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Polymerization Kinetics of n-Alkyl Acrylates 

G. E. SCOTT and E. SENOGLES 

James Cook University of North Queensland 
Townsville, Australia 

A B S T R A C T  

The polymerization kinetics of C, , C,, and C,, n-alkyl 
acrylates a r e  characterized by monomer orders  of 1.5 o r  
greater and in the case of the C, and C 
initiator exponent of less than 0.5. V a r i h s  explanations 
for the high monomer exponent have been considered in- 
cluding mechanisms based on intramolecular degradative 
transfer o r  the presence of a dimeric monomer species. 
Initiator exponents of less than 0.5 are explained in t e r m s  
of a chain length dependence of the diffusion-controlled 
termination constant. Rotating sector  curves have been 
obtained for the acrylates, and this data for n-butyl 
acrylate yields a value of 1.4 X lo6 dm3/(mole)(sec) for 
the termination constant. 

esters an 

I N T R O D U C T I O N  

In a previous publication the polymerization kinetics of n-lauryl 
acrylate were reported [ 11. At 40°C, in both ethyl acetate and 
n-heptane, the polymerization rate is given by R = K[ MI '.' (5) [I]  '** (5). 

The rate was shown to be dependent on the initial viscosity of the 
P 
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7 54 SCOTT AND SENOGLES 

polymerization mixture, indicating that the termination constant 
is diffusion controlled. However, the observed dependence, 
R 
order  in te rms  of viscosity variations with monomer-solvent 
composition. Other possible explanations based on mechanisms in- 
volving primary radical termination, radical cage effects, degradative 
chain transfer,  o r  radical complexing also appear inappropriate [ 11. 
With other acrylate monomers, e.g., ethyl [ 21 and n-butyl [ 11, 
monomer orders  of 1.5 and initiator orders  of 0.5 have been found to  
apply. In the present publication further kinetic studies on the 
polymerization of n-alkyl acrylates are reported and discussed. 

00 (viscosity) O.', is insufficient to account for the high monomer 
P 

E X P E R I M E N T A L  

M a t e r i a l s  

n-Octyl acrylate (Borden Chemical Co. ) contains methyl hydro- 
quinone as inhibitor. This was removed by passing the monomer 
down an activated alumina column in petroleum ether (40 to 60°C) 
solution. After removing the petroleum ether the monomer was 
fractionally distilled (bp l10°C/13 Torrs).  

n- lauryl  and n-Butyl acrylates were purified as previously 
described [ 13. 

1-Mercaptododecane (RSH), ethyl acetate, 2-azobisisobutyronitrile 
(AZDN), and l,l-diphenyl-2-picrylhydrazyl (DPPH) were purified by 
conventional means. 

Hewlett-Packard 501 High Speed Membrane Osmometer. 
Number-average molecular weights were determined using a 

P o l v m e r  i z  a t  i o n s  

Initial photosensitized and thermal-sensitized polymerization 
rates  were measured using conventional dilatometers. Polymeriza- 
tions to high conversion were carr ied out in "mushroom-type" 
dilatometers s imilar  to  those used by Burnett [ 31. Because significant 
pure thermal polymerization occurred at  higher temperatures, 
initiated polymerizations were conducted at temperatures of less than 
45" C. Comparison of dilatometer contraction rates  with polymeriza- 
tion rates  determined gravimetrically enabled the former to be 
expressed in mole/( dm' )(sec). 

For k determinations a conventional optical and rotating sector t 
assembly was used with a dark to light period ratio of 3. Rates of 
initiation were evaluated by measuring polymerization induction 
periods in the presence of DPPH. With low concentrations of DPPH 
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POLYMERIZATION KINETICS OF n- ALKYL ACRYLATES 

( 1-4 x 
inhibitor concentration. 

755 

mole/dm3 ) induction periods were proportional to 

R E S U L T S  A N D  D I S C U S S I O N  

In Fig. 1 initial polymerization rates of n-octyl acrylate in ethyl 
acetate solution are  shown as a function of monomer concentration. 

