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Abstract-——The mechanism of synergism in mixtures of u.v.-absorbers with antioxidants is considered.
The synergism is attributed to diffusion of the antioxidant from the deeper-lying lavers of polymer film,
protected from the action of light by a u.v.-absorber. towards surface layers where the photoreaction
takes place. The effect of the antioxidant diffusion process on the duration of the induction period of the
unbranched chain oxidation reaction of the polymer is analysed. The experimental investigation of the
polybutadiene photo-oxidation process has verified the diffusion mechanism so allowing finding of the
optimum relationship between the concentrations of u.v.-absorber and antioxidant and explanation of
the observed enhancement of the effect of synergism in thicker polymeric films. for higher antioxidant

diffusion coefficients and lower light intensities.

INTRODUCTION

The photostabilization of polyolefins. polydienes or
thetr copolymers. polystvrene and other polymers is
often achieved by stabilizing mixtures which exhibit
synergism, i.e. the mutual enhancement of the protec-
tive effects of individual components of a mixture.
The mixtures most commonly used consist of u.v.-
absorbers and antioxidants (A) reacting with the free
radicals and,or destroying peroxides without produc-
ing free radicals [1-4]. The mechanism of the syner-
gistic effect of these mixtures has not yet been dis-
covered despite its great importance. The present
work 1s aimed at investigating such mechanism and a
new diffusion mechanism is considered and substan-
tiated.

Two hypotheses had been previously suggested to
account for the synergism. In the first, the effect was
attributed to the change of the kinetic law of termina-
tion of the oxidation chain in the presence of the
antioxidant. This conclusion was based on analysis of
the kinetic scheme of oxidation [5.6]:

M + hy PO, N
+PH + 0,

PO, + PH *‘:‘ POOH + PO, an

PO, + PO, ‘. chain termination  (Iff)

PO, + A —2_, ¢hain termination (Iv)

where M is a chromophore which is part of the
polymer (PH) or of an impurity. In the absence of an
antioxidant, chain termination occurs via reaction
(11N, and the oxidation rate w ~ 1}, where 1 is light
intensity. If A is present, chain termination follows
reaction (IV), becoming linear and w ~ I'. [t follows
that a u.v.-absorber which reduced light intensity n
times will decrease the rate of uninhibited oxidation

(BN L S}

by a factor of n* and that of inhibited oxidation by a
factor of n. It is seen that the presence of antioxidant
enhances the effectiveness of the u.v.-absorber.
According to this mechanism. which will be referred
to as a chain mechanism, the effect of synergism is
achieved in the absence of any interaction between
u.v.-absorber and antioxidant. Within the framework
of this mechanism, synergism relationships have been
obtained for unbranched [7] and degeneratels
branched [&] chain reactions.

According to the second hypothesis. synergism is
attributed to the u.v.-absorber quenching the excited
electronic state of the antioxidant, suppressing or
totally eliminating its photoinitiating effect, and so
causing a relative enhancement of the protective func-
tion of the antioxidant.

DIFFUSION MECHANISM
(@) The qualitative theory of the synergism

While investigating the phenomenon of synergism.
the authors considered that the diffusion of the
antioxidant might have relevance and they suggested
a diffusion mechanism {9] schematically illustrated in
Fig. 1(b). In a polymer film of sufficient thickness |
containing a u.v.-absorber and an antioxidant. the
u.v.-ubsorber exhibits a very strong absorbing func-
tion. The intensity of the incident light therefore
rapidly decreases with distance from the irradiated
surface (Curve 1) and the photoreaction actually takes
place only in the hatched narrow zone adjacent to the
irradiated surface where most of the incident hght 1s
absorbed. In this zone both the polymer and the
antioxidant which inhibits the oxidation undergo con-
versions. No reactions occur in the deeper polymer
layers, where the antioxidant concentration remains
at the original level. As a result, an antioxidant con-
centration gradient develops during the photoprocess
causing diffusion of the antioxidant towards the
photoreaction zone. The arrival of fresh antioxidant
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Fig. 1. Distribution of light intensity (1) and anti-oxidant
concentration (2) across the polymer film thickness in pho-
tooxidation processes occurring in different modes: static
(1a); diffusion-controlled (1b) and fast diffusion (Ic). The
hatched portion is the cross-section in which the reaction
occurs at a twenty times lower rate than on the surface.
The photoreaction zone is disposed between this line and
the surface x = 0.

suppresses the reaction in the inhibited oxidation
phase. This diffusion mechanism explains the effect of
synergism. No interactions between the antioxidant
and the u.v.-absorber are necessary.

