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Abstract The kinetics of hydrogen abstraction by methyl radicals from poly(p-methoxystyrene} have 
been investigated, methyl radicals being produced by the photolysis ft. = 254 nm) of the polymer under 
high vacuum. A new differential equation has been derived to describe simultaneous diffusion and 
reaction of methyl radicals; its solution, along with experimentally determined yields of methane, have 
been used to obtain a value for the rate constant for H abstraction from the polymer. The value of this 
constant is compared with previous data for polylstyrene) and the apparent agreement is found to be 
fortuitous. Relative to similar gas phase abstractions, the rate constants are lower by about four orders 
of magnitude; some of the factors contributing to this difference are discussed. 

INTRODUCTION 

Direct and indirect evidence (ESR and product 
analyses, respectively) indicate that methyl radicals 
are formed during the irradiation of a number of 
polymers, e.g. poly(p-methoxystyrene)(PMOS) [1], 
poly(methyl methacrylate [2, 3] poly(vinyl acetophe- 
none) [4] and poly(vinyl acetate) [5]. Because of their 
inherent high reactivity and high mobility within 
polymers, methyl radicals are important inter- 
mediates; their interactions with the polymer criti- 
cally influence the general course of the photoreac- 
tions, and the nature of the products of photo- 
degradation. They also act as potential initiators of 
subsequent free radical reactions, e.g. oxidation by 
generating radical centres on the polymer. 

Despite the significance of such reactions as H 
abstraction from polymers, little kinetic information 
is available, research in this area having been impeded 
by experimental difficulties associated with measuring 
CH3 concentrations, and in defining the extent to 
which various reaction products are derived from 
homogeneous, as opposed to heterogeneous pro- 
cesses. 

A study of the reactions of CH3 with a number of 
polymers [isotactic poly(propylene), poly(styrene) (PS) 
and low density poly(ethylene)] was recently made, 
(~H 3 being derived from the photolysis and thermo- 
lysis of 1,1 diphenyl ethyl-hydroperoxide; a rate con- 
stant for H abstraction from PS at 353 K of 1.6 dm 3 
mol ~ sec-1 was reported. This value was regarded 
as being anomalously low, and various reasons were 
offered [6]. 

One disadvantage of a system in which the (?H3 
source is dispersed in the polymer is the lack of infor- 
mation on its distribution within a given polymer 
sample, this being the result of possible mutual 
incompatability of polymer and hydroperoxide. 

Hence a uniform distribution and hence rate of pro- 
duction of {2H3 are by no means assured. In order to 
obtain kinetic data the previous workers [6] derived 
and solved a differential equation to represent the 
simultaneous diffusion and reaction of CH 3. How- 
ever, a solution appropriate to a steady state only was 
obtained, and its application is not necessarily justi- 
fied in all cases. 

The model also assumed a constant "'source" term, 
and no allowance was made for the effect of film 
thickness, which is certainly significant in the photo- 
chemical production of radicals. In addition the rate 
constant for abstraction was derived from the relative 
rates of formation of CH4 and CzH6, the classical 
technique used in gas phase kinetics. It is doubtful 
whether the application of such competitive kinetics is 
valid in the present case, since the C H ,  forming reac- 
tion is a gas--solid reaction while the C2H~, was sup- 
posed to result from the gas phase recombination of 
(~H3 [6]. 

In order to eliminate possible ambiguities arising 
from these deficiencies, we have re-investigated 
abstraction by (7H3 from P M O S  the polymer itself 
being a photochemical source of (TH 3 on the high 
vacuum short-wave (2 = 254 nm) irradiation. The sys- 
tem has the additional advantage that the reactions 
do not require to be carried out at 353 K, at which 
temperature the polymer, or at least the lower mol- 
ecular weight components of it, begin to undergo 
physical changes. In practice also, few photodegrada- 
tion reactions occur at such high temperatures. 

A new differential equation describing the simul- 
taneous reaction and diffusion of CH3 has been de- 
rived, allowance being made for a thickness depen- 
dent source term; a solution applicable to both steady 
and non-steady state conditions has been obtained. 
Rate constants have been calculated directly using 
this equation and the experimentally determined C H ,  
yields, and no competitive kinetics are assumed. 

813 



814 N .A.  WEIR and M. RUJIMETHABHAS 

THEORETICAL 

Mathematical model 

Consider a thin polymer film of thickness L and surface 
area A aligned in the yz-plane as shown in Fig. 1. The film 
is irradiated with u.v. radiation of uniform intensity, Io, the 
flux being emitted in a direction parallel to the x-axis. 

In order to formulate an equation to describe simul- 
taneous reaction and diffusion of methyl radicals, it is 
necessary to define the principal reactions involving methyl 
radicals produced in the photolyses of P M O S  films which 
have recently been investigated in detail [1]. 

For convenience the polymer is represented as 

H 

I 
v w - - C H 2 - -  C 

0 

~" C H  3 

HPCH3 where H refers to the ct-H which, according to the 
results of a recent study employing isotopic substitution at 
the c~-position, is the most likely to be abstracted [7]. The 
short wave photolysis of P M O S  gives rise to methyl radi- 
cals (fission of the CH 3- -O  bond), the reactions of which 
occur in both phases. It is therefore appropriate to outline 
the reactions which take place in gas and solid phases. 

(a) Reactions of  CH 3 in bulk polymer film 

I 
HPCH3 H1 ~ + (~H 3 (I) 

hv 

HPCH3 + (~H 3 2 I~CH3 + CH 4 (2) 

CH3 + C H 3  + M  3 C2H6(Misa th i rdbody)  (3) 

15 + t~H3 4 Non-radicalproducts  (4) 

where 15 = H15 or 15CH~ (macroradicals). (CH3 addition to 
phenyl groups is also possible, but it was not investigated.) 

(b) Reactions of  CH j in the gas phase 
Concentrations of CH 3 radicals in the gas phase may be 

derived from two sources, i.e. some may be formed by 
photolysis of the molecules in the surface layer of the film 
and enter the gas phase directly and others formed in the 
bulk polymer could conceivably diffuse out of the polymer 
matrix into the gas phase. 

Simultaneous diffusion and reaction processes can be de- 
scribed by a continuity equation for an isotropic medium 
under isothermal conditions, i.e.: 

cqCi 
- -  OiV2Ci q- Si - L i (5) 

8t 

where V 2 is the Laplacian operator which takes the form 
82/t~x 2 in the one-dimensional case. Since in the experimen- 
tal set-up products of methyl radical reactions are derived 
from the diffusion along the direction parallel to the x-axis, 

* 1 tort = 133.322Pa. 

i.e. along the direction of formation due to the incident 
radiation, (5) takes the form: 

(~C i 82Ci  
8~- = D ~  + S~ - L~ (6) 

x and t are space and time variables, respectively. If i is 
identified as CH 3 as in the present case, then Ci = Ci(x, t) 
is the concentration of methyl radicals. D~ is the diffusion 
coefficient of (~H3 and is assumed to be constant with 
respect to x and to concentration. For an anisotropic 
medium, D~ is direction dependent [8] but, to make the 
equation tractable, we have assumed the bulk polymer to 
be isotropic. Si is the source term and is equal to the rate of 
production of CH3. For the present experimental con- 
ditions S~ = Io~e  - ' x  (Lambert 's Law). Here I0 is the inten- 
sity of incident radiation, and ¢~i is the quantum yield for 
CHa production, ct is the absorption coefficient for u.v. 
radiation by the chromophore in the film, and x is the film 
thickness. For convenience, let fl = I0¢~ and S~ = f ie -% L~ 
is the loss term which describes the depletion of methyl 
radicals due to chemical reactions. 

We have neglected a term involving the mass transport 
due to convection, since in our experiment the photolysis 
was conducted in a static system. Mass transport due to 
thermal gradient has similarly been excluded [9]; this is 
justifiable on the grounds that the experiments were car- 
ried out isothermally. 

Thus, the.equation describing changes in the CH 3 con- 
centration (CH3) in bulk polymer film under isotropic and 
isothermal conditions may be expressed as: 

~ C  (~2C 
- - =  D + fie -~x - k2(HPCH3)C 
ot 

-- 2k3C2(M) - ka(la)C (7) 

where C = (CH3). 
It is likely that the rate of recombination of methyl radi- 

cals in the film (in the presence of a third body M), 
2kaC2(M), is much smaller than that in the gas phase, i.e. 
2 × l0 l° dm 3 tool -1 sec -1 [10, l l ]  because of the relative 
efficiencies of methyl radical collisions in the two media. 
Thus most of the C2H6 formed may be attributed to the 
gas phase reaction and the term 2k3C2(M) in (7) becomes 
relatively unimportant. On the other hand the formation of 
CH4 via hydrogen atom abstraction by CH 3 from the solid 
polymer (reaction 2) is likely to be more facile than the 
corresponding gas phase reaction of CH3 and H atoms, 
since the latter reaction is a termolecular process [12] 
which under the present high vacuum (10 -7 torr)* con- 
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Fig. 1. Model of polymer film used to derive the differen- 
tial equations. Lis the thickness and A is the area exposed 

to u.v. radiation of incident intensity I0. 
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ditions would be unlikely. Thus  the term 2k3C2(M) may be 
eliminated from Eqn (7). 

The rates of reaction of CH 3 with macroradicals {18), 
other than those with which they could recombine in the 
cages in which they are initially formed together, are not 
likely to be .significant since they require the mutual  
encounter of CH 3 with large immobile radicals (cage col- 
lapse reactions would contribute no methane, hence could 
not be detected). 

The high ( 'H3 mobility could in part compensate  for 
this. however, on account of its high reactivity and the 
relatively ver.y high concentration of abstractable H atoms 
(relative to (P)), it is reasonable to expect CH3 to partici- 
pate in abstraction reactions at the expense of CH3 + 1 ~ 
reactions. Thus  the term k,(f:')C may be regarded as insig- 
nificant in (7). Thus  Eqn (7) may be simplified to: 

PC ?2C 
-- D ~ . + fie ~' kz(HPCH3}C (8) 

Ft ~.~- 

Under  the present experimental conditions, (C 'H31-  
C << (HPCH3) as indicated by the total product yields. 
Thus  the second-order term, k2(HPCH3)C,  can be replaced 
by pseudo first-order kinetics, i.e. ke(HPCH~) = k, where k 
is the apparent  pseudo first-order rate constant. Therefore 
the observed rate of CH 4 formation is given approximately 
by Eqn (9): 

d ( C H J  = k2((~H3)(HPCH3 ) 
dt 

= k(CH3} 

= k(" {9) 

The differential equation becomes: 

?C F2C 
= D ~ , + fie ~' - kC (10) 

~t ~.x- 

Writing C(.C t) to represent the average concentrat ion  of 
C over the thickness of the film, we obtain Eqn (12): 

1 (h 
C(;, t) = h -- ~ l . ,  C (x . t ) dx  (12} 

where a and b represent the lower and upper limits of the 
film thickness between which the concentration of CH 3 is 
averaged. The rate of production of CH~ per unit area at 
various times may be calculated from kC(.T, t). Thus  the 
theoretical rate of production of CH4, Rc , ,  at time t for a 
film of area A, is: 

R{'u~ = A x k x C(.~, t} { 1 3 )  

and the concentration of CH4 at various times may be 
calculated. Equat ion (13) is of the same form as (9) which 
relates C to the measured yield of CH,,. 

The steady state solution to Eqn (10) for which 
dc/dt - 0 may also be solved under the same boundary  
conditions as imposed upon the non-steady state equation 
and the solution is given in Eqn {14}. 

(DI o 
C(x) = 

(1}~. 2 -- k)sinh( x k /DL)  

,"k 
× sinh x) + e sinh \ / D  (L - ~/. 

/kD 1 - e " s i n h  \ / -  L . 

/ A 
\ ' D  

(14) 

The average value of C{x) over the polymer film thick- 
ness may be found similar to that shown in {12) and is 
designated as C(x}. The theoretical rate of production of 
CH4 from the steady state solution, R{H,. may also be 
calculated from Eqn 113) by replacing C{x, t} with C(~). 

Time dependent solution to differential Eqn (I0) 

The differential equation riO) is solved for the following 
set of initial and boundary  conditions: 

C(.,,. O} = O, O < x  < L 
CIO. t) = 0"[ 
C(L.t) o f t  > 0 

EXPERIMENTAL 

The details of the photolyses of films of PMOS have 
been described [I ]  and only a summary  of the salient 
features is given below. Films of PMOS (4 x 10 4cm 
thick) were photolysed under high v scuum(10  "tort)  con- 
ditions using 254nm radiation. The temperature of the 
reactions was controlled to 298 4- I K. The gaseous 

and the solution (see appendix) is  shown in Eqn (11}. 

(/}I o 
C 

2 2 D  -- k [ (e(=~l) tl, 1)e =-~ + 

{ s i n h / D k  ( L -  x ) +  e ~ " s i n h / ;  x }  

sinh \./D~ L 

_ e { ~ } _  ~}, ', sinh :aL - x )  + e ~;" sinh :~.,: I 

sinh ~.L 

[tO) f7 ("> e x p -  D + k  t n{( 1)"e ~ L  l ' ,s in ~, 
{l l l  

n 1 {t72~2D 4- kL2)It721r 2 ÷ 221. 2 } 
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products were analysed continuously and quantitatively by 
an in-line quadrupole mass spectrometer (Micromass Q7). 
Rates of formation of CH4 were used to test our theoretical 
model, and to obtain information about methyl radical 
abstraction reactions with the polymer. 

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

Typical experimental data for C H ,  formation from 
a P M O S  film 10 -4cm thick are shown by circular 
data points (A) in Fig. 2 (C2H 6 is also formed, but not 
shown), and the results of the theoretical calculation 
for the C H ,  production (integrated over the total film 
thickness) are indicated by the triangular points. The 
same results are obtained from the non-steady state 
and the steady state calculations. It can be seen that 
the theoretical and experimental data coincide for 
reaction times of up to about 120 rain, after which the 
experimental data deviate from linearity (this is dis- 
cussed further below). Corresponding theoretical data 
were shown for a film of thickness 10 5 cm (B). It 
should be noted that the non-steady state solution 
yields the same results as the steady state one. 

Figure 3 shows molecular weight changes in the 
same time scale as the above gaseous evolution reac- 
tions. Molecular weights have been normalized 
against the initial value for the undegraded polymer, 
i.e. (M,)t/(M,)0. It can be seen that a more abrupt 
change in molecular weight occurs around 90 min ir- 
radiation. 

With the exceptions of the diffusion coefficient D 
for C?H3(D~H~) in P M O S  and the rate constant, k, 
which was to be estimated, all the parameters used in 
the calculation were derived from experimental results 
[1] and these are shown in Table 1 (column 2). The 
absolute value of the quantum yield for CH3 forma- 
tion cannot be obtained and it has therefore been 
estimated using the values for q~cH, and q~c2H,. Assum- 
ing that all of the ~H3 radicals ended up as CH4 and 
C2H6, the value of ~b~-H~ would be q~CH~ + 2q~C,H~. 
This value is an upper limit, since it is expected that 
some of the CH3 may also undergo reaction (4). How- 
ever, the contribution from (4) is not likely to be large, 
particularly in the initial stage of the photolysis 
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Fig. 2. Comparison of observed and theoretical yields of 
CH4 as a function of reaction time, A-film thick- 
ness = 10 -gem. B-film thickness = 10-5 cm-theoretical 

yield. 
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Fig. 3. Changes in molecular weight (/~,), as a function of 
time of irradiation of PMOS film at 2 = 254 nm. Molecu- 
lar weight changes normalized to (M,)0 the molecular 

weight of undegraded polymer. 

when (~H 3 and 15 concentrations are likely to be 
small, q~bm was therefore taken as 1 x 10 -3 (based 
on the experimentally obtained values of q~cH, and 
4~c2n, as 3.7 x 10 -4 and 3.3 x 10 4 respectively). 

The diffusion coefficient for methyl radicals in 
P M O S  has not been reported; previous workers [6] 
have used the corresponding value of the diffusion 
coefficients for CH4 as an approximation in their 
studies of poly(styrene), e.g. D for CH4 in PS is 
10 -7  cm 2 sec-1 at 353 K [6]. However, such an ap- 
proximation would not appear to be justified in the 
present case for the following reasons: 

(a) Volume of d!ffusant 
From the vacuum u.v. absorption [13.] and ESR 

[14, 15] studies, it is concluded that CH3 (in its 
ground state) assumes the D3h point group and has an 
internuclear ( C H )  distance of 0.107nm [16]. This 
value is smaller than the corresponding value for C - H  
in C H ,  (i.e. 0.109 nm), as obtained from Raman spec- 
troscopy [17]. Thus the effective volume of CH4 is 
greater. 

(b) Polymer free volume 
If the structure and geometry of the two monomers 

(i.e. styrene and p-methoxy styrene) are considered, it 
is reasonable to conclude that the P M O S  will have a 
larger free volume than the equivalent number of 
moles of PS. 

The likely effects of these two factors on the value 
of D~H 3 in P M O S  can be qualitatively assessed by 
considering the following empirical relationship 

Table 1. Comparison of experimentally obtained par- 
ameters with those used in calculations to provide the best 

fit 

Parameter Experimental Theoretical 

~(cm 1) 5600 5600 
10(Ecm-2sec 1) 3.0 × 10 - l °  3.7 × 10 -1° 
tb~n ~ 1 × 10 -3 1.05 × 10 -3 
D(cm2sec -1) 5 × 10 -7 5 × 10 -7 
L(cm) 4 × 10 4 4 × 10 -4 
k(sec 1), nonsteady state 15.7 
k (see- ~), steady state --- 15.6 
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between D, free volume and diffusant volume [18-21], 
i.e. 

D = d e x p ( - B / f )  (15) 

where D is the diffusion coefficient, d is related to the 
size and shape of the diffusant, B is associated with 
the smallest hole size required for diffusive jumps and 
f is the average fractional free volume of the polymer 
system. It can be seen that, for C'H3 diffusing in 
PMOS, B is smaller, f is larger, and since the expo- 
nential term is more important, the overall result is an 
increased value for D~: m relative to Dcm in PS. The 
exact magnitude of this difference is impossible to cal- 
culate, but a plausible value of 5 x 10-TcmZsec 1 
has been estimated and is used in the calculations. 

Parameters listed in Table 1 (column 2) were used 
in conjunction with observed yields [1] and Eqns (13) 
and (9) to calculate k and k 2. The same procedure was 
used for non-steady state and steady state solutions, 
employing the same set of parameters in the calcu- 
lations. Data are summarized in Table 2. 

- -  O/ It appears that the value of k2(+ 10/o), the rate con- 
stant for H abstraction from the polymer, is consider- 
ably lower than that previously implied, and that for 
an analogous gas phase abstraction by CH 3 in which 
the rate constant is at least four orders of magnitude 
higher [22]. This result is in general qualitative agree- 
ment with data obtained for H abstraction from PS, 
poly(ethylene) and poly(propylene), and it can per- 
haps be rationalized in terms of the Eyring formula- 
tion of the rate constant, i.e. 

k 2 =  0 e x p ( ~ + ) e x p ( -  RA--~-~) (16, 

in which 0 is a ratio of fundamental constants, and 
AS? and AE are the entropy and energy of activation 
respectively. 

In the gas phase both the (~H 3 and the molecule 
from which it abstracts have their classical trans- 
lational energies, and undergo frequent collisions. At 
298 K, however, PMOS is a glassy solid (Ta = 362 K) 
[23] in which the chains of the macromolecules are 
rigid, the only degree of freedom being low amplitude 
oscillations of the substituted phenyl groups around 
the C-phenyl axis [24]. Methyl radicals have poten- 
tially high mobility, but this is restricted to random 
displacements in the available free volume. In ad- 
dition the formation of the transition state for 
abstraction of the tertiary H atoms (other abstrac- 
tions are energetically unfavourable) requires a rather 
specific encounter of CHa with the tertiary C atom, 

Table 2. Comparison of rate constants for H atom abstrac- 
tion by methyl radical from films of poly(styrene) and 

poly(p-methoxystyrene) 

k 2 
k (dm 3 mol i T 

Polymer ( s e c -  l )  sec- 1) (K) Reference 

PMOS 16 _4:. 2 2 _+ 0.2 298 Present work 
PS 1(~25 1.3 1.9 353 [6] 

For PMOS, the non-steady state and the steady state 
calculations yield the same rate constants (k and k2). 

which is subject to unfavourable steric effects [25]. 
The overall effect of these factors is reflected in a low 
value of AS?, and hence in the value of k 2. 

Formation of radical centres on the tertiary 
C-atoms of the polymer accompanies abstraction. 
However, to attain the geometry associated with these 
sp 2 hybridized tertiary C-atoms (i.e. planar), displace- 
ments of adjacent bonds are required; since PMOS is 
well below its T, at 298 K, segmental motion can only 
be achieved by the input of energy. Thus it follows 
that AE for the reaction will be higher than that for a 
small molecule in the gas phase, and from (16) it can 
be seen that k 2 will be correspondingly lower. 

Also shown in Table 2 are data obtained for PS [6] 
which would be expected to react under identical con- 
ditions at a similar rate. The apparent agreement 
between the two sets of data is undoubtedly fortui- 
tous, and attributable to the neglect of the factors 
mentioned in the Introduction. A temperature differ- 
ence of 55 K would bring about a change in the rate 
constant for PS of at least two orders of magnitude. 

The validity of the differential Eqn (10t and its sol- 
ution ( l l j  in representing total CH4 formation from 
P M O S  as a function of irradiation time can be 
assessed from Fig. 2(A) in which typical experimental 
data for a 10 4cm thick film are compared with 
those calculated using the above determined value of 
k and other experimentally determined parameters, 
e.g. Io. It can be seen that there is very good corre- 
spondence between the two sets of data for reaction 
periods of approximately 100min after which the 
theoretical exceeds the observed yield. It can also be 
seen that the model can adequately represent reac- 
tions of thinner films, theoretical data being obtained 
for a film 10 Scm thick (Fig. 2B) which had insuf- 
ficient mechanical strength to be investigated experi- 
mentally. This model is particularly sensitive to film 
thickness, and it can be seen that about 500,,, of the 
CH 4 yield is formed within a 10 5 cm thick layer. 
Similar observation can also be made with the results 
of the theoretical calculation from the steady-state 
solution (141 and the experimental data for the yield 
of CH4. 

Slight modifications were made to the value of the 
various parameters to obtain the best fit between ob- 
served and theoretical data, and these are summarized 
in Table I (column 3). The discrepancy between ex- 
perimental data and theoretical predictions beyond 
about 100 rain reaction is not due to a mathematical 
limitation of the model, but rather the result of the 
following modifications of physical properties of the 
film brought about by the irradiation. 

(a) D!(li4sion characteristics 

It has been established that simultaneous chain 
scission and cross-linking occur during the photolysis 
of P M O S  [1] the quantum yield for the latter being 
significantly greater. In the early stages of the reaction 
(<  60 min)chain scission compensates to some extent, 
and consequently the molecular weight increases 
slowly. However, as the reaction proceeds and the 
system becomes more rigid, the effects of chain scis- 
sion are overwhelmed by cross linking, and the mol- 
ecular weight increases more rapidly. 

Typical data are shown in Fig. 3, from which it can 
be seen that the more pronounced effects of cross 
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linking coincide approximately in time with the ob- 
served deviations between experimental and theoreti- 
cal data, and these can be ascribed to the effects of 
cross linking on diffusion coefficients of CH 3 and 
CH 4. 

It has been established [26, 27] that cross linking 
leads to a reduction in the values of diffusion coef- 
ficients of gases in polymers and it follows that not  
only will the CH 3 mobility be reduced (and with it the 
probability of abstraction), but the diffusion of CH4 
out of the polymer will be impeded, and the observed 
rate of formation will decrease. 

(b) Optical effects 

Irradiation of P M O S  leads to the formation of a 
number of polymer species which exhibit enhanced 
absorption in the u.v. and visible regions of the spec- 
trum, consequently the absorption coefficient, ~, will 
become a composite term which will be time depen- 
dent. 

In addition, the absorbing species formed in the 
surface layers will act as internal filters and the effec- 
tive u.v. intensity reaching lower layers within the film 
will decrease [283. The changing absorption pattern 
will probably also change the quantum yield for CH3 
formation. 

Effects (a) and (b) will be reflected in non-constant 
(i.e. time dependent) values of parameters such as c~, q~ 
and D; since no allowance was made for this effect in 
deriving Eqn (10), it follows that it is unsuitable for 
predicting behaviour beyond about 100 min. 

In summary a new differential equation represen- 
ting the simultaneous diffusion and reactions of CH3 
radicals within P M O S  films has been derived, solved 
(for non-steady state and steady state conditions) and 
used in conjunction with experimental data for CH4 
production by. photolysis of P M O S  to obtain a rate 
constant for CH3 abstraction from the polymer. The 
system has the advantage that CH 3 is derived directly 
from the polymer by photolysis and not from another 
solute molecule dispersed in the film. 

Unlike others [-6] the present model employs a 
source term (fie - '~) which includes a number of 
measurable and variable parameters associated with 
the film (e.g. thickness) and it allows the rate constant 
to be calculated directly, without the need to invoke 
competitive kinetics. 

It is evident from this investigation that the steady 
state and non-steady state calculations yield the same 
rate constants, k and k2 (Table 2). While the steady 
state solution offers simpler calculation, the non- 
steady state solution is more general. 
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The solution to the differential Eqn (10) may now be 
solved, by first rearranging it as follows: 

~2C k 1 ?C fl 
- - -  - C  e -~x= - y e  -~x (A1) 
dx 2 D D ?t D 

where 2) = fl/D. (A1) is Laplace transformed; we obtained 

d2C k C -  1 (p~ Co)=  - - e  ~x (A2) 
d x  2 D D p 

ff = f l  e-P'C(x't) dt" 
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Applying the initial condition: 

C(0, x ) =  0, thusCo = 0 .  

The subsidiary equation is: 

d2C k ~ P~C ?e  -~x 
dx 2 D D p 

Putting (/ = d/dx, (A3) may now be written as: 

_ _ / e - : C x  

The auxiliary equation of (A4) is 

x/k + p  
~o = _+ D 

Thus 

where A and B are integration constants. 
From the particular integral of (A4) we get 

7e ~x 

Thus the general solution for C is 

(f = A e x p ( x j k - + P ) x  + Bexp{ V D~ +p~x 

" '  e - a x  

k +p 
Writing~ = \/ ~ ,wehave  

= Ae& + Be-~* - ~  |~2~-_ ~2j  

Applying the boundary conditions to (A6), 

C(t,O) I = 0  t > 0  
C ( t ,  L )  = 0 

(A3) 

(A4) 

tA5) 

(A6) 

Hence 

0 = A + B -  ~2 (A7) 

0 =  Ae¢L + Be-qL--7[p ~2 ~ ; 2 ]  (A8) 

Solving (AT) and (A81 for ,4 and B, we get 

)g e ~1. _ _  e ~:L 

Thus the particular solution for C may be written as: 

), 1 [(e-~l I -- e-~Lje 4x (e - ~ L -  e~L)e -~ ' ]  

C=~(~ ~)L (e ~L-e-~'~) ~e~'-~ek~"~J 
7 e ~ 

C =  TI + T2 

where T 1 is used to notify the first term and T 2 the 
second term of (A9). 

"/'2 may be partial fractioned as shown : 

T2 = ~2 u _ k Lp + (k - 72D} - p l  e ~x 

From the standard table of Laplace transforms, the inverse 
of T2 may be found (say C2): 

?D 
C , -  - (~2o kl, l ) e  ~-~] (A10) 

" - ~ 2 D  - k [ ( e  

The inverse of T~ cannot be found in the standard 
tables so we have followed a standard procedure of the 
Inversion Theorem for the Laplace transformation as 
outlined by Carslaw and Jaeger [29] in which use is made 
of the Cauchy's theorem of residues [29,30]. The result of 
the inverse transformation of T~ is C~ (not shown 
separately, but shown in the final solution). Thus the final 
solution for C is C = C1 + C2; after the substitution of 
7 D = fl = 4~I o followed by rearrangement, we have Eqn ( 1 I ). 


