
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 20 February 2013, At: 12:47
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

The Synthesis, Properties
and Structure of Poly(Peri-
Naphthalene): a Conducting,
Undoped Organic Polymer
Z. Iqbal a , D. M. Ivory a , J. Marti b , J. L. Brédas b &
R. H. Baughman a
a Allied Corporation, Corporate Technology,
Morristown, NJ, 07960, USA
b Laboratoire de Chi mi e Theorique Appliquée,
Facultés Universitaires Notre-Dame de la Paix,
B-5000, Namur, Belgium
Version of record first published: 17 Oct 2011.

To cite this article: Z. Iqbal , D. M. Ivory , J. Marti , J. L. Brédas & R. H. Baughman
(1985): The Synthesis, Properties and Structure of Poly(Peri-Naphthalene): a
Conducting, Undoped Organic Polymer, Molecular Crystals and Liquid Crystals, 118:1,
103-109

To link to this article:  http://dx.doi.org/10.1080/00268948508076195

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948508076195
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
47

 2
0 

Fe
br

ua
ry

 2
01

3 



Mol. Crysr. Liq. Cryst. 1985, Vol. 118, pp. 103-110 

0 1985 Gordon and Breach, Science Publishers, Inc. and OPA Ltd. 
Printed in the United States of America 

0026-894 I 1851 I 184-0103/$15.00/0 

THE SYNTHESIS, PROPERTIES AND STRUCTURE OF POLY PER1 NAPHTHALENE) : 
A CONDUCTING, UNDOPED ORGANIC POLY k-- ER 

z. IQBAL~, D.M. IVORY+, J MARTI?, J.L. B R ~ D A S ~ ~  
and R.H. BAUGHMAN~ 

t A1 1 i e d  Corporat ion,  Corporate Technology, 
Morristown, NJ 07960, USA 

tt L a b o r a t o i r e  de Chimie Theorique Appl iquge, F a c u l t &  
U n i v e r s i t a i r e s  Notre-Dame de l a  Paix ,  8-5000 Namur, Belgium. 

A b s t r a c t  

The syn thes i s  o f  r i bbons  o f  a h i g h l y  conduct ing,  undoped 
o rgan ic  polymer by t h e  p y r o l y s i s  o f  3,4,9,10-perylene- 
tetracarboxylicdianhydride i s  described. The c o n d u c t i v i t y  
i s  no t  decreased upon exposure t o  se lec ted  donor o r  accep to r  
dopants, suggest ing t h a t  t h e  h i g h  observed c o n d u c t i v i t y  i s  
n o t  due t o  a cha rge - t rans fe r  complex. Elemental a n a l y s i s  
and i n f r a r e d  and Raman spec t roscop ies  a re  c o n s i s t e n t  w i t h  
s t r u c t u r a l  assignment as poly(epYj  -naphthalene), PPN. 
However, observed d i f f r a c t i o n  p a t t e r n s  are no t  c o n s i s t e n t  
w i t h  c r y s t a l  s t ruc tu re  d e r i v e d  f o r  t h i s  polymer us ing  model 
compounds. Furthermore, these p a t t e r n s  are q u i t e  s i m i l a r  t o  
t h a t  ob ta ined  f o r  a v a r i e t y  o f  p y r o l i z e d  aromat ic  o rgan ic  
molecules, suggest ing s u b s t a n t i a l  r e a c t i o n  t h a t  i s  o f  a s t a -  
t i s t i c a l  nature. Quantum chemical c a l c u l a t i o n s  a re  pre- 
sented f o r  s t r u c t u r a l l y  i d e a l  PPN, which suggest a small  
(0.3 eV) o r  van ish ing  bandgap, depending upon t h e  p r e c i s e  
mo lecu la r  geometry and t h e  na tu re  o f  i n t e r c h a i n  coupl ing.  