Log 10 [MI ( m o l  

FIG. 1. Dependence of initial polymerization rate, R on the con- 
P’ 

centration of n-octyl acrylate [MI in ethyl acetate. [ AZDN] = 8 X 
mole/dm3; T = 40°C. 
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7 56 SCOTT AND SENOGLES 

Log 10 [MI (mol dm-’) 

FIG. 2. Dependence of initial polymerization rate, R on the con- 
centration of n-lauryl acrylate [ M] in ethyl acetate. [ AZDN] = lo-’ 
mole/dm3 ; T = 40°C. ( @ ) In absence of transfer agent (typical zn = 

1-2 x 10‘)). (0 )  In presence of n-dodecanthiol, [RSH]/[ M] = 0.10 
(typical an = 17,000). 

P’ 

These are consistent with an o rde r  of 1.6, a resul t  s imi l a r  t o  that ob- 
served with n-lauryl acrylate [ 11. Further experiments with the la t ter  
monomer (Fig. 2) show that polymerization rates are reduced in the 
presence of an efficient radical transfer agent, indicating that the 
diffusion-controlled termination constant is probably inversely 
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POLYMERIZATION KINETICS OF n- ALKYL ACRYLATES 7 57 

dependent on polymer radical size. However, since the monomer 
order  is scarcely affected by the presence of t ransfer  agent at a 
fixed [ RSH]/[ M] ratio, it is clear that the high value is not attrib- 
utable to any kinetic radical s ize  effects. 

Photosensitized polymerizations confirm the pattern of kinetic 
dependencies determined in thermally initiated polymerizations. In 
Table 1 measured intensity exponents for C,, C,, and C , z  n-alkyl 
acrylates a r e  given. Figures 3- 5 show the corresponding rotating 
sector  results. The curve for n-butyl acrylate shows the expected 
pattern for a polymerization exhibiting an intensity exponent of 0.5. 
Using the appropriate theoretical curve for a dark rate  to light ra te  
ratio of 0.06 [ 41 and the measured initiation rates for unsectored 
conditions (Table 2), kt for n-butyl acrylate was evaluated as 1.4 X 

lo6 dm3/( mole)(sec) at  1O.O"C. This value differs markedly from 
previously determined ones of 3.3 X 10" [ 51 and 1.8 X lo4 dm3 / 
(mole)(sec)  [ 61 at 25.0"C. The latter value, which was also 
determined by the rotating sector technique, has  subsequently been 
acknowledged to be unreliable due to  possible experimental un- 
certainties [ 51. It is difficult to account for the discrepancy between 
the present result  and that of Bengough and Melville. Despite 
differences in experimental conditions and technique ( Bengough and 
Melville used a thermocouple method for direct nonstationary state 
measurement of k ), such a discrepancy in measured k values would 
not be anticipated. Differences in solution viscosity in the independent 
measurements might be expected to be the major reason for differing 
results. However, Benson and North [ 71 have shown that the 
termination constant of n-butyl acrylate is surprisingly nonsensitive 
to viscosity in the range of the latter covered by the measurements. 
The kt value determined in the present work is less than values 

t t 

TABLE 1. Intensity Exponents Measured at 10°C 
in Ethyl Acetate Solution, [ AZDN] = 5 X 
mole/dm3 

Intensity 
exponent 

[MI 
Acrylate ( mole/dm3 ) 

n- Butyl 1.375 0.5(  0) 

n-Octyl 0.934 0 . 4 ( 4 )  
n- Lauryl 0.716 0 .4(2)  
n- Lauryl 1.432 0.4( 2)  
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FIG. 3. Rotating sector curve for n-butyl acrylate in ethyl acetate. 
[ M] = 1.375 mole/dm3; [AZDN] = 5 X 
R = Polymerization rate with intermittant radiation. R = Polymer- 

ization rate with continuous radiation. A = flashtime. 

mole/dm3; T = 10°C. 

Pi  P C  

reported for methyl acrylate [ 81, and this is in line with the trend 
established by Burnett et al. [ 91 for the corresponding methacrylate 
series. However, the fall-off in the acrylate ser ies  appears to be much 
more pronounced. 

pattern expected for polymerizations characterized by an intensity 
exponent of less than 0.5. Since primary radical termination is ex- 
pected to be unimportant under the polymerization conditions employed 
[ 11, the most likely explanation of the low intensity and initiator 

The sector curves for n-octyl and n-lauryl acrylate conform to the  
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POLYMERIZATION KINETICS OF n-ALKYL ACRYLATES 7 59 

Log A ( m i n u t e s )  