In order that the diffusion mechanism should
“work™, the diffusion time (tp,) must be less than or
comparable with the reaction time (z.,). Only if this
condition is satisfied will the time r,, be enough for
sufficient antioxidant for inhibition of the photoreac-
tion to reach the reaction zone.

According to the Einstein-Smoluchowski formula.
the diffusion time is:

Ip, = x*/4D, )
where x is the path and Dy is the diffusion coefficient
of ‘the antioxidant. In Table | the values of o,
obtained according to () for film thickness (v) of
50 um are compared with t,.. The values of ¢, were
estimated in accordance with destruction time tests of
stabilized polymer film under natural conditions. The
Table shows that the 1, ) tp, condition is met by a
number of common polymers. In these polymers, dif-
fusion synergism is possible.
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(b) Quantitative treatment

Provided that there is no interaction between the
u.v.-absorber and the antioxidant, the rate of vari-
ation of radical R concentration at a point with coor-
dinate x (in the polymer film section by a plane
parallel to its surface) at moment ¢ is:

AR(x. 1)]
ct

— ko[R(x, )][A(x. )] + Dy

= woe ™ — ky[R(x.1)]?
E[R(x, 1)]

-2

(2)

where o = ce is the extinction index of the u.v.-
absorber (c is concentration and € is coefficient of
absorption); w, is the radical formation rate on the
surface x = 0; Dy is the radical diffusion coefficient;
[A(x, )] is antioxidant concentration at point x at
time .

The first term in the right-hand side of Eqn. (2)
represents the radical generation rate under the action
of light via reaction (I); the second term is the radical
recombination rate via reaction (IHII); and the third
term is the reaction rate between radicals and the
antioxidant via reaction (IV): the fourth term rep-
resents the rate of the process of radical concentration
equalization due diffusion.

The corresponding rate of variation of antioxidant
concentration is:

"—[’%ﬂ - —k[R(x. 0] [AG 0]
SHA(x. )]

&x? 3

+ D,

It will be assumed that the light source is turned on
at 1 = 0. The initial radical concentration may then
also be assumed to be zero and the corresponding
antioxidant concentration to be constant:

[R(x.0)],. = O: [A(x. 0)],-0 = [A]o

Due to the impenetrability of the film boundaries.
the diffusion flow there may be taken to be zero:

AR(x. 1)] l _ C[A( )]
éx ' B

(4)

- 3

Z? éx

Thus, the kinetics of the unbranched oxidation
process in the system in question are described by
Eqns (2) and (3) with the initial conditions (4} and
boundary conditions (5).

Throughout the induction period (T;,4). the radical
recombination rate and oxidation rate proper are
much smaller than the rate of reaction between the

Table I. Comparison of 1, and 1,, values for various polymers

D. I, fox
Polymer {cm?/sec) (hr) (hr)
Polydienes 10°7-107°[10]. 10721 103
Polypropylene 10°%-107 7 [11.12] 10-103 10*
Polyisobutylene 1071°-107 ' [10] 10-10? 10%-10°
High-pressure
polyethylene 1071010712 [13] 10-10° 10%-10°
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radicals and antioxidant:
K TPH] « kJA(x1]: k3[R(x.00] <« k JA(x0)] (6)

whence the system of equations for diffusion kinetics
describing the kinetics of the decay of antioxidant and
the generation of the radicals in different polymer sec-
tions, may be written as follows:

([—R—(;L”l = — kyJA(x. D][R(x.1)]
ét
2
R(x.
+ woe ¥ + Dy 8————( (Yz 0] (N
ex
A X, 1)
(‘[—%Ll = — kq[A(x, D] [R(x.1)]
2
+ D, ¢ [A‘(XZ.I)J 3)
X
[Rx.1)]-0 = 0. [Alx.N)]ioo = [A)y )
AA )| _ARD]f s
X =0 éx =0 -
[Ax. 1] _ A1) “o (b
iy Vo éx el

Subtracting Eqn. (7) from Eqn. (3) in the case
where the radical and the antioxidant have about the
same diffusion coefficients D = D, = Dg, we obtain:

N R AL SOt
ot (@AY
where
Cle. ) = [A(x )] — [R(x, 1)] (8a)
Since
[Rix,N] « [A(x. )] 9

when 1 < T ,. it may be assumed that [C(x.1)] =
fA(x. 0]

For polymer oxidation. another case of Dy <« D,
is much more common. Then. in view of conditions
(8a) and (9). the kinetics of antioxidant decay are
given by the following formula which is similar to
Eqgn. (8):

al . 2 .
A | PTAL]
¢t éx?

O<x<l, 0<t< T, (8b)

with the boundary conditions given by (4, 5a and 5b).

The efficacy of a given pair of antioxidant and
u.v.-absorber may be characterized by the observed
period of oxidation induction (T,,4). It will be assumed
that the induction period equals the time during
which the relative antioxidant concentration variation
at point x = 0:

[Alo — [Alx.1)]

Z(t) =
[Ade

(10)

x=Q

attains certain level Z* for which the inequalities (6)
are no longer valid.
Solving Egn. (8) with the boundary conditions (4,
5a and 5b). we have:
201, & !

! -
A= e T L T R

x [1—(~ e 101 —e FUw) (i

where 1, = [*/n?D is the characteristic diffusion time
in a film of thickness I; T, = [A]o/wo is the character-
istic time of variation of antioxidant concentration as
a result of its reaction with the radicals under condi-
tion (8b): p = al is the ratio of the film thickness to
the characteristic light extinction path for a given
sample.

We shall begin with a special case where the induc-
tion period is much smaller than the characteristic
time 7,. Expanding e ¥ * in the expression for Z(r)
(Eqn. 11) into a series of parameter k%t/1;, dealing
with the first two terms of the series, and carrying out
summation with respect to k via the following identi-

ties:
l l eﬂ‘ + e’ﬂX l
~—— Moy — - 1
X7+ k? 2x e —~e ™ x

(— 1 1 2n 1
P Cor kT et —e ™ X

we obtain:

2 =11,

L
i
|

»

A
il

when 0 <1< T, (12)
whence
7;nd = sz‘ “3'

The following relation between the problem par-
ameters 1s necessary for the formulae (12) and (13) 1o
be applicable:

*
Z*1,

Ty

< 1. (14

The sufficient condition may be obtained by comparing
the latter solution with the solution of Egn. (8) for
the boundary conditions (4, 5a and 5b) over an
infinite interval 0 < x < x when condition (14) is
a priori satisfied:

:(() = ___13_:.” d.rf e'(;-l wr)e—z)‘ d,\'
(AJoy 1D Jo  Jo ——=——

v T

"o f e P [ - ¢(x/Dr)]dr. (1)

AL Jo
For small 1. the following expansion is valid:
. ZD 2 4
o { L B T
2 gm
N

(16

Therefore, the expression for the induction period
is true when condition (14) and the following
relationship:
* 2
PALST P
Ty

(nn
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are satisified. or similarly. when the observed induc-
tion period is much smaller than the characteristic
time of diffusion to a distance { and the characteristic
time of diffusion to a distance x~'. This case corre-
sponds to “local™ reaction conditions, the antioxidant
{and radical) diffusion being insignificant.

The case of the induction period being much
greater than the characteristic times of diffusfion to
distance / and to distance ™' may be analysed with
the aid of the series (11) in which the exponential term

e %1 is taken to be zero. Summation of this series
yields:
' 2n?t
Zit)= — (Il —e™ ") + !
(4% P12

x l+‘E—;—‘i——‘~l ll = 18
6 12 2 ';( -¢ )]}")

For small values of p(p < 1). expression (15)
coincides with an accuracy to small terms with
respect to p and 1, with the “local” solution (12):

1 tp nznp

Z(1) = — —
w0 81, 212+ 1, *

(19)
For large p(p » 1) this expression for Z(t) can be
approximated by the following lunction

2
Ty

2 =

(20}

+ =
Pty 2tap

The first term in (20) defines the antioxidant con-
centration as a function of time for large enough rates
of the diffusion process and strong enough lght
absorption by the sample. The corresponding maxi-
mum value of the induction period:

Toa = Z%13p an
characterizes the ultimate (for a given film thickness
and light absorption level) efficacy of the antioxidant.
The criterion for applicability of Eqn. (21) may be
written as:

i

1,2*%p

<l: p»1 22

In the case described by relationship (21). the pro-
cess involves rapid diffusion of the antioxidant
towards the narrow reaction zone. the bulk of the
polymer acting as a “passive” reservoir of antioxidant.

The diffusion dependence of the induction period.
associated with the limited speed of antioxidant trans-
port to the reaction zone. may be obtained in an
explicit form if the following limiting case is con-
sidered. Suppose that a polvmer sample absorbs light
so strongly that radical generation takes place only in
the narrow polymer zone adjacent to the surface
x = 0. (This assumption is equivalent to supposing
that the induction period is many times greater than
the characteristic time of diffusion to distance x™').
Then. the rate of variation of antioxidant concen-
tration at any polymer point (except those on the
boundaries) will be given by the following diffusion
equation:

2

~ 2

2

[A(x.1)] _ D(’Z[A(.\'.I)]
- - ~‘ .

o1

Apparently, the flow through the surface x =0
must be assumed to be equal to the total antioxidant
flow rate (instead of condition (5))

{
oAl f -
0

ox
Wo

W
L—e) = =
X *£

x=0

(24)

]

The flow through the surface x = [ is zero as before.
Solving Eqn. (23) with the boundary conditions
(24 and 4, 5b), we obtain:

Iyl T :
20 = BatAT, {\/ AR

x [\/Ee""l L nd)( ﬁ:)]} (25)
n T

Z .
r=l—)—‘; ¢(Z)=EJ e % d-.
{2 nJo

where

For large I (T,,y < 7,) function (25) becomes the
corresponding function obtained by solving Eqn. (23)
with the boundary conditions (24 and 4} over the
infinite interval 0 < v < o :

/ { 2\\'01 T

a[A]o V7D  aD[Al, T

2wy

Z(t) = (26)

The corresponding induction period is:

2 2
- DEANE 2 (Z0) g
4wy T\ 2n
The latter expression for the induction period is valid
when the induction period is much greater than the
time of diffusion to distance ! but at the same time
much smaller than the time of diffusion to distance /.
ie. when p» | and the following relationships

hold:
Z*t
P 28)
Ty
* 2
Zapt sy (29)
T

Thus three characteristic regions may be singled
out of all the values of the parameters determining the
process kinetics. The first region corresponds to the
“local” reaction mode with T 4«71, and
T..a < 1,/p*, which is determined by inequalities (14)
and (17). In this region. the antioxidant concentration
at point x = 0 (12) varies in accordance with zero
order kinetics, and T4 ~ [A]o/1 (I is light intensity)
(13). This mode of reaction is illustrated in Fig. 1(a) in
which the distribution of light intensity (Curve 1) and
concentration A (Curve 2) across the film thickness
are shown. In the “local™ mode, the diffusion A during
the period T,,, is too small and does not affect 7, ,4. In
each film layer, the antioxidant is used only in reac-
tion with the radicals generated in the layer. There-
fore the antioxidant distribution across the film thick-
ness at a certain moment ¢ will be determined by light
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intensity distribation. The diffusion exchange of the
antioxidant between layers in negligible.

The second characteristic mode may be called a
diffusion-controlled reaction. In this case 1,/p? <« T,
when p » 1. Its region of existence is given by the
inequalities (28, 29). In the diffusion-controlled mode,
Z ~ _ t[see Eqns. (26. 27)] and T, ~ [AJ3/1%

Unlike the static mode. in the diffusion-controlied
mode (Fig. [b) an exchange of antioxidant between
adjacent layers takes place. This results in a smoother
patiern of antioxidant distribution across the film
thickness than light intensity variation. Another
characteristic feature of antioxidant distribution in
this case is its constant concentration within the film
thickness region x » o~ ".

The third region is characterized by “fast diffusion”
and T4 » 1,,p%. 7,. In the fast diffusion mode (Fig. l¢).
the antioxidant concentration is practically the same
throughout the film thickness. In this mode. as in the
static one, the decrease of antioxidant concentration
follows a zero order kinetic law and not depending on
the diffusion parameters of the problem. However.
the corresponding induction period in “thick” films
(p > 1} {cf. Eqn. (21)] is af times greater than the
corresponding (for 1, = const) induction period in the
static mode.

In the general case. T4 1s found by solving the
equation Z(T,.) = Z*. where the function Z(1) is
given by the series (11).

The object of this work has been qualitatively to
verify the new diffusion mechanism. Polybutadiene
(PB) was chosen as the polymeric model for the inves-
tigations because it is readily oxidized and allows
rather fast diffusion in its bulk. The work on the
quantitative verification of the mechanism is now in
progress. Certain difficulties have arisen mainly
because the experiments have to be carried out under
conditions strictly conforming to the above-described
kinetic mechanism. L.e. (a) it must be certain that the
oxidation 1s unbranched and goes on at constant ini-
tiation rate: (b) the antioxidant and its conversion
products do not directly participate 1in the photo-
chemical reaction phases: (¢} the antioxidant conver-
sion products do not exhibit inhibiting activity.

The polymer used in the present study was SKD—
LPR-grade polybutadiene (mol. wt about 250,000)
purified of stabilizer and impurites by two-step preci-
pitation from benzene solution. first with acetone and
then with isopropanol. Thin films (I ~ 20 ym) were
obtained on quartz supports by slowly drawing the
polymer from its sofution in chloroform. Thick films
(I >~ 60 um) were obtained by evaporating polymer
solution from polypropylene supports. The necessary
additives were added to the solution. The additives
were previously purified by recrystallization from hex-
ane or ethanol. Research grade chloroform was used
without further purification. The films were irradiated
by means of DB-60 bulbs (4 = