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CHARACTERIZATION OF POLY(3-METHYLTHIOPHENE) FILMS 
BY I R ,  ELEMENTAL ANALYSIS, THERMOGRAVIMETRY AND 
MASS SPECTROMETRY 

W. KOBEL, H. KIESS, M. EGLI and R.  KELLER 
L a b o r a t o r i e s  RCA Ltd . ,  Badeners t rasse  569 
CH-8048 Zur ich ,  Swi tzer land  

Abs t r ac t  Poly(3-methylthiophene) f i l m s  prepared  
e l ec t rochemica l ly  w i t h  propylene ca rbona te  a s  s o l -  
vent  c o n t a i n  21.5% and 16.5% propylene carbonate  
i n  t h e  ox id ized  and reduced s t a t e ,  r e s p e c t i v e l y .  
The the rma l ly  a c t i v a t e d  r e l e a s e  of t h e  so lven t  and 
of t h e  dopant BF4- a r e  s t u d i e d  by thermogravimetry 
and mass spec t romet ry .  The a c t i v a t i o n  e n e r g i e s  
f o r  t h e  r e l e a s e  of BF4- and of propylene ca rbona te  
a r e  both  found t o  be about 1 eV. 

INTRODUCTION 

Poly  ( th iophene)  f i l m s  can be grown e l ec t rochemica l ly  from 

an e l e c t r o l y t e  medium c o n s i s t i n g  of a s o l v e n t ,  (Bu)qNBF4 

and t h e  monomer. Solvents  which have been used a r e  THF, 

C H z C 1 2 ,  CH3CN and propylene carbonate’* 2 .  Our observa- 

t i o n  was t h a t  t h e  b e s t  f i l m  q u a l i t y  i s  achieved i f  t h e  

f i l m s  a r e  prepared  w i t h  propylene carbonate  (PC) a s  s o l -  

v e n t ,  however a t  t h e  expense of PC be ing  inco rpora t ed  i n  

t h e  f i l m s .  I n  t h i s  paper we want t o  g i v e  q u a n t i t a t i v e  

accoun t s  of t h e  amount of s o l v e n t  and dopant found i n  

e l ec t rochemica l ly  reduced and oxid ized  poly(3-methylthio- 

phene) f i l m s  (PMT), of t h e  the rma l ly  a c t i v a t e d  r e l e a s e  of 

t h e  so lven t  and dopant BFq-, and f i n a l l y  of t h e  thermal  

s t a b i l i t y  of  PMT i t s e l f .  
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142 W. KOBEL er al. 

EXPERIMENTAL 

Poly(3-methylthiophene) films were prepared in a propylene 

carbonate /tetrabutylammonium tetrafluoroborate supporting 

electrolyte as described in our previous paper3. 

prepared the films have a smooth surface and, if suffi- 

ciently thin, appear blue in transmission indicating that 

the films were oxidized (with BF4- incorporated). 

reduced films (i.e. without BF4-)  appear red. Depending 

on the type of investigation the films were either grown 

on S i ,  Pt o r  on Au. Since PMT adheres only slighly to Pt, 

free standing films were prepared by peeling the PMT off 
the Pt substrate. 

As 

The 

The samples were characterized by IR-measurements and 

by elemental (F ,  S, C, H, N) analysis. Mass spectrometric 

measurements up to 25OoC (or in special cases up to 52OoC) 

were performed on films of - 2  pm thickness and an area 

of 

was operated with a HP 150 personal computer. The pro- 

grams have been developed in house. The sample tempera- 

ture was raised linearly with time and the mass spectrum 

between 10 and 122 amu taken in intervals of 3OC to 5OC 

depending on the temperature range covered. 

y 1 cm2 with a UTI quadrupole mass spectrometer which 

Thermal gravimetric analyses were performed in an 

inert 

min to 4OC/min on a Mettler TA 2000. 

gas atmosphere at heating rates ranging from l0C/ 

RESULTS 

IR-Re su It s 

IR-measurements of electrochemically reduced films (see 

Fig. la) reveal substantial amounts of incorporated 

propylene carbonate solvent irrespective of whether the 
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CHARACTERJZATION OF POLY(3-METHYLTHIOPHENE) FILMS 143 

0- I500 500 
Wavenumbers (cm-'1 

Figure la. IR-transmission spectrum of an electro- 
chemically reduced poly(3-methylthiophene) film. 

