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KINETICS OF OXYGEN TRAPPING I N  TRANS (CH)x AS 
STUDIED BY ESR 

F. GENOUD, PI. NECHTSCHEIN, K. HOLCZER, F. DEVREUX 
and M. GUGLIELMI 
ER 216 - DRF/RM - CEN-G - 85 X - 38041 Grenoble 
Cedex 

INTRODUCTION 

I t  has  been shown i n  e a r l i e r  magnetic resonance s t u d i e s  t h a t  

h ighly  mobile sp ins ,  c o n s i s t e n t l y  descr ibed  i n  terms of neu- 

t r a l  magnetic s o l i t o n s ,  a r e  present  i n  trans-(CH)1-3. Fur- 

thermore t h e  e f f e c t  of oxygen contaminat ion,  i n  p a r t i c u l a r  

on the  s p i n  dynamics, has  been no t i ced .  It  b a s i c a l l y c o n s i s t s  

i n  a broadening of t h e  ESR l i n e ,  which has  been i n t e r p r e t e d  

a s  r e s u l t i n g  from a t r app ing  e f f e c t  of s o l i t o n s  by oxygen. 

Adsorbed oxygen a t  t he  (CH)x f i b r i l  su r f ace  c r e a t e  t r a p s  f o r  

s o l i t o n s  on t h e  neighbouring cha ins .  The t rapped s o l i t o n  

concen t r a t ion  i s  determined as t h e  thermal popula t ion  of 

s o l i t o n s  i n  t r a p s .  I t  depends on bo th  temperature  and t r a p  

concen t r a t ion .  Inc reas ing  the  t rapped s o l i t o n  concen t r a t ion  

by inc reas ing  t h e  number of  t r a p s  - i n  p a r t i c u l a r  by oxygen 

contaminat ion - and/or  by decreas ing  temperature  r e s u l t s  i n  

decreas ing  t h e  average number of mobile sp ins .  Consequently 

t h e  motional narrowing of the  ESR l i n e  i s  decreased ,  and a 

broadening i s  observed. The r e s u l t i n g  l ine-width can be  

expressed a s4 ’ ’  

X 

AH = c  AH^ + ( I - c ) A H ~  ( 1 )  
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I62 F. GENOUD et nl. 

where A H ,  and AH 

( loca l i zed )  and mobile (d i f fus ive )  s t a t e , r e s p e e t i v e l y ,  and 

C i s  the  t rapped sp in  concent ra t ion .  

are  t h e  l ine-widths  € o r  sp ins  i n  t rapped D 

Such a t r app ing  e f f e c t  has  been d iscussed  i n  e a r l i e r  

 publication^^-^. I n  the p resen t  work w e  concen t r a t e  ou r  

a t t e n t i o n  t o  t h e  oxygen a c t i o n .  Oxygen gas  i s  in t roduced  on 

trans-(CH)x samples, i n  s i t u ,  i n  a n  ESR c a v i t y ,  us ing  d i f f e -  

r e n t  cond i t ions  of temperature  and p res su re .  Resu l t ing  

l ine-widths  and sp in  numbers are, then ,  determined. 

EXPERIMENT 

The p o l y c r i s t a l l i n e  f i l m s  have been prepared by t h e  

method developped by Shirakawa6, w i th  much precaut ion  t o  

avoid oxygen contaminat ion.  Then thermal  c i s - t r a n s  isomeri-  

z a t i o n s  were performed wi th  tempera ture  and du ra t ion  condi- 

t i o n s  chosen t o  o b t a i n  minimum ESR l ine-width (160-180" C 

f o r  4 t o  7 min.). The samples, around 10 mg weight ,  a r e  

placed i n  quar tz  tubes  i n  t h e  i n e r t  atmosphere (Argon) of 

a dry  box. The tubes are c losed  by a t a p  and, once posi-  

t ionned i n t o  t h e  ESR c a v i t y ,  connected t o  a l i n e  which 

enables  us e i t h e r  t o  pump over  the  sample (% Tor r ) ,  o r  

t o  in t roduce  dry  oxygen gas  a t  a c o n t r o l l e d  pressure .  ESR 

experiments a r e  c a r r i e d  ou t  whi le  r e g u l a t i n g  t h e  temperature  

i n  t h e  range 100-300 K ,  and monitor ing t h e  oxygen p res su re  

on the  sample. Measurements a r e  performed wi th  an X band 

Varian spectrometer  connected t o  a HP 9825 computer. ESR 

line-widths are determined as  ha l f  width a t  h a l f  maximum 

of t h e  absorp t ion  s igna l .  Re la t ive  sp in  numbers a r e  o b t a i -  

ned by double i n t e g r a t i o n  of t h e  ESR s i g n a l .  
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KINETICS OF OXYGEN TRAPPING 163 

As the  oxygen e f f e c t  i s  only p a r t i a l l y  r e v e r s i b l e  

- i . e .  a f t e r  oxygen exposure i n i t i a l  ESR l ine-width and 

s p i n  number cannot be t o t a l l y  r e s t o r e d  upon pumping, a new, 

f r e s h  sample is  used f o r  each k i n e t i c s  s tudy .  

