 
Wavelength (nm) 

FIGURE 4 Photoconduct ive spectrum of CPcFe(tz) ln .  
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PHOTOCONDUCTIVITY AND MOLECULAR STRUCTURE 81 

By u s i n g  b r i d g i n g  l i g a n d s  l e a d i n g  t o  g r e a t  i n t e r p l a n a r  

d i s t a n c e s  p h o t o c o n d u c t i v i t y  bands are s h i f t e d  t o  s h o r t e r  

wavelengths .  Fo r  i n s t a n c e ,  p h o t o c o n d u c t i v i t y  peaks of 
CMegPcFe(dib)ln a r e  a t  460 nm ( s t r o n g )  and 550 nm (weak). 
It is  conce ivab le  t h a t  i n  a d d i t i o n  t o  t h e  Q band and S o r e t  
band" t h e s e  peaks may be  t h e  r e s u l t  of  me ta l - to - l igand  
and/or  l igand- to-meta l  charge t r a n s f e r  t r a n s i t i o n s  because  
meta l -d- leve ls  l i e  w i t h i n  t h e  ph tha locyan ine  HOMO-LUMO 

gap. 
The t y p e  of  t h e  b r i d g i n g  l i g a n d  can  i n f l u e n c e  t h c  pho- 

t o re sponse  v i a  i t s  s i z e  as demonstrated by t h e  photocon- 
d u c t i v e  g a i n ,  G ,  at 2000 V/cm: G - 4 x 
G = 1 x 

[PcFe(pyz) ln ,  and G = 6 x 

les and on t h e  b r i d g i n g  l i g a n d s ,  r e s p e c t i v e l y ,  can  r e s u l t  

i n  d i f f e r e n t  p h o t o e l e c t r i c  s e n s i t i v i t i e s .  Photoconduct ive 

g a i n  i s  found t o  be  two o r d e r s  of  magnitude l a r g e r  for 
[PcFe(pyz ) ln  ( G  = 1.6 x 
[Cll6PcFe(pyz)In ( G  = 3.2 x 
s u b s t i t u t i o n  of t h e  l i g a n d  may a l s o  d e c r e a s e  t h e  photocon- 
d u c t i v i t y ,  e .g . ,  G = 1 . 6  x a t  2000 V / c m  i n  
[Me8PcFe(dib)ln and G = 5.5 x 

i n  CPcFe( t z ) ln ,  
i n  [MegPcFe(dib)ln,  G = 4 x i n  

i n  CPcFe(bpy)ln. 
E l e c t r o n i c  i n f l u e n c e s  of s u b s t i t u e n t s  on t h e  macrocyc- 

a t  2500 V/cm) than  f o r  
a t  2500 V/cm). Chlor ine-  

a t  2000 V / c m  i n  

[McgPcFe( C14dib)ln.  

Pho toconduc t iv i ty  may depend on t h e  c e n t r a l  me ta l  

atom. For  i n s t a n c e ,  t h e  p h o t o e l e c t r i c a l  s e n s i t i v i t y  of 
cyano-bridged complexes d e c r e a s e s  when r e p l a c i n g  c o b a l t  

w i t h  chromium and manganese: G = 0.07 a t  2000 V/CIII i n  
[PcCoCNln, G = 5.6 x 
i n  CPci\hCN1ll. 

of about  1200 pm i n  d i i socyanobenzene-br idged  compounds 
compared t o  700 pm i n  pyraz ine-br idged  polymers the photo-  

G i n  LPcCrCNln, and G = 1.3 x 10- 

I t  i s  remarkable  t h a t  d e s p i t e  a metal-metal  d i s t a n c e  
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82 H. MEXER, W. ALBRECiIT AND M. KANACK 

conduc t ive  g a i n ,  G ,  and dark  c o n d u c t i v i t y ,  mD, w e r e  h i g h e r  
i n  CPcM(dib)ln than  i n  CPcM(pyz)ln as shown i n  Table  11. 

TABLE I1 I n f l u e n c e  of t h e  s i z e  of b r i d g i n g  l i g a n d s .  

Complex 

C MegPc Fe ( d i b  ) 1 1.6 -1190 2 x 

[ PcFe (pyz 1 I n  4 . 2  x - 700 2 x 

c PcRu (pyz 1 1 4.7 x 10 -' rJ 700 3 x 10-11 

C PcRu ( d i b  ) 1 2 . 3  x d l 1 9 0  6 x lo-' 

T h i s  e f f e c t  may be  explainable  by d i s c u s s i n g  
( a )  t h e  fo rma t ion  of an energy  band a long  the c e n t r a l  

( b )  a d i r e c t  pho togene ra t ion  of  charge  c a r r i e r s  because  
c h a i n  and 

measurements f o r  t e s t i n g  t h e  Onsager and Poole-Frcn- 
k e l  t h e o r i e s  14-15,17 f a i l e d a  

T h e r e f o r e ,  t h e  dominant mechanism f o r  c h a r g e - c a r r i e r  ge- 
n e r a t i o n  i n  t r a n s i t i o n  metal complexes c o n t a i n i n g  b r idg -  
i n g  l i g a n d s  capab le  of c o n j u g a t i o n  may be e x c i t a t i o n  from 

va lence  band t o  conduct ion  band co r re spond ing  t o  a charge  
t r a n s f e r  from t h e  HOMO of t h e  t r a n s i t i o n  meta l  d - o r b i t a l  
t o  t h e  LLJMO of t h e  b r i d g i n g  l i g a n d  18-19 

CONCLUSION - 

In conc lus ion  i t  can be s ta ted that b r idged  macrocycl ic  
metal complexes can be  s y n t h e s i z e d  w h i c h  show, o n  s u i t a b l e  
cho ice  of c e n t r a l  m e t a l  atom and b r i d g i n g  I . igand, good t o  
very  good photoconduct ing  p r o p e r t i e s .  Moreover, by s p c c i -  
f i c  combina t ions  of niacrocycles ,  b r i d g i n g  l i g a n d s  and 
c e n t r a l  me ta l  atoms p h o t o e l e c t r i c  p r o p e r t i e s  can be ta i -  
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PHOTOCONDUCT I V I T  Y AND MOLE CUT AAR STRUCTURE 83 

l o r e d  t o  s p e c i f i c  wavelength r e g i o n s .  
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