Figure lb. IR-transmission spectrum of the same 
film after annealing. Absorption lines assignable 
to propylene carbonate disappeared, in particular 
also the strongest line at 1800 em-'. 

Figure lc. IR-spectrum of oxidized film after 
annealing. This spectrum is essentially identical 
with the spectrum shown in lb. 
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144 W. KOBEL et a[. 

f i l m s  were i n v e s t i g a t e d  immediately a f t e r  p r e p a r a t i o n  o r  

whether t hey  had been s t o r e d  i n  vacuum (lov5 - T o r r )  

f o r  s e v e r a l  days.  Only by annea l ing  a t  e l e v a t e d  tempera- 

t u r e  ( z180°C) f o r  2 4  hours  i n  vacuum t h e  l i n e s  a s s ign -  

a b l e  t o  propylene carbonate  d i sappea r  (F ig .  l b ) .  Though 

propylene ca rbona te  i s  p resen t  i n  oxid ized  f i l m s  ( s e e  TGM, 

MS and e lementa l  a n a l y s i s )  abso rp t ion  l i n e s  due t o  pro- 

py lene  ca rbona te  could  not be d e t e c t e d  i n  ox id i zed  f i l m s ,  

a f a c t  which can be a t t r i b u t e d  t o  t h e  s t rong  e l e c t r o n i c  

a b s o r p t i o n  of t h e s e  h i g h l y  conducting f i l m s  ( 6 ,  2x104S/m) 

masking t h e  abso rp t ion  of i nco rpora t ed  s o l v e n t .  A f t e r  

annea l ing  a t  18OoC f o r  4 hours t h e  IR-spectrum of an oxi -  

d i zed  f i l m  (F ig .  l c )  i s  i d e n t i c a l  w i th  t h a t  of an  e l e c t r o -  

chemica l ly  reduced and annealed f i l m  (compare w i t h  

F ig .  l b ) .  Obviously t h e  BF4- i s  l o s t  from PMT f i l m s  

s imul taneous ly  w i t h  t h e  so lven t  dur ing  t h e  annea l ing  

procedure.  To g a i n  more q u a n t i t a t i v e  informat ion  on t h e  

r e l e a s e  of so lven t  and dopant,  bo th  oxid ized  and e l e c t r o -  

chemica l ly  reduced PMT f i l m s  were i n v e s t i g a t e d  by the rma l  

g rav ime t r i c  a n a l y s i s  and by mass spec t romet ry .  

TGM-Measurement s 

Elec t rochemica l ly  reduced f i l m s  e x h i b i t  a r e l a t i v e  weight 

l o s s  of about 16% which t a k e s  p l ace  over t h e  tempera ture  

range between 8OoC and 25OoC. A f u r t h e r  weight loss of 

about 37% i s  observed between 3OO0C and 80OoC. Measure- 

ments on ox id ized  f i l m s  i n d i c a t e  t h e  f i l m s  t o  l o s e  weight 

i n  two not ve ry  w e l l  r e so lved  s t e p s  between 8OoC and 

25OoC of Am/m k 22% and Amfm @ 14%, r e s p e c t i v e l y .  

The weight l o s s  between 3OO0C and 8OO0C i nvo lves  

Am/m % 3 0 % .  
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CHARACTERIZATION OF POLY(3-METHYLTHIOPHENE) FILMS 145 

Chemical Analyses 

Elemental  a n a l y s e s  of unannealed a s  w e l l  a s  of samples 

which had been hea ted  a t  cons t an t  r a t e  t o  23OoC a r e  g iven  

i n  Table  I .  Based on t h e  assumption t h a t  on ly  3-methylthio- 

phene, t e t r a f l u o r o b o r a t e  and propylene ca rbona te  i s  con- 

t a i n e d  i n  t h e  samples,  t h e  weight pe rcen tages  of BF4- and 

of propylene ca rbona te  of any PMT f i l m  can be c a l c u l a t e d  

from t h e  expe r imen ta l ly  determined F and S c o n t e n t .  Accor- 

d ing  t o  e l emen ta l  a n a l y t i c a l  d a t a  an e l e c t r o c h e m i c a l l y  re- 

duced f i l m  c o n t a i n s  about 16 .5% of propylene ca rbona te  

which i s  i n  f a i r  agreement wi th  t h e  weight l o s s  of 16% ob- 

served  by thermal  grav imet ry .  

Though n o t  d e t e c t a b l e  by I R  measurements, a reduced 

f i l m  ob ta ined  by hea t ing  an ox id ized  f i l m  a t a  c o n s t a n t  r a t e  

of 2'CImin from 2OoC t o  23OoC still  c o n t a i n s  2 . 8 %  propylene  

ca rbona te .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  f l u o r i n e  

c o n t e n t  i s  below 0 . 2 %  ( i . e .  below t h e  d e t e c t i o n  l e v e l  of 

t h e  chemical a n a l y s i s )  i n d i c a t i n g  a complete r e l e a s e  of t h e  

BF4- i n  c o n t r a s t  t o  t h a t  of t h e  s o l v e n t .  S ince  no f l u o r i n e  

i s  d e t e c t e d  i n  t h e s e  f i l m s  i t  i s  ev iden t  t h a t  no r e a c t i o n  

of f l u o r i n e  wi th  PMT occurred  du r ing  t h e  r e l e a s e  of BFq-. 

Based on t h e  chemical a n a l y s e s  t h e  ox id ized  f i l m s  

c o n t a i n  21.5% propylene ca rbona te  and 13 .5% BFk-. These 

v a l u e s  a r e  aga in  i n  f a i r  agreement wi th  t h e  d a t a  from 

thermogravimetry.  However, t h e r e  a r e  d e v i a t i o n s  of C and 

H by 2.6% and 0.25% from t h e  expec ted  v a l u e s  i n  t h e  c a s e  

of ox id i zed  f i l m s ,  a d i f f e r e n c e  which we cannot account 

f o r  w i t h i n  our assumptions.  

Mass Spec t romet ry  

By mass spec t romet r i c  measurements t h e  s p e c i e s  r e l e a s e d  

from t h e  f i l m s  become s e p a r a b l e .  For ox id i zed  f i l m s  
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146 

TABLE I 

W. KOBEL et al. 

a )  o x i d i z e d  PMT 

S F C H BF4- PC 

e x p e r i m e n t :  21.1- 11.6- 48.2% 4 . 3 %  
22.2% 11.9% 

e x p e c t a t i o n :  21.65% 11.75% 50.74% 4.0% 13.4% 21.7% 

b )  r e d u c e d  PMT 

S F C H BF4- PC 

e x p e r i m e n t :  27.8% 0 .2% 59.9% 4.53% 

e x p e c t a t i o n :  27.8% 0 59.9% 4.48% 0 16 .6% 

c )  o x i d i z e d  PMT, h e a t e d  a t  c o n s t a n t  r a t e  up t o  23OoC 

s F C H BFq- PC 

exper iment  31.9% 0.2% 61.93% 4.11% 

e x p e c t a t i o n :  31.9% 0 61.79% 4.27% 0 4 . 3 %  

d )  r e d u c e d  PMT, h e a t e d  a t  c o n s t a n t  r a t e  u p  t o  23OoC 

S F C H BFb- PC 

exper iment :  32.4% 0 .2% 62.07% 4 .26% 

e x p e c t a t i o n :  32.4% 0% 62.02% 4.24% 0 2.83% 

c h a r a c t e r i s t i c  and s i g n i f i c a n t  changes  were o b s e r v e d  

between 80° and 25OoC and f o r  amus of m/e = 1 0 ,  11, 1 9 ,  

4 8 ,  49,  67 ,  6 8 .  The amus c a n  be a s s i g n e d  t o  B ( 1 0 ,  11) 

F ( 1 9 ) ,  BF2 ( 4 8 ,  4 9 )  and BF3 (67 ,  6 8 )  s i n c e  t h e  i s o t o p e  

r a t i o  l 0 B  : "B = 0.25  w a s  conf i rmed i n  a l l  B r e l a t e d  

amus. I n  a d d i t i o n  t h e  amus 102,  87,  86 ,  59, 58,  57, 1 5  

and 1 3  show the same t e m p e r a t u r e  dependence and c a n  b e  

r e l a t e d  t o  p r o p y l e n e  c a r b o n a t e .  An unambiguous ass ignment  
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CHARACTERIZATION OF POLY(3-METHYLTHIOPHENE) FILMS 147 

i s  c e r t a i n l y  p o s s i b l e  f o r  amu = 102 and amu = 87, repre-  

s en t ing  t h e  propylene carbonate  molecule i o n  M+ and 

( M  - CH3)'. 

C h a r a c t e r i s t i c  i n c r e a s e s  of t h e  s i g n a l  w i th  tempera- 

t u r e  were found above 25OoC f o r  amus 33, 34, 15 and 13.  

We b e l i e v e  t h a t  t h e s e  masses a r e  due t o  t h e  decomposition 

products  of t h e  poly(3-methylthiophene) i t s e l f .  We a s s i g n  

them t o  SH ( 3 3 ) ,  SH2 

group CH3 (15) and CH (13) .  

(34) and t o  t h e  s p l i t - o f f  methyl 

Electrochemical ly  reduced f i l m s  show i n  t h e  tempera- 

ture range up t o  25OoC only s p e c i e s  r e l a t e d  t o  t h e  r e -  

l e a s e  of propylene carbonate .  

a r e  missing.  By comparison with oxidized f i l m s  we would 

expect t h a t  less than 0.1% BFq- should be l e f t  i n  t hese  

reduced f i l m s .  This  e s t ima te  i s  i n  agreement with t h e  

elemental  ana lyses  of reduced f i l m s .  

Any masses r e l a t e d  t o  BF4- 

Experimental da t a  f o r  t h e  amus 49 (BFz), 87 (M-CH3) 

and 33 (SH) a r e  p l o t t e d  l o g a r i t h m i c a l l y  vs .  1 / T  i n  Fig.  2 .  

A t  low temperatures  an a c t i v a t i o n  energy of 0 .8  - 1.1 eV 

(depending on t h e  age of t h e  f i l m )  i s  found f o r  t h e  re- 

l e a s e  of BF4- whereas above 13OoC t h e  curve l e v e l s  o f f  

and remains n e a r l y  temperature independent between 1 8 O o C  

and 24OoC. 

vated wi th  -1 e V  and shows a wide temperature independent 

range extending from about 8OoC t o  20OoC. 

energy f o r  t h e  r e l e a s e  of (SH) between 25OoC and 52OoC 

i s  about 0.9 e V .  

The release of propylene carbonate  i s  a c t i -  

The a c t i v a t i o n  

DISCUSSION 

We propose t h e  release of BF4- occur s  according t o  t h e  
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148 W. KOBEL ei 01. 

Temperature ("C) 
560 315 I82 97 40 

-7 

-0  

0 -9 

iTj -10 

- 
c 
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- I t  

-12 
1.2 1.7 2.2 2.7 3.2 

I / Temperature K-'1 

Figure  2. S i g n a l s  ob ta ined  f o r  amus r e p r e s e n t a t i v e  
f o r  BF4- (BF2 : 4 9 1 0  , f o r  propylene ca rbona te  
( IM-CH3 I : 87) A , and f o r  polythiophene (SH : 33) 
0 a r e  p l o t t e d  v s .  r e c i p r o c a l  tempera ture .  The 

o r d i n a t e  r e p r e s e n t s  t h e  s i g n a l  of t h e  mass spec t ro -  
meter on a loga r i thmic  s c a l e .  

fo l lowing  r e a c t i o n  scheme: 

2BF4- + PMT2+ - 2BF3 + F2 + PMT 

T h i s  r e a c t i o n  i m p l i e s  a t r a n s f e r  of t h e  nega t ive  charge  

from BFq- t o  PMT', a decomposition of BFq- i n t o  BF3 

and F2 without  f u r t h e r  r e a c t i o n  of f l u o r i n e  w i t h  P M  

(which i s  evidenced by chemical a n a l y s i s  and I R  measure- 

ments ) .  A s i m i l a r  r e a c t i o n  pathway has  been proposed f o r  

t h e  d e p l e t i o n  of BF4- anions  from po lypyr ro le  films4. 

The a c t i v a t i o n  energy  w e  measure i s  determined by t h e  
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CHARACTERIZATION OF POLY(3-METHYLTHIOPHENE) FILMS 149 

r a t e  l i m i t i n g  s t e p  which might i nvo lve  d i f f u s i o n  and de- 

s o r p t i o n  a d d i t i o n a l l y  t o  t h e  aforementioned r e a c t i o n  

s t e p s .  However, i f  t h e  r e l evan t  dopant s p e c i e s  would be 

BF3- 

d i f f u s i o n  and deso rp t ion  p rocess  of BF3 would be expec ted .  

A more d e t a i l e d  a n a l y s i s  of t h e  r e l e a s e  r a t e  v s .  1 / T  

cu rves  w i l l  be g iven  elsewhere.  

5, t hen  only  a charge  t r a n s f e r  w i t h  a subsequent 

S ince  we observe  i n  t h e  mass spectrum t h e  mass of 

t h e  complete propylene carbonate  molecules t h e  r e l e a s e  

of t h e  so lven t  w i l l  be determined by t h e  d i f f u s i o n  of t h e  

molecules t o  t h e  polymer s u r f a c e  and by t h e  d e s o r p t i o n  

from t h e r e  i n t o  t h e  gas  phase.  The p l a t e a u  of t h e  r a t e  

of loss  v s .  1 /T  curve  r e f l e c t s  a d i s t r i b u t i o n  of a c t i v a -  

t i o n  e n e r g i e s  f o r  t h e s e  p rocesses .  The a c t i v a t i o n  ener- 

g i e s  must be widely spread ,  t h e  lowest a c t i v a t i o n  energy  

being about 1.0 e V .  

The a c t i v a t i o n  energy of 0.9 eV observed f o r  (SH) i s  

d i f f i c u l t  t o  a s s e s s .  We cannot dec ide  from our measure- 

ments whether t h e s e  fragments a r e  due t o  decomposition 

of t h e  polymer o r  by deso rp t ion  of monomers o r  dimers 

inco rpora t ed  i n t o  t h e  f i l m s  dur ing  p r e p a r a t i o n .  Measure- 

ments going up t o  800°C should c l a r i f y  t h i s  p o i n t .  

CONCLUSIONS 

Poly(3-methylthiophene) e l ec t rochemica l ly  prepared  i n  

propylene carbonate  a s  so lven t  c o n t a i n s  i n  t h e  ox id ized  

and reduced s t a t e  21 .7% and 16 .6% propylene ca rbona te ,  

r e s p e c t i v e l y .  The so lven t  i s  remarkably s t a b l y  inco r -  

po ra t ed  i n  t h e  f i l m s  and cannot be removed u n l e s s  t h e  f i l m  

i s  hea ted  t o  23OoC. Oxidized f i l m s  w i t h  BF4- a s  dopant 
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l o s e  t h e  dopant  d u r i n g  t h e  h e a t i n g  p r o c e s s ,  t h e  a c t i v a -  

t i o n  e n e r g y  b e i n g  0.8 - 1.1 eV. The p o l y ( 3 - m e t h y l t h i o -  

phene)  i t s e l f  i s  s t a b l e  up t o  a b o u t  30OoC. 
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