INTRODUCTION 

Kaplan e t  a l l  were f i r s t  t o  r e p o r t  t h a t  t h e  p y r o l y s i s  o f  
3,4,9 , l o -pe ry l  ene te t raca rboxy l  i c d i a n h y d r i  de (PTCDA, c f .  eq .l) i n  
vacuum a t  temperatures between 700" and 900°C y i e l d e d  conduct ing 
(URTc'250 S cm-1) f i l m s .  
d u c t i n g  m a t e r i a l  cou ld  a l s o  be produced by e l e c t r o n  or argon-ion 
beam bombardment o f  PTCDA. The t h i n  f i l m s  produced on p y r o l y s i s  
appeared amorphous i n  x - ray  d i f f r a c t i o n ,  bu t  d i d  evidence 
e l e c t r o n  d i f f r a c t i o n  l i n e s .  Chemical a n a l y s i s  o f  t h e  t h i n  f i l m s  
ob ta ined  by p y r o l y s j s  t y p i c a l l y  y i e l d e d  99.2% C and 0.7% H, 
corresponding t o  about C10H0.8. 
mo lecu la r  s t r u c t u r e  was suggested by t h e  elemental a n a l y s i s  o f  
t h e  f i l m s .  

Subsequent work293 e s t a b l i s h e d  t h a t  con- 

Hence, a p a r t i a l l y  g r a p h i t i z e d  
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104 Z. IQBAL ef a!. 

We have re inves t iga ted  the py ro l ys i s  reac t ion  o f  PTCDA w i th  
the  aim o f  ascertaining cond i t ions  under which poly(peri- 
naphthalene) (PPN) could be synthesized. This might occur 
according t o  the  fo l l ow ing  scheme: 

PTCDA I I 1  

Intermediate I i n  the  above scheme i s  the monoanhydride d i -  
rad ica l .  Under c e r t a i n  condi t ions,  we have been able t o  i s o l a t e  
c r y s t a l s  o f  perylenedicarboxyl ic monoanhydride ( the hydrogenated 
analog o f  d i rad i ca l  I ) .  PPN w i l l  be used i n  the  present work t o  
denote the idea l i zed  product I 1  as wel l  as the reac t ion  product 
obtained by the py ro l ys i s  o f  PTCDA, which appears t o  be p a r t i a l l y  
g raph i t i zed  product 11. We a lso  ob ta in  r ibbons o f  a polymeric 
product which evidence a carbonfhydrogen r a t i o ,  and i n f r a r e d  and 
Raman spectroscopies consistent w i th  PPN. 
studies suggest a c rys ta l  s t ruc tu re  s t a b i l i z e d  by s i g n i f i c a n t  
reac t ion  i n  more than one d i rec t ion .  I n  add i t i on  t o  these 
resu l t s ,  we w i l l  repor t  quantum chemical ca lcu la t ions  f o r  s t ruc-  
t u r a l  l y  per fec t  PPN. Murakami and Yoshimura4 have independently 
reported a t  t h i s  conference the synthesis o f  PPN ribbons. 

SYNTHESIS AND PROPERTIES: 

o f  PTCDA. The py ro l ys i s  was ca r r i ed  ou t  i n  a quartz tube (2.5 cm 
i n  diameter) containing PTCDA i n  a ceramic boat, which was placed 
i n s i d e  a Lindberg furnace. 
prepared i n  a f low of e i t h e r  100% A r ,  100% H , or a 90%-10% 
Ar-Hz mixture. The s t a r t i n g  mater ia l  consisEed o f  a pressed 
p e l l e t  o f  p u r i f i e d  PTCDA o r  vapor-grown c r y s t a l s  o f  PTCDA. The 
temperatures i n  the  py ro l ys i s  zone ranged from 530" t o  900°C and 
were maintained t o  w i th in  2 5°C dur ing  the  course o f  each exper i -  
ment. Pyro lys is  times were t y p i c a l l y  from 1 t o  24 hrs. Whisker- 
l i k e  c rys ta l s  o f  PTCDA were grown under vacuum a t  450°C and were 
a l so  formed a t  the  cooler end o f  the tube dur ing  pyro lys is .  
Smaller, wool ly deposits were obtained a t  even cooler wal l  tem- 
peratures (42OoC), p a r t i c u l a r l y  when the  PTCDA vapors were 
al lowed t o  pass through a plat inum gauze. The l a t t e r  analyzed as 
the  monoanhydride analog of PTCDA, w i th  a c rys ta l  s t ruc tu re  t h a t  
i s  q u i t e  d i f f e r e n t  from t h a t  o f  PTCDA5. Metal l ic-grey,  r ibbon- 
l i k e  growths o f  PPN between about 0.03 mm and a few m i l l ime te rs  
i n  length  grew on the surfaces o f  the PTCDA p e l l e t s  and c r y s t a l s  
dur ing  pyrolysis.  Black, powder-like mater ia l ,  which gave the  

However, d i f f r a c t i o n  

PPN (product 11, eq. 1) was prepared by the py ro l ys i s  

The samples reported on here were 
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POLY(fER/-NAPHTHALENE) 105 

same e l e c t r o n  d i f f r a c t i o n  l i n e s  as t h e  r ibbons,  was found co- 
m ing led  w i t h  t h e  r ibbons. 
s i t e d  on t h e  boat  and w a l l s  o f  t h e  q u a r t z  tubes, The p r o p e r t i e s  
o f  these f i l m s ,  which we b e l i e v e  t o  c o n t a i n  a c h e m i c a l l y  m o d i f i e d  
fo rm of PPN, were found t o  be s i m i l a r  t o  t h a t  r e p o r t e d  by Kaplan 
e t  a l .1  P e l l e t s  o f  PPN gave room temperature f o u r - p o i n t  
probe c o n d u c t i v i t i e s  rang ing  f rom 10-2 S cm-1 a t  Tp ( p y r o l y s i s  
temperature)  o f  530°C t o  15 S cm-1 a t  a Tp o f  800" and 900°C. 
The c o n d u c t i v i t i e s  o f  PPN samples prepared a t  v a r i o u s  tem- 
p e r a t u r e s  were unchanged upon exposure t o  compensating agents 
such as NH3 and benzoquinone, t h u s  suggest ing t h a t  t h e  observed 
c o n d u c t i v i t y  i s  i n t r i n s i c  and no t  due t o  some doping process 
d u r i n g  synthes is .  The C,H and 0 c o n t e n t s  o f  r e p r e s e n t a t i v e  
samples are: 
C=96.32, H=2.95 andPi=0.8%; f o r  T -9OO"C, C=96.95, H=2.9!?, 
0<0.5%. The t h e o r e t i c a l  co rnpos i t f i n  f o r  PPN i s  C=96.77, H=3.23%. 
The chemical a n a l y s i s  r e s u l t s  were independent o f  t h e  c a r r i e r  gas 
used i n  t h e  synthes is .  Thus, t h e  chemical a n a l y s i s  f o r  t h e  
samples prepared a t  700OC and 900°C correspond c l o s e l y  wi th t h a t  
o f  p o l y  e r i  naphthalene) w i t h  formula ( C l o H q ) x .  The 4.1% oxygen 
i n  t h e  samp %- e obta ined a t  a T o f  530°C remained unchanged even 
a f t e r  t h e  sample had been anngaled a t  500°C i n  a 10-2 -10-3 T o r r  
dynamic vacuum f o r  3 hours. Th is  i n d i c a t e s  t h a t  t h e  oxygen con- 
t e n t  cannot be assoc ia ted  w i t h  unreacted PTCDA i n  t h e  sample. 
Raman and x - ray  d i f f r a c t i o n  analyses a r e  a l s o  c o n s i s t e n t  w i t h  
t h i s  conclus ion.  
t h e  presence o f  two broad f e a t u r e s  a t  1725 and 1765 cm-1, a t t r i -  
b u t a b l e  t o  C=O groups. Cons is ten t  w i t h  our  conc lus ion  above, 
t hese  l i n e s  a re  s h i f t e d  t o  l ower  f requenc ies  compared w i t h  PTCDA 
and hence cannot be due t o  unreacted s t a r t i n g  m a t e r i a l .  These 
r e s u l t s  a r e  c o n s i s t e n t  with bonding o f  t h e  oxygen a t  t h e  cha in  
ends o f  s h o r t  segments (corresponding t o  18 naphtha1 ene u n i t s  
f o r  T -530°C) o f  t h e  PPN polymer. 