FIG. 4. Rotating sec to r  curve for  n-octyl acry la te  in ethyl acetate. 
[ M I  = 0.934 mole/dms; [AZDN] = 5 X mole/dm3; T = 1O'C. 

exponents observed with n-octyl and n-lauryl acrylate is a n  inverse  
chain length dependence of k 

diffusion-controlled termination process  Burkhart  [ 101 has  predicted 
k values for flexible polymer chains to be almost independent of chain t 
length and inversely proportional t o  solution viscosity. Both predic- 
tions have been confirmed in methyl methacrylate polymerizations 
[ 7, 11, 121. For less flexible polymer rad ica ls  Burkhart  predicts a 
weaker dependence of k on solution viscosity, as observed in  n-lauryl t 
acrylate [ 11 and some  methacrylate polymerizations [ 131, and an 
inverse  dependence on the squa re  root of radical size. The  latter 

In a theoretical  appraisal  of the t' 
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7 60 SCOTT AND SENOGLES 

0.21 1 1 I 1 I 
-2 -1 0 I ? 

Log A ( m i n u t e s )  

FIG. 5. Rotating sector  curve for n-lauryl acrylate in ethyl 
acetate. ( 0 )  [ MI = 0.895 mole/dm3 ; ( a )  [ M I  = 1.79 mole/dm3 ; 
[AZDN] = 5 X mole/dms; T = 10°C. 

effect would lead to a slightly reduced initiator exponent. Since rotating 
sector theory has not been developed to allow for any mechanism lead- 
ing to  an intensity exponent of less  than 0.5, no quantitative analysis of 
the n-octyl and n-lauryl acrylate sector curves was attempted. How- 
ever,  qualitative interpretation suggests average k values for  these t 
monomers a r e  successively less in magnitude than that measured for  
n-butyl acrylate. In the absence of a strong viscosity influence on the 
diffusion-controlled termination step for higher acrylates, this trend 
probably refelcts a decrease in chain flexibility as the es te r  group 
becomes larger.  
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POLYMERIZATION KINETICS OF n-ALKYL ACRYLATES 761 

TABLE 2. Rates of Initiation Corresponding to 
the Polymerization Conditions of Table 1 

Acrylate 
R I  
[ mole/( dm’ ) (  sec) ]  

n- Butyl 
n-Octyl 

1.13 X lo-’ 
1 . 1 2  x lo-’ 

n- Lauryl 1.17 x 10” 

In previous work the effect of the degree of conversion on the 
polymerization rates of C, , C, , and C,, acrylates was reported and 
discussed [ 11. With ethyl acrylate, autoacceleration was observed 
but with n-lauryl acrylate the polymerization rate decreased con- 
tinuously from the start of polymerization. With n-butyl acrylate 
the results were of an intermediate nature, a steady rate being ob- 
served up to  about 60% conversion despite the fall-off in  monomer 
concentration. In Fig. 6 the corresponding data for n-octyl is given. 
With this monomer the polymerization rate remains virtually con- 
stant up to about 30% conversion and then decreases. These results 
indicate that autoacceleration effects in the acrylate series become 
less important as the s ize  of the es te r  group increases. This 
reflects both the reduced importance of polymer radical branching 
[ 13 and the weak dependence of k on solution viscosity observed t 
with the higher acrylates. 

The traditional kinetic scheme for radical polymerization predicts 
a monomer order  of 1.0. From the present and other investigations 
[ 141 it is clear that monomer orders  of 1.5 and greater are common 
to some acrylate polymerizations. High monomer orders  have also 
been observed in the polymerization of other vinyl monomers [ 151 
and various theories have been advanced to account for these ir- 
regularities. Unfortunately, the acrylate results do not readily 
conform to these theories [ 13 and we have therefore considered 
other possible explanations, details of which are discussed below. 

