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EXCITED STATES I N  POLYMERS OF DIFFERENT DIMERIZATION 

WILHELM GRAUPNER, MANFRED MAURI , JURGEN STAMPFL, 
OLIVER UNTERWEGER AND GUNTHER LEISING 
I n s t i t u t  f u r  Fes tkorperphys ik ,  TU Graz, A u s t r i a .  

ULLRICH SCHERF AND KLAUS MULLEN 
Max-Planck-Insti tut  f u r  Polymerforschung, Mainz, Germany. 

Abs t r ac t  I n v e s t i g a t i o n s  of t h e  e x c i t e d  states of a planar 
poly(para-phenylenef-type l a d d e r  polymer are p resen ted .  
system d imer i za t ion  due t o  r i n g  r o t a t i o n  ang le s  is comple te ly  
suppressed .  
po ly  (para-phenylene) and poly  (para-phenylenevinylene) . 

I n  t h i s  

We compare t h e s e  r e s u l t s  t o  i n v e s t i g a t i o n s  on 

INTRODUCTION 

17 y e a r s  after t h e  d iscovery  t h a t  po lyace ty lene  (PA) can be doped t o  
h igh  conduct iv i ty '  t h e  p r o p e r t i e s  of conjugated polymers i n  t h e i r  
undoped s ta te  a t t ract  inc reas ing  a t t e n t i o n .  The e lec t ro luminescence  
(EL) of po ly  (para-phenylene) (PPP)' and poly (para-phenylenevinylene) 
(PPV)3 i s  e x p l o i t e d  i n  polymer l i gh t  e m i t t i n g  d iodes  (LED). I n  the case 
of PPV t h e  we l l - e s t ab l i shed  p recu r so r  rou te4  y i e l d s  materials, which 
l a c k  v i b r a t i o n a l  s t r u c t u r e  i n  t h e  abso rp t ion  s p e c t r a .  Low inter- and 
intra-chain o r d e r  s e r v e  as an exp lana t ion  f o r  t h i s  obeserva t ion5 .  
Cons iderable  p rogres s  was made i n  t h i s  f i e l d  by u s i n g  " t e n t  frame 
precur so r s '  l 6  t o  produce r i g i d  rod  conjugated  segments which r e s u l t  i n  
large changes i n  t h e  e l e c t r o n i c  s t r u c t u r e .  For PPP t h e  inven t ion  of a 
p recu r so r  rou te7  allowed t h e  p r e p a r a t i o n  of h igh  q u a l i t y  f i l m s  wi th  a 
compact, non-f i b rous  morphology, whi le  t h e  ' ' c l a s s i c a l '  ' methods (Kovacic', 
Yamamotog, electrochemical" and vacuum deposit ion") r e s u l t  i n  a g r a n u l a r  
o r  f i b r i l l a r  morphology. 
(20-30°,'2-14) between success ive  phenyl r i n g s  i s  known t o  i n c r e a s e  t h e  gap. 
And even i n  t h e  n e a r l y  p l a n a r  PPV (7f6",") t h e  f r e e z i n g  o u t  of s m a l l  r i n g  
t o r s i o n s  is used as an argument t o  e x p l a i n  the r e d  s h i f t  of t h e  abso rp t ion  
peaks6, which amounts t o  about 0.05eV between room tempera ture  and 
l iquid-helium tempera ture .  Therefore  we expec t  an increase of t h e  

I n  PPP an i n c r e a s e  of t h e  t o r s i o n  ang le  
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432 W. GRAUPNER ET AL. 

intrachain order and a decrease of the gap by planarizing PPP. Aside from 
cycloaddition reactions the transformation of a linear precursor into a 
two-dimensional system by subsequent ring closure15 was recently shown to 
be an adequate approach in the synthesis of ribbon structures16. 
of a polyphenylene via a Friedel Crafts type reaction resulted in the first 
soluble, processable polyphenylene possessing planar n-systems17. 

Ring closure 

EXPERIMENTAL 

The synthesis of the PPP-type ladderpolymer (LPPP) is described in 
Flef.17 comprehensively. 
solution - the choice of KBr enables us to perform optical 
spectroscopy on the same sample between 370 and 50000~m-~. 
the Photoinduced Absorption (PIA) of the samples we used the standard 
pump and probe technique, utilizing a dispersive and a Fourier 
Transform setup, alternatively. FeC13 in a solution of acetonitrile 
was used for p-type doping, with the polymer films prepared on 
silicon. 

Films were cast on K B r  from a toluene 

To measure 

L A  

+--@$ 
R ’  

FIGURE I Structure of PPP, LPPP and PPV (left to right); 
R’=CsH13, R=-l. 4-C~jH4-C1&1. 

RESULTS AND DISCUSSION 

Absorption and Fluorescence 
In Figure 2 we show the optical density(0D) and the photoluminescence 
(PL) spectra of a thin LPPP-film. The onset of the interband 

FIGURE 2 OD 

3.5 3 2.5 2 
Energy [ev] 

and PL (b) of a thin LPPP-film. 
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POLYMERS OF DIFFERENT DIMERIZATION 433 

abso rp t ion  (Eao)  i s  at about 2.69eV while t h e  dominant abso rp t ion  peak 

(Ead) is found a t  2.79eV. The onse t  (Epo)  and t h e  f i rs t  peak of t h e  PL 
( E p l )  are found a t  2.81 and 2.72eV, r e s p e c t i v e l y .  
normalized t o  E,, and compared t o  o t h e r  m a t e r i a l s  i n  Table  I. One can 
s e e  t h a t  LPPP, PPP and PPV are q u i t e  similar i n  PL (E,,, E p l )  but  LPPP 
and improved PPV show a d i f f e r e n t  behaviour i n  t h e  abso rp t ion  compared 
t o  s tandard  PPV and PPP(&d). 

Ead, Epo and Epl are 

TABLE I Opt i ca l  p r o p e r t i e s  of LPPP, PPV and PPP. 

Material Euo CeVl EadIEao EpoIEao EpI/Eao 
LPPP 2.69 1.037 1.045 1.011 
s t anda rd  PPV1I8 2.32 1.29" 1.078 1.034 
s t anda rd  PPV2" 2 .36  1 . 2 l U  1 .051  1 .004  
improved PPV' 2 .27  1.079 1.004 1 .048  
ppp20,ZI 2 .85  1 .28 lU  1.026 1.012 

" . . . u n s t r u c t u r e d  absorp t ion  

The shape of t h e  abso rp t ion  s p e c t r a  i n  improved PPV and LPPP are very  
similar except f o r  t h e  s t r o n g  t a i l i n g  below t h e  gap i n  PPV. For t h r e e  
dimensional c r y s t a l l i n e  PA theo ry  p r e d i c t s  a gap of l . leV whi l e  t h e  

gap f o r  one-dimensional PA, i s  1.5eVZ2. 
might be  r e spons ib l e  f o r  t h e  t a i l i n g  i n  improved PPV, f o r  which 
e l e c t r o n  d i f f r a c t i o n  measurements show an i n t e r c h a i n  coherence l eng th6  
of 45A. I n  LPPP no c r y s t a l l i n i t y  was observed ( long  s idecha ins )  and 
t h e  abso rp t ion  s p e c t r a  i n  f i l m  and s o l u t i o n  match p e r f e c t l y .  

This  t h r e e  dimensional effect 

Photoinduced Absorption Spec t r a  
F igure  3 shows t h e  PIA s p e c t r a  of an as prepared  LPPP-film and a 
photo-oxidized sample. 
f e a t u r e s  cen te red  a t  690, 1050 and 1 5 0 0 ~ m - ~ .  

at 1600, 1494, 1380, 1325, 1257, 1197, 1140, 1104, 1078, 1004cm-' 
whereas t h e  s i g n a l  n o i s e  is t o o  h igh  t o  d e t e c t  a s t r u c t u r e  f o r  t h e  

For t h e  i n t a c t  f i l m  w e  observe t h r e e  broad 
The l a t te r  two show modes 

2 - 
r) 
I 
0 
Z J l  
4 a 
0 

3000 2000 1000 
W o v e n u m b e r  f l  /cm] 

FIGURE 3 PIA of a LPPP-film: (a )  as prepared ,  (b) degraded. 

broad peak at 690cm-'. 
e l e c t r o n i c  t r a n s i t i o n s  due t o  t h e i r  l a r g e  f u l l  width a t  h a l f  maximum 

Two wide f e a t u r e s  are found which w e  a s s i g n  t o  
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434 W. GRAUPNER ET AL. 