?he FTIR spect ra a l s o  show t h r e e  broad features l o c a t e d  a t  
1570, 1385 and 1325 cm-1, which are ass ignab le  t o  aromat ic  r i n g  
v i b r a t i o n s ,  and l i n e s  o f  medium i n t e n s i t y  a t  805 and 765 cm-1, 
which a re  assoc ia ted  w i t h  aromat ic  C-H ou t -o f -p lane  v i b r a t i o n s .  
The Raman spectrum shows o n l y  two fea tu res :  t hese  a r e  l o c a t e d  a t  
1594 and 1352 cm-1 and correspond t o  t h e  i n f r a r e d  l i n e s  a t  1570, 
1385 and 1325 cm-1. 

Thin, m e t a l l i c  f i l m s  were a l s o  depo- 

f o r  T -530"C, C=93.5, H=3.2, 0=4.1%; f o r  T -7OO"C, 

I n f r a r e d  spec t ra  on t h e  annealed sample show 

MORPHOLOGY 

The r i bbons  were examined us ing  b o t h  h i g h  r e s o l u t i o n  o p t i c a l  
and e l e c t r o n  microscope techniques. F igs.  1 ( A )  and (B)  show 
scanning e l e c t r o n  micrographs o f  a r i b b o n  grown a t  530°C i n  
argon. 
which shows an edge-on v iew o f  t h e  end o f  a r ibbon,  t h e  h o l l o w  

S t r i a t i o n s  on t h e  faces a re  e v i d e n t  and i n  micrograph 1(B) .  D
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106 Z. IQBAL et al. 

ends o f  the r ibbon can be seen. The transmission e lec t ron  
micrograph o f  a segment o f  a r ibbon from the same batch Fig, 1(C) 
shows herring-bone s t r i a t i o n s  running across the  r ibbon width. 
An e lec t ron  d i f f r a c t i o n  pa t te rn  i s  observed w i t h  a strong 3.54 8, 
spacing or ien ted  approximately orthogonal t o  the  d i r e c t i o n  o f  the 
s t r i a t i ons .  Under higher magn i f i ca t ion  i n  the e lec t ron  micro- 
scope the s t r i a t i o n s  resolve i n t o  layered, f i b e r - l i k e  bundles 
1000 w apart [Fig. l(D)].  
bons grown a t  900°C. 

S imi la r  wh isker - l i ke  growth on the surface and an ove ra l l  
c r y s t a l  shape unchanged from t h a t  o f  the  precursor c rys ta l  i s  
observed when a vapor grown c rys ta l  o f  PTCDA i s  sealed i n  argon 
i n  a quartz melt ing-point  tube and pyrolyzed a t  5 3 O O C  f o r  1 hour. 
This suggests t h a t  the polymerizat ion process occurs a t  l eas t  
p a r t i a l l y  i n  the s o l i d  state. More de ta i l ed  studies on the 
nature o f  the  s o l i d  s ta te  polymerizat ion are i n  progress. 

S imi la r  resu l t s  are obtained f o r  r i b -  

STRUCTURE: 

Fiber-type e lec t ron  d i f f r a c t i o n  pa t te rns  were obtained from 
The d-spacings o f  the r ibbons grown under d i f f e r e n t  condi t ions.  

observed r e f l e c t i o n s  together w i t h  those observed v ia  x-ray 
d i f f r a c t i o n  on a p e l l e t  pyrolyzed a t  53OOC i n  an Ar-Hz atmosphere 
are l i s t e d  i n  Table I ( t h e  9.9 8, l i n e  i s  a t  too  long a spacing 
t o  be observed by standard e lec t ron  d i f f r a c t i o n  methods). Except 
f o r  the  long spacing observed i n  x-ray d i f f r a c t i o n ,  both the x- 
ray and e lec t ron  d i f f r a c t i o n  patterns were independent o f  the Tp 
o f  the samples. Lines i n  the e lec t ron  d i f f r a c t i o n  pa t te rn  are 
assigned as equator ia l  and meridional  i n  Table I i n  terms o f  the 
morphology discussed e a r l i e r ,  where f i b e r s  were found t o  run 
approximately orthogonal t o  the r i  bbon-axis d i rec t i on .  

TABLE I. Summary o f  d i f f r a c t i o n  data 

X-ray E lec t ron  D i  f f r a c t  i on 
9.9 ( 2 4 ) t t  
3.55 (100) 3.54 E t  (very s t r o n g ) t t  
2.09 (50) 2.10 M (s t rong)  
1.72 (22) 1.80 E (weak) 
1.22 (22) 1.21 M (medium) 

1.08 (weak) 
0.79 (very  weak) 
0.70 (very  weak) 
0.60 (very weak) 

d-spacing i n  8, 

7 E - equator ia l  or near equator ia l ,  K meridional  
o r  near meridional ; tt Re la t i ve  I n t e n s i t i e s  
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POLY(PERI-NAPHTHALENE) I07 

Note, t h a t  t h e  observed mer id iona l  spacing o f  2.1 8 i s  about 
equal t o  one-hal f  o f  t h e  expected cha in  a x i s  repeat  of PPN 
(4.33 A ) ,  which i s  d e r i v e d  from t h e  geometry o f  quaterry lene.  
Note, however, t h a t  a r e f l e c t i o n  w i t h  about t h a t  same spacing 
appears f o r  g r a p h i t e  and f o r  p a r t i a l l y  g r a p h i t i z e d  hydrocarbons. 
A l so  no te  t h a t ,  w i t h  t h e  excep t ion  o f  t h e  l onges t  spacing, t h e  
observed d i f f r a c t i o n  l i n e s  can be t e n t a t i v e l y  indexed as har-  
monics o f  i n t e r p l a n a r  spacings a t  3.5, 2.1 and 1.2 'A. Moreover, 
Murthy6 has p o i n t e d  ou t  t h a t  t h e  x- ray d i f f r a c t i o n  p a t t e r n s  o f  
PPN a r e  very s i m i l a r  i n  l i n e  p o s i t i o n s  and r e l a t i v e  i n t e n s i t i e s  
t o  t h a t  ob ta ined  f o r  t h e  p y r o l y s i s  products  o f  a v a r i e t y  o f  aro-  
m a t i c  hydrocarbons. The l o n g  spacing observed i n  t h e  x - ray  
d i f f r a c t i o n  data a t  9.9 8, i s  t h e  mo lecu la r  cen te r - to -cen te r  
s e p a r a t i o n  p r e d i c t e d  f o r  cop1 anar po l  y- (&-naphthalene) molecules 
i n  van de r  Waals con tac t  (9.0 h) .  
r e s u l t s  i s  t h a t  p o l y ( m - n a p h t h a l e n e )  chains a re  s tacked cop la -  
n a r  i n  a l a  e r  and t h a t  t h e  separa t i on  between each l a y e r  i s  

c r o s s l i n k i n  w i t h i n  l a y e r s  would be necessary. The disappearance 
o f  t h e  9.9 E( l i n e  a f t e r  annea l i ng  a t  h i g h e r  temperature 
( N ~ O O O C ) ,  c o i n c i d e n t  w i t h  major  i nc reases  i n  e l e c t r i c a l  conduc- 
t i v i t y ,  would then suggest increased i n t e r c h a i n  c r o s s l i n k i n g  
( p a r t i a l  g r a p h i t i z a t i o n )  so t h a t  t h e  i n - p l a n e  i n t e r c h a i n  separa- 
t i o n  i s  no l o n g e r  observable. Cons is ten t  w i t h  these specula- 
t i o n s ,  t h e  observed d i f f r a c t i o n  l i n e s  a re  no t  c o n s i s t e n t  w i t h  
mo lecu la r  pack ing modes f o r  PPN d e r i v e d  e i t h e r  from t h e  d i m e r i c  
s t r u c t u r e s  o f  pery lene and q u a t e r r y l e n e  o r  t h e  monomeric s t r u c -  
t u r e  o f  perylene7. 

One i n t e r p r e t a t i o n  o f  these 

about  3.55 H . 
I n  o rde r  t o  s t a b i l i z e  such a pack ing mode, some i n t e r c h a i n  

THE BAND STRUCTURE: 

The band s t r u c t u r e  o f  s t r u c t u r a l l y  i d e a l  PPN has been com- 
pu ted  by means o f  t h e  Valence E f f e c t i v e  Hami l t on ian  (VEH) 
technique.8 The VEH method has been shown t o  p r o v i d e  ve ry  good 
es t ima tes  f o r  i o n i z a t i o n  p o t e n t i a l s ,  bandwidths, and even 
bandgaps i n  a very l a r g e  number o f  conjugated polymers.9 

PPN cha in  geometry has been chosen t o  correspond t o  t h a t  d e t e r -  
mined by x- ray d i f f r a c t i o n  on q ~ a t e r r y l e n e . ~  The c h a i n  i s  con- 
s i d e r e d  t o  be p e r f e c t l y  coplanar  s ince  o n l y  ve ry  small  depar tu res  
f rom p l a n a r i t y  are observed i n  qua te r ry lene .  The so l  i d - s t a t e  
i o n i z a t i o n  p o t e n t i a l  i s  c a l c u l a t e d  t o  be o f  t h e  o r d e r  o f  4.0 eV, 
i.e. s i m i l a r  t o  t h a t  i n  p o l y p y r r o l e .  As expected, t h e  h ighes t  
occupied (HOMO) and lowes t  unoccupied (LUMO) bands a r e  rl' bands. 
The HOMO band has a ve ry  l a r g e  w i d t h  o f  about 4.4 eV. Th is  i s  
about o n e - t h i r d  sma l le r  t han  i n  po l yace ty lene  (PA) ,  b u t  o n e - t h i r d  
l a r g e r  than  i n  poly(para-phenylene).g 

I n  t h e  p r e l i m i n a r y  c a l c u l a t i o n s  r e p o r t e d  i n  t h i s  paper, t h e  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
47

 2
0 

Fe
br

ua
ry

 2
01

3 



108 Z. IQBAL et al. 

With the  geometry we have used and consider ing i so la ted  
chains, t he  pred ic ted  bandgap i s  very small, 0.3 eV, although not 
vanishing. The reason f o r  having a bandgap tending t o  zero i n  
PPN can be found i n  a de ta i l ed  ana lys is  o f  the band structure.10 
The LCAO c o e f f i c i e n t s  f o r  the HOMO and the  LUMO are indeed a n t i -  
symmetric w i th  respect t o  the m i r r o r  plane which i s  both p a r a l l e l  
t o  the  chain axis and perpendicular t o  the  plane o f  the molecule. 
Therefore, by symnetry, the  LCAO c o e f f i c i e n t s  on the carbon atoms 
loca ted  on t h a t  m i r r o r  plane i n  the  middle o f  the  molecule do 
vanish. As a resu l t ,  con t r i bu t i ons  t o  the  HOMO and LUMO on ly  
come from the atoms on the  per iphery o f  the chain. This leads t o  
the  observation t h a t  PPN can be considered as formed by two 
i n t e r a c t i n g  c i  s-polyacetylene chains. The i n t e r a c t i o n  between 
the  two cis-PA subunits i n  PPN provokes the s p l i t t i n g  of the o r i -  
g ina l  cis-PA HOMO and LUMO band, r e s u l t i n g  i n  a much smaller band 
gap than i n  cis-PA. I n  t h i s  context, reduct ion o f  the  bandgap t o  
vanishing values can be expected i f  the actual chain geometry i s  
such tha t :  
than i n  the  geometry we have considered, thereby causing a l a r g e r  
s p l i t t i n g  o f  the o r i g i n a l  cis-PA bands; and/or ( i i )  the  degree 
o f  bond length  a l te rna t i on  along the cis-PA subunits i s  smaller 
than the 0.08 8, value observed i n  quaterrylene. 

Three-dimensional e f f e c t s  can a1 so be very important i n  
decreasing the bandgap value. A p re l im inary  ca l cu la t i on  i n d i  - 
cates tha t  the gap i s  reduced t o  zero when the  chains o f  PPN 
l i e  on top o f  each other w i th  superimposed carbon atoms and an 
i n te rp lana r  spacing o f  3.4 1. 
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FIG. 1 See t e x t  f o r  d e t a i l s  
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