I n t r a m o l e c u l a r  D e g r a d a t  i v e  C h a i n  T r a n s f e r  

Burnett [ 161 h a s  accounted for high monomer orders  by postulat- 
ing that degradative chain t ransfer  occurs with the polymerization 
solvent. With t h i s  mechanism different monomer orders  might be 
expected with different solvents, since the chemical structure of the 
latter determines its susceptibility to radical attack. This behavior 
is not found with the acrylate esters as identical orders  for n-lauryl 
acrylate a r e  observed in ethyl acetate and n-heptane. An extension 
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762 SCOTT AND SENOGLES 

Minutes 

FIG. 6. Conversion v s  t ime for the bulk polymerization of n-octyl 
acrylate at 35°C. [AZDN] = 3.0 X lo-' mole/dm3. 

of the Burnett mechanism involving intramolecular degradative chain 
transfer may, however, apply. 

termed "backbiting reactions," has  been demonstrated in the polymer- 
ization of ethylene [ 17, 181: 

The occurrence of intramolecular radical t r ans fe r  reactions, 

/ CH2\ 
&H2-CH2-CH2-CH2-CH2-CH 2 -+ d H 2  - FH 

d i H 2  
-...** ,C"' 

JCH2 3 

~n2-cn-cn2-cn2-cH2-cH 
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POLYMERIZATION KINETICS OF n-ALKYL ACRYLATES 763 

If such processes occur in acrylate polymerizations and lead to  the 
production of a radical of reduced propagation reactivity, then the 
polymerization rate will be reduced. Intramolecular t ransfer  will be 
more competitive with normal propagation in dilute solution, since 
the rate of the latter depends on monomer concentration. Therefore,  
radical backbiting could lead to reduced fractional ra tes  of polymer- 
ization, R /[ MI,  with dilution; that is, monomer orders  greater than 

P 
unity. The effect should be independent of the chemical s t ructure  of 
the solvent. Possible radical back-biting reactions for ethyl and 
higher acrylates are as follows, processes involving a s t ra inless  six- 
membered ring transition state being more likely: 

cn2- cn CH2-Ck 
I 

A n 2 -  cn 
COOCH2-CH2-R 

I 
COCCHZ -CH2-R 

I 
COOCH 2-M2- R I 

F"2 
COOCH -CH2-R COOCH 2 - t ~ - ~  

2 

+ 
e H 2 -  6 cn2- cn CH2- F"2 

coocn2 -cn2 -R 
I 
COOCH -CH - R 

I cmn2-cn 2 - ~  

R = n or n-alkyl .  

If any of these reactions occur, they can be represented by the follow- 
ing general scheme, 

1. I - 2R' 
2. R' + M - P' 

3. P' + M - P' 

4. P' - p" 

5. P" + M - P' 

6. 2P' - polymer 
7. P' + PI*- polymer 
8. 2P" - polymer 

kd 

k 
P 

kS 

kt 
2kt 
kt 

P '  
k 
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764 SCOTT AND SENOGLES 

where P' and P' * are normal and "backbitten" polymer radicals, 
respectively. Since the termination s tep is diffusion controlled, the 
same velocity constant can be subscribed to the different termination 
reactions, although a statistical factor of 2 must be included in  the 
cross-termination process involving chemically unlike radicals. Only 
i f  intramolecular transfer occurs with some atom significantly re- 
moved from the growing free radical end is this procedure possibly 
invalid. In this case a long-chain branched radical would be produced 
which is likely to have a lower diffusion controlled termination 
constant than a linear or short-chain branched radical. 

Applying the usual stationary state procedure to the above 
mechanism, 

d[p'l = 0 = R I -  k,[P'] + k p t [ P ' ' ] [ M ]  - 2kt[P'I2 - 2kt[P'][P' ' ]  ( 1 )  
dt 

-- d[P"] - O = k s [ P ' ]  - k  , [P"] [M]  - 2kt[P"]' - 2kt[P'][P"] (2)  dt P 

Summing Eqs. ( 1) and (2)  leads to 

[P'] = ($)2 - [P"] 

Substituting for [ P'] in Eqs. ( 1) and ( 2 )  gives: 

ksRI 'I2 
[P"] = 

( 2 5 )  ' I 2  [ kS + kp, [ M] + ( 2kt RI) '1' ] 

whence 

where 

K = (2ktRI)l/' 

Assuming intramolecular t ransfer  occurs f a r  l ess  frequently than 
normal propagation, 
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R = k [M][P ' ]  
P P  

Therefore  

k R "'[MI k p l [ M ]  + K  
R =  P I  

(2kt ) l / '  [ks + k p l [ M ]  + K] 
( 3 )  

Equation (3) can account for monomer o rde r s  g rea t e r  than 1 and 
initiator o rde r s  grea te r  than 0.5, s ince  the magnitude of the  bracketed 
t e r m  dec reases  as both monomer concentration and the  initiation rate 
are lowered. In some circumstances k [MI  and k may be signifi- 
cantly g rea t e r  than ( 2ktRI)"' so that Eq. ( 3 )  reduces to 

P' S 

kpRI1" [ M] 

( 2kt)l/' 
R =  (4) 

If kpl [ M] >> ks, Eq. (4) simplifies t o  the "normal" polymerization 

rate equation. This  situation is, of course,  the s a m e  as that occur r ing  
in  most radical t r ans fe r  processes ,  where the derived rad ica l  adds 
monomer rapidly and hence the polymerization rate is unaltered. 
However, if  the magnitude of ks and k , [ M] are comparable, high 

P 
monomer o r d e r s  and initiator o r d e r s  of 0.5 can occur according to  
Eq. (4). A s  s ta ted  in the  Introduction, such behavior has  been ob- 
se rved  in  ethyl and n-butyl polymerizations. Further complications, 
such as a chain length dependence of k , may resu l t  in initiator 
exponents being reduced slightly below 0.5 as found in the polymer- 
ization of n-octyl and n-lauryl acrylates.  

Rearrangement of Eq. (4) leads to 

t 

where 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



766 SCOTT AND SENOGLES 

FIG. 7. Data from Fig. 1 plotted according to Eq. ( 5 ) .  

In Fig. 7 the rate data of Fig. 1 is plotted according to Eq. (5 ) .  
Although a good linear relationship exists, as is also the case with 
the n-lauryl acrylate data, curvature is readily apparent in the  cor- 
responding plot for n-butyl acrylate (Fig. 8). Thus the kinetic data 
do not strongly support a possible intramolecular degradative 
transfer mechanism. Speculation on the  likelihood of backbiting 
process ( A )  occurring could be resolved by hydrolyzing the polymer 
and seeing if a reduction in molecular weight occurs. Even if this i s  
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1 1 I 1 1 I I 

0.0 0 .2  0.4 0 .6  0.8 1.0 1.2 1 . 1 1  
01 

& (dm3 mol-l)  

FIG. 8. Data from Fig. 6 (Ref. 1)  plotted according to Eq. (5). 

the  case, no kinetic effect would result unless the derived radical is 
less reactive to monomer. If this radical is assumed to be of a similar 
structure to that involved in ally1 acetate polymerizations, copolymer- 
ization data [ 191 indicate increased propagation reactivity. On the 
other hand, radicals resulting from processes such as (B)  would 
certainly be less reactive than the parent radical. However, the occur- 
rence of this reaction cannot be easily demonstrated experimentally. 
Thus theoretical and experimental evidence is inconclusive for the 
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768 SCOTT AND SENOGLES 

occurrence of degradative radical backbiting processes in acrylate 
polymerizations. It is possible, however, that this process is 
important in the polymerization of other vinyl monomers such as 
vinyl acetate. In this case there is evidence for backbiting processes 
such as 

CHoCoCH 
CH2-$+ M H 2 - $  / CH2, 

&H2- CH- 
I 

H 
0 

oCOCH3 OCm3 

\co /CH2 

/ 
&H2- CH - CH2- CH20COCH3 

I 

occurring [ 201. The resulting radical, which would be expected to be 
more reactive than a polyacrylate radical which it structurally 
resembles, may nevertheless be less reactive than the highly reactive 
parent vinyl acetate radical and therefore a kinetic degradative effect 
may result. However, application of Eq. ( 5 )  to  the rate data of 
Burnett [ 161 for  vinyl acetate polymerization did not result in a 
linear plot. 

D i m e r i c  C o m p l e x  M e c h a n i s m  

In the analysis of experimental results it was observed that a linear 
relationship existed when R /[MI was plotted against [ M I  for the 
n-butyl acrylate-ethyl acetate system. A similar result was obtained 
when the  data of Devale'riola [ 21 was plotted in this manner for the 
e thyl  acrylate-benzene system (Fig. 9). This behavior is indicative 
of a mixed first-order-second-order reaction with respect to  
monomer, or, in other words, a rate expression of the form 

P 

R = K ' [ M ]  +K"[M]' 
P 

applies. Such an expression would hold if the polymerization mechanism 
involved, as well as the normal reaction steps, the addition of monomer 
"pairs" to a growing radical chain. Monomer T'pairsTi can best be 
regarded as some loose dimeric species o r  complex formed by the 
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2.0- 

- 
7 1.6- 

I u 

0 
-4 I 

L 0.01 I 1 1 1 1 I 

0 1 2 3 4 5 6 7 

[MI (mol dm-j) 

FIG. 9. Rate data of Devaleriola 121 for the polymerization of ethyl 
acrylate in  benzene plotted according to Eq. (6). 

association of two monomer molecules. The full kinetic scheme for  
such a mechanism can be represented as 

I - 2R' 
R' + M - P' *I 
P' + M - P' k 

M + M 5 M::M K 
P' + M::M - P' k 

2 P' - polymer kt 

P 

P' 
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where 

K = [ M::M]/[ MI2 

Applying kinetic analysis t o  the above scheme, 

R = k  [P ' ] [M]+kp , [P ' ] [M: :M]  
P P  

=kp[P ' ] [M]  +kp1[P ' ]K[M] '  

=(3j'2kp[M] 2kt + kp1K[M]' 1 
Therefore  

1 R p  -(2:1 )" kp + k p I K I M ]  
[ MI 

Thus a plot of R /[MI v s  [MI should be l inear,  and the slope/intercept = 

kpIK/kp. The value of th i s  ra t io  taken from Fig. 9 fo r  ethyl acrylate is 
0.63 dm3 /mole. The d imer ic  complex mechanism is consistent with the  
initiator exponent observed in th i s  polymerization. 

action mechanism, and therefore  some  attempt was made to  detect a 
possible d imer ic  complex in the  polymerization mixture. It is well 
known that many vinyl monomers form sotable d imer ic  adducts under 
cer ta in  conditions. Fo r  example, at 150 C, s tyrene  fo rms  a mixture of 
d imers  [ 211, the most favored having the  s t ruc tu res  

P 

Kinetic data is only of l imited value in  attempting to establish a re- 

and 

C6H5 

In a s imi l a r  manner,  methyl vinyl ketone [ 221 d imer izes ,  producing a 
derivative of dihydropyran: 

CH2 
\\ / 
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Methyl acrylate itself condenses at high temperatures with acrolein, 
methacrolein, and crotonaldehyde [ 231. In the reaction with acrolein 
the Diels-Alder type mechanism leads to  the formation of 2-carbo- 
methoxy- 3:4-dihydro- 2H-pyran: 

CH2 1 
CH 

3 

+ 

CH2 

CH 
\\ 

I 
I 

0 A H 

/ CH2\ 
CH 

II CH2 I 
CH 

0.' .C 
I 
OCH3 

Thus some loose association of acrylate monomer pairs  could con- 
ceivably occur under polymerization conditions: 

T2 
o ' \ C  

'OCH3 

+ 

If such an equilibrium does exist in  monomer solution, then deviations 
would be expected in Beer ' s  law. Examination of the l i terature on 
acrylate esters reveals that this is in fact the case. Variations in 
measured values of the absorption coefficients and wavelengths of 
maximum absorption for methyl and butyl acrylates have been explained 
[ 241 in te rms  of dimer formation. In s imilar  work E 

have been found [ 251 to  vary with the nature of the solvent for a number 
of acrylates, although in this case the deviations have been attributed to 
polarity effects on electronic transition energies. 

In an attempt to detect any dimeric complex of the form given above, 
the NMR spectra  of ethyl acrylate and 2,3-dihydropyran were compared. 
No evidence for complex formation with the acrylate monomers 
resulted. However, i f  the equilibrium constant of the association re- 
action is extremely small  and k 

and ?nax max 

>> k f'dimeric" addition in the 
P' P' 
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polymerization could still account for the  high monomer o r d e r s  ob- 
tained. K values would be expected to  increase  at lower tempera ture ,  
and in the  present  work the re  was  some  indication of an increase  in  
the  monomer o rde r  under these  conditions. Nevertheless,  no definite 
evidence for a polymerization mechanism of the type postulated 
above is at hand. 

ambiguously account fo r  the high monomer exponent observed in  
acry la te  polymerizations. In addition t o  the mechanisms advanced by 
other workers ,  the two introduced above could at least partly account 
for the observed results.  Unfortunately, the  sensit ivity of kinetic 
analysis on its own does not allow accurate distinction between the 
various mechanisms. 

In conclusion it can be stated that it has  not been possible t o  un- 
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