(FWHM): t h e  f i rs t  peaking at 0.26eV wi th  i t s  onse t  a t  0.20eV. The 
second has  i t s  onse t  a t  about 0.6eV and shows a 5 times h i g h e r  
i n t e n s i t y  at 1.24eV t h a n  t h e  peak of t h e  f i r s t  (F igure  4 ) .  
photo-oxidation t h e  broad f e a t u r e  a t  690cm-1 moves up by about 30cm-1 
and i n c r e a s e s  i t s  FWHM from 70 t o  100cm-'. Some I R  modes s h i f t  
(1494+1504cm-', 1380--+1384~m-~, 1197+1199cm-', 1140-+1152cm-' and 
1104+1108~m-~) and t h e  peak of t h e  lower l y i n g  e l e c t r o n i c  t r a n s i t i o n  
moves from 0.26eV up t o  0.33eV ( t h e  onse t  remains c o n s t a n t ) .  

Upon 

8000 6000 4000 2000 
W o v e n u m b e r  [ l / c m ]  

FIGURE 4 PIA of a LPPP-film. 

Upon photo-oxidation t h e  abso rp t ion  spectrum of t h e  LPPP shows t h e  

same q u a l i t a t i v e  change, as it was found by comparing improved PPV t o  
t h e  s t anda rd  material6. Th i s  would i n d i c a t e  a l o s s  of i n t r a c h a i n  
o rde r .  
ene rg ie s  accompanied by an i n c r e a s e  of i t s  i n t e n s i t y 2 3  r e l a t i v e  t o  t h e  
v i b r o n i c  PIA by a f a c t o r  of 2 .  
dec rease  of conjugat ion  l e n g t h  whi le  t h e  second is an  evidence f o r  an 
i n c r e a s e  i n  t h e  d e f e c t  mass24 of t h e  photogenerated s p e c i e s .  

l a t t e r  can be expla ined  as reduced mob i l i t y  a long  t h e  cha in  due t o  
reduced conjugat ion .  

K i n e t i c s  of t h e  Photoinduced AbsorDtion 

Moreover, w e  f i n d  t h e  e l e c t r o n i c  PIA s h i f t i n g  towards h i g h e r  

The f i rs t  f ac t  would i n d i c a t e  a 

The 

I I I I 

0 100 200 300 400 
Pump Power [ m w  

FIGURE 5 K i n e t i c s  of PIA of a LPPP-film. 
i n c r e a s e s  wi th  inc reas ing  rc (he re :  7-,=6,12,23,47,94ms). 

The s i g n a l  

The k i n e t i c s  of t h e  PIA w a s  i n v e s t i g a t e d  by vary ing  t h e  i n t e n s i t y  pi 
and t h e  chopping pe r iod  ( rC)  of  t h e  pump beam. To d e s c r i b e  t h e  r e s u l t s  
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POLYMERS OF DIFFERENT DIMERIZATION 435 

i n  F igu re  5 i n  a comprehensive way w e  u se  t h e  fo l lowing  r e l a t i o n :  

A and c are normal iz ing  c o n s t a n t s  depending on t h e  u n i t s  of I ,  pi and 

r,. A s t eady  i n c r e a s e  
of t h e  PIA s i g n a l  ( I )  at  0.26eV i s  observed, when i n c r e a s i n g  t h e  
chopper pe r iod  from 6 t o  94ms (B=0 .65) .  
t h e  l i f e t i m e  of t h e  photogenerated d e f e c t s  is longe r  t h a n  100ms. 
t h e  dependence of t h e  PIA on pump beam i n t e n s i t y  we found a 
py.65-behaviour which i s  expressed by c=0.57 and D=-O.O31. 
D-value means t h a t  t h e  choice  of rc does no t  i n f luence  t h e  
pi-dependence of t h e  PIA. Th i s  i s  seen  f o r  trans-PA where we found D t o  
approach 0 f o r  i nc reas ing  ox ida t ion  of t h e  sample and f o r  dec reas ing  
conjugat ion  i n  unoxidized samples. 
t o  PA of a mean conjugat ion  l e n g t h  of f i v e  double bonds. 
f i n d  a con juga t ion  l e n g t h  of approximately 9 phenyl r ings25 .  

PIA Dependence on Pump Wavelength and Temperature 
We recorded  t h e  e x c i t a t i o n  s p e c t r a  of t h e  PIA a t  two d i s t i n c t  quantum 
e n e r g i e s  of t h e  probe beam - at 0 .26  and a t  0.62 eV. It w a s  seen  t h a t  
t h e  onse t  of e f f i c i e n t  product ion  of photo-defec ts  is r e d s h i f t e d  by 
about 0 .  ieV wi th  r e spec t  t o  t h e  in t e rband  t r a n s i t i o n  spectrum23. 

tempera ture  dependence of t h e  PIA s i g n a l  (probe a t  0.26eV) i s  shown i n  

F igu re  6 .  
t empera ture  where t h e  s i g n a l  starts t o  dec rease  r a p i d l y  with 
i n c r e a s i n g  tempera ture  (140K v s  200K). 

The phys ica l  meaning i s  conta ined  i n  B and c.  

Therefore ,  w e  conclude that  
For  

A ze ro  

The va lue  found f o r  LPPP cor responds  
For  t h e  LPPP we 

The 

The PIA i n  LPPP - compared t o  PA - shows a lower t h r e s h o l d  

100 150 200 250 
Temperature [K ]  

FIGURE 6 Temperature dependence of t h e  PIA a t  (a) 0.26 e V  
i n  LPPP and a t  (b) 0.4eV i n  truns-PAZ6. 

Doping Induced S p e c t r a  
I n  F igu re  7 w e  show t h e  n e t  change i n  absorbance of a doped LPPP-film 
wi th  r e s p e c t  t o  t h e  p r i s t i n e  material compared t o  t h e  PIA of a undoped 
LPPP. Doping of t h e  m a t e r i a l  should r e s u l t  i n  charged d e f e c t s  w i th  a 
h ighe r  d e f e c t  mass on t h e  cha in .  The q u a l i t a t i v e  s i m i l a r i t y  t o  t h e  
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436 W. GRAUPNER ET AL. 

PIA spectrum shows t h a t  t h e  photogenerated states are a l s o  charged. 
Some q u a n t i t a t i v e  d i f f e r e n c e s  are found however: 
IR-modes s h i f t  up i n  f requency  compared t o  t h e  photoinduced ones .  The 

onse t  of t h e  e l e c t r o n i c  peak does no t  change whi le  t h e  peak moves from 
0.26eV t o  0.43eV. The o s c i l l a t o r  s t r e n g t h  of t h e  e l e c t r o n i c  
t r a n s i t i o n s  r e l a t i v e  t o  t h e  v i b r o n i c  ones i n c r e a s e s  by a f a c t o r  of two 
(see p h o t o - ~ x i d a t i o n ) ' ~ .  We a l s o  want t o  emphasize t h a t  t h e  s p e c t r a  of 
t h e  doped LPPP f i l m  d i d  n o t  show any s i g n  of t h e  e l e c t r o n i c  t r a n s i t i o n  
wi th  t h e  onse t  a t  0.6eV t h a t  was observed i n  t h e  PIA (F igure  4 ) .  

Therefore  t h i s  PIA f e a t u r e  i s  no t  r e l a t e d  t o  charged d e f e c t s .  

t h e  doping induced 

2 - 
: 

- 1  

5 U 
0 

3000 2000 1000 
Wavenumber [ 1 / cm]  

FIGURE 7 Doping induced abso rp t ion  of a LPPP-film (a )  
compared t o  PIA ( b ) .  

Time Resolved Photoluminescence Keasurements 
I n  o r d e r  t o  d i s c u s s  t h e  n a t u r e  of t h e  photogenerated s p e c i e s ,  c r e a t e d  
immediately a f t e r  e x c i t a t i o n ,  w e  performed t i m e  r e so lved  luminescence 
measurements t h a t  are desc r ibed  i n  d e t a i l  elsewhere27. 
clear evidence f o r  a t  least  two p rocesses  appear ing  on t h e  
ps- t imesca le .  One wi th  TI o f  about 80ps,  t h e  o t h e r  wi th  7-2 of about 
500ps.  The decay of t h e  luminescence was measured at emission 
wavelengths between 450 and 620nm. With inc reas ing  wavelength 
i n c r e a s i n g  rise-times are observed and t h e  r e l a t i v e  weight of t h e  
rz-component a l s o  r ises.  
t h e  photoluminescence emission s h i f t s  towards t h e  r ed  wi th  t i m e .  
similar behaviour is seen  f o r  PPV". 

There is a 

Th i s  means t h a t  t h e  s p e c t r a l  composition of 

A 

Discuss ion  of t h e  d e f e c t  states 
I n  Table I1 we p r e s e n t  a comparison of t h e  photo- and doping induced 
d e f e c t s  found i n  o p t i c a l  experiments i n  a LPPP, PPV and PPP. EkY and 
E:; denote  t h e  photoinduced ( h u )  t r a n s i t i o n s  between t h e  band and 
d e f e c t  l e v e l s  accord ing  t o  t h e  Fesse r  Bishop Campbell 
s u p e r s c r i p t  p-d s t a n d s  f o r  p-type doping. I n  t h e  framework of t h i s  
model t h e  r a t i o  wo/A, of t h e  d i s t a n c e  between midgap and t h e  d e f e c t  
states d iv ided  by h a l f  t h e  gap p l ays  an important r o l e  - t h e r f o r e  it 
i s  provided i n  b racke t s  below t h e  energy va lues  of t h e  d e f e c t  s t a t e s .  

whi le  t h e  
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POLYMERS OF DIFFERENT DIMEREATION 437 

It  is s e e n  t h a t  w o / A ,  i n c r e a s e s  f rom PPV v i a  PPP t o  LPPP. W i t h i n  t he  
mentioned model t h i s  i m p l i e s  t h a t  the  confinement  of  t h e  d e f e c t  s ta tes  
i n c r e a s e s  i n  t h e  same o r d e r .  

TABLE I1 Defect states of LPPP, PPV, PPP. 

Material LPPP PPVsl PPV"2 PPVk PPP 
E,-,* Lev] 2.79 2.8 3 .2  2.65 3.4 
Ety[eV] 0.26 0.6 - 0.4 - 

E t i [ e ~ I  - 1.6  - 1 .6  - 
(0.81) (0.57) - (0.70) - 

- (0.14) - (0.21) - 
E L ; ~ [ ~ V I  0.43 - 0.9 0 .8  0.55 

(0.69) - (0.44) (0.40) 0.68 
E; ;~C~VI - - 2.3 2.0 2.5 

- - (0.44) (0.51) (0.47) 

PPV"1:Ref .19, PPV"2:Ref .29, PPVk:Ref .30, PPP: Refs 12,31-34 

CONCLUSION 

We have  p r e s e n t e d  r e s u l t s  c o n c e r n i n g  the  e x c i t e d  states i n  LPPP 
emphas iz ing  t h e  i n f l u e n c e  of  large i n t r a c h a i n  o r d e r  which is  
r e s p o n s i b l e  f o r  t h e  s i m i l a r i t y  between LPPP and improved PPV i n  t h e  
s h a p e  o f  t h e  i n t e r b a n d  t r a n s i t i o n .  
t r a n s i t i o n  caused  by charged d e f e c t s  which we a s s i g n  t o  s t r o n g l y  
c o n f i n e d  b i p o l a r o n s  w i t h  l i fe t imes of  t h e  o r d e r  of  0.1s .  

F o r  LPPP w e  o b s e r v e  o n l y  one  

T h i s  work was s u p p o r t e d  by t h e  Styrian Government and t he  A u s t r i a n  Fonds 
zur Forderung der wissenschnftlichen Forschung, p r o j e c t  P 9300-TEC, which i s  
a p a r t  o f  t h e  BRITE/EURAM HICOPOL p r o j e c t .  
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