RESULTS 

The oxygen a c t i o n  i s  observed on two ESR parameters  : t he  

l ine-width AH and the  apparent  s p i n  number N .  We r e p o r t  

measurements of these  parameters  a s  a func t ion  of i )  t i m e ,  

i i )  temperature ,  and i i i )  oxygen p res su re .  

i )  Versus time 

A t  t = 0 ,  a given p res su re  of oxygen (100 t o r r )  i s  introdu-  

ced t o  the  sample. Measurements have been c a r r i e d  out  a t  

two temperatures  : 293 and 200 K. A q u a s i  i n s t an taneous  in -  

c r e a s e  of AH and decrease  of N a r e  f i r s t  observed.  Note 

t h a t  " instantaneous" means i n  a t i m e  s c a l e  s h o r t  compared 

t o  the  t i m e  between two success ive  ESR scans,  namely 1 min. 

Then, a s  represented  i n  Fig.  la and Ib,  AH and N evolve 

ve r sus  time wi th  apparent  t i m e  cons t an t s  of a few t e n s  of 

minutes .  Af te r  exposure t o  oxygen f o r  about one hour ,  

t h e  samples are pumped o f f .  Rapid decrease  of AH and in-  

c r e a s e  of N a r e  observed; and then a slow evo lu t ion  fo l lows .  

I t  t u r n s  out  t h a t ,  a t  200 K most of t he  AH v a r i a t i o n  i s  

r e s to red  upon pumping, whi le  a t  293 K only 1 /3  t o  1/2 of 

t h e  v a r i a t i o n  can be r e s to red .  It  thus  appears  t h a t  t h e  

oxygen a c t i o n  can  be decomposed i n t o  r e v e r s i b l e  and irre- 

v e r s i b l e  p a r t s ,  whose r e l a t i v e  c o n t r i b u t i o n s  depend on 

temperature.  

Another noteworthy, and new, r e s u l t  i s  t h a t  t h e  pre- 

sence of oxygen r e s u l t s  i n  a nea t  reduct ion  of t h e  apparent  

sp in  number. I n  F ig .  Ib ,  t he  r a t e  of sp in  r educ t ion ,  i . e .  
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164 F. GENOUD er al. 

N(0)-N(t) /N(O), has been plotted versus time. It appears 
that this quantity evolves qualitatively like A H .  

2 -  
AH Gauss 0 2 9 3 K  

la 0 2 8 8 K  

I t (Hwrr) 

m' 1 I 7 i 3 I 
I 

0 
00 t (Hour.) 

I I I 

1 2 3 0.d 

FIGURE 1 .  ESR line-width ( l a )  and relative spin reduction 
(lb) in trans-(CH)x as function of time after 
exposure to an oxygen pressure at 100 torr, 
and after pumping off this oxygen. 

i i) Versus temperature 
For a given oxygen pressure, the line-width depends on the 

temperature of the ESR measurements 
rature at which oxygen has been introduced. Fig. 2 shows 
the line-width variations versus temperature for a pressure 

and a l s o  on the tempe- 
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KINETICS OF OXYGEN TRAPPING 165 

of 700 Torr. The experiments have been performed as follows. 
. Oxygen (700 Torr) is introduced into the sample 
tube at one given temperature, as mentionned in 

Fig. 2 : 100 (A) ; 150 (+) ; 225 (0) ; 250 (x) ; 

or 293 K ( 0 ) .  

. The sample is cooled down to 100 K. 

. The sample is warmed up step by step to room 
temperature, while measuring AH 

I n  Fig. 2 the temperature dependence of line-width in ab- 

sence of oxygen is also given for comparison. In presence 

of oxygen, the following can be noticed : 

a/ For temperature of oxygen admission, Ta, higher 

than 200 K (Ta > 200 K), the line-widths are almost not 

dependent on Ta. 

b /  For Ta < 200 K, the line-widths versus T present a 
maximum around 200 K. 

Thus, T = 200 K appears to be a kind of cross-over 

temperature . 

I A H  (Gauss) A 1 n O K  
*O + t50K - 0. 0 2 3 5 K  

- 0  o e a  il! 250K 
J -  

2 -  

1 .  

ZL 0 2 9 3 K  I 

m 

0 
I 

U 200 300 
J 

FIGURE 2. ESR line-width as a function of  temperature f o r  
different oxygen admission temperature. The 
lower data (I) are for a sample sealed under vacuum. 
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166 F. GENOUD et al. 

i i i )  Versus p re s su re  

For d i f f e r e n t  f i xed  temperatures ,  t h e  l ine-widths ,  and t h e  

s p i n  number reduct ion ,  a r e  p l o t t e d  ve r sus  p re s su re  in 

Fig.  ;a and 3b , respec t ive ly .  The oxygen p res su re  w a s  v a r i e d  

from 0 t o  700 Torr ,  i . e .  about  5 t imes t h e  p a r t i a l  oxygen 

p res su re  a t  ambient atmosphere. A s  i n  i i )  i t  appears  t h a t  

t he  oxygen e f f e c t  i s  maximum f o r  T : 200 K. 
Y. n 

i?. 3 

2. 0 

I .  3 

1. n 

1. n 

8. n 

m. 0 

n. 4 

1. I 

8. I 

FIGURE 3. ESR l ine-width (3a) and r e l a t i v e  s p i n  reduct ion  
(3b) i n  trans-(CH)x as a func t ion  of oxygen 
p res su re  f o r  d i f f e r e n t  temperatures .  

DISCUSSION 

I n  the  present  work w e  have shown t h a t  t h e  broadening of 

t he  ESR l i n e  upon oxygen exposure,  which was no t i ced  and 

analyzed i n  previous s t u d i e s ,  i s  accompanied by  another  

and more d i r e c t  e f f e c t ,  namely t h e  reduct ion  of t h e  s p i n  

number. This  impl ies  t h a t ,  when oxygen i s  adsorbed a t  a 

n e u t r a l  s o l i t o n  s i t e ,  t h e  s o l i t o n  s p i n  e i t h e r  i s  compensa- 

t e d ,  o r  i t  becomes unobservable by ESR f o r  some reason ,  

such as a q u i t e  d i f f e r e n t  g va lue ,  o r  a too  s h o r t  TI. 
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KINETICS OF OXYGEN TRAPPING 167 

A r e s u l t ,  which could s e e m  s u r p r i s i n g  a t  f i r s t ,  i s  

t h a t  t he  oxygen a c t i o n  i s  very f a s t .  In a per iod  of t ime 

s h o r t  compared t o  an ESR record (% 10’ sec)  about  50 2 of 

t h e  s o l i t o n  sp ins  can be destroyed by oxygen. Assuming 

homogeneous s p a t i a l  d i s t r i b u t i o n  of sp ins  i n  t h e  bulk of 

(CH), f i b r i l s  w i th  diameter  of 200 A ,  t h i s  r e q u i r e s  a d i f -  

f u s i o n  c o e f f i c i e n t  of oxygen l a r g e r  than 1 O-I5 c m 2  I s ,  which 

i s  not  an unreasonably high va lue .  One a l s o  may imagine 

t h a t  t he  sp ins  a r e  n o t  homogeneously d i s t r i b u t e d ,  bu t  are 

loca ted  i n  p r e f e r e n t i a l  a r e a s ,  such a s  d i s l o c a t i o n s ,  i n  

which the  oxygen migra t ion  could be  much f a s t e r .  

0 

We now q u a l i t a t i v e l y  d i scuss  two f e a t u r e s  of t h e  

oxygen adso rp t ion  a t  t h e  s o l i t o n  s i t e s  

our  experimental  da t a .  

which emerge from 

a/ There e x i s t s  a temperature  a t  which t h e  oxygen 

e f f e c t  i s  maximum : Tmax 1 200 K .  

b f  The oxygen a c t i o n  inc ludes  bo th  r e v e r s i b l e  and 

i r r e v e r s i b l e  c o n t r i b u t i o n s ,  t he  i r r e v e r s i b l e  c o n t r i b u t i o n  

be ing  enhanced by inc reas ing  temperature .  

The amount of adsorbed oxygen a t  s o l i t o n  s i t e s ,  

h e r e a f t e r  denoted by y ,  can  be obta ined  a s  a ba lance  be- 

tween adsorp t ion  and deso rp t ion  processes  i n  p o t e n t i a l  

energy curve such a s  i l l u s t r a t e d  i n  F i g .  4a. A t  equ i l ib r ium 

one has  : 

A = -  
’eq A + D 

where A andD, which denote  the  adsorp t ion  and deso rp t ion  

r a t e ,  r e spec t ive ly ,  a r e  given by7 : 

-E /kT A = A o e  
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168 F. GENOUD er al. 

- (Eo -f E )  /kT D = D o  e 

p i s  tbe  oxygen p res su re ,  C t h e  e f f e c t i v e  s e c t i o n  of an 

adso rp t ion  s i t e ,  m t h e  oxygen mass, and D o ,  t h e  v e l o c i t y  

cons tan t  of desorp t ion ,  i s  of t h e  o rde r  of t h e  v i b r a t i o n  

frequency of oxygen bond a t  t he  su r face ,  namely ld3 sec- l .  

According t o  t h e  temperature  range two regimes can  be  

d i s t ingu i shed  : 

i )  An adsorp t ion  regime f o r  low temperatures  such a s  

A > D. 

ii) A desorp t ion  regime f o r  high temperatures ,  such 

a s  D > A. 

The cross-over temperature ,  def ined by A = D; i s  obta ined ,  

from Eq. (2) a s  : 

EO 
In  (Do /Ao)  

kT = ( 4 )  

To i n t e r p r e t  t h e  f a c t  t h a t  t he  amount of adsorbed oxygen 

inc reases  with temperature  f o r  T < T 

p o t e n t i a l  b a r r i e r  E is d i s t r i b u t e d  from z e r o  t o  a va lue  

l a r g e  compare t o  the  temperature  of  measurement. Thus, 

when one inc reases  t h e  temperature  from ze ro ,  t h e r e  a r e  

more and more s i t e s  which can be  r a p i d l y  occupied by oxygen. 

Consequently, y inc reases  wi th  T ,  u n t i l  t h e  cross-over  

temperature i s  reached. Then, t h e  desorp t ion  process  

becomes dominant (D > A) , t h e  equ i l ib r ium popula t ion  of 

occupied s i tes  becomes a decreas ing  func t ion  of T : 

we assume t h a t  t h e  
IIUX 
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KINETICS OF OXYGEN TRAPPING 169 

Thus, w i th  the  only  asumption t h a t  E is  d i s t r i b u t e d ,  

one can account f o r  t he  ex i s t ence  of  a temperature  of 

maximum oxygen adsorp t ion .  From t h e  experimental  va lue  

: 200 K ,  and us ing  reasonable  v a l u e s  f o r  t h e  parame- Tmax 0 

t e r s  i n  E q .  ( 3 ) ,  namely 1 = 100 A' and p = 1 A t m ,  w i t h  t h e  

use  of Eq.  ( 4 ) ,  one o b t a i n s  Eo 2 0.2 eV.  

Consider ing now r e s u l t  b )  , i . e .  t h e r e  are  bo th  rever-  

s i b l e  and i r r e v e r s i b l e  oxygen e f f e c t s ,  one i s  l e d  t o  i n t r o -  

duce another  p o t e n t i a l  w e l l  t o  t h e  energy p o t e n t i a l  curve ,  

as  represented  i n  Fig.  4b. This  w e l l  i s  very  deep,  so t h a t  

once oxygen has  come i n t o  i t ,  t h e  p r o b a b i l i t y  f o r  going 

o u t  i s  p r s c t i c a l l y  zero.  Also t h i s  second w e l l  i s  sepa ra t ed  

from t h e  f i r s t  one by a p o t e n t i a l  b a r r i e r .  This  b a r r i e r  can  

b e  jumped over  only a t  h igh  enough temperature ,  which 

accounts  f o r  t h e  f a c t  t h a t  t h e  i r r e v e r s i b l e  e f f e c t s  are 

more important  a t  293 K than  a t  200 K. 

What can be  the  microscopic  meaning of such an energy 

p o t e n t i a l  curve  ? A reasonable  p i c t u r e  which can  b e  propo- 

sed i s  t h a t  t h e  oxygen adso rp t ion  a t  s o l i t o n  s i tes  i n  (CHIx 

b a s i c a l l y  c o n s i s t s  of two s t e p s .  

i )  A p recu r so r  s t a t e ,  which l i k e l y  involves  an elec- 

t r o n  t r a n s f e r  from a n e u t r a l  s o l i t o n  t o  an 0 2  molecule.  

Oxygen a c t s  as a p dopant,  and t h e  r e s u l t i n g  counter- ion 

i s  probably t h e  super-oxyde ion  0,' . This  s t a t e  i s  rever -  

s i b l y  a c c e s s i b l e  through a v a r i a b l e  p o t e n t i a l  b a r r i e r .  

- 

i i )  A s t a t e  i n  which oxygen i s  chemical ly  and 

i r r e v e r s i b l y  bonded, involv ing  new chemical s p e c i e s ,  such 

as peroxide r a d i c a l  o r  c ros s - l i nk ing ,  l ead ing  t o  i r r e v e r -  

s i b l e  chemical modi f ica t ions  of t h e  (CH) backbone. 
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(I I) 
IRREVERSIBLE 

and f i*ed 

(I) (0) 
neutral sol i ton 

REVERSIBLE 

Pump m 
can be removed by 

FIGURE 4.  Potent ia l  energy curves f o r  oxygen adsorption 
i n  (CHI,. The observation of both r eve r s ib l e  
and i r r e v e r s i b l e  processes can be  accounted 
f o r  by a double w e l l  model a s  i n  4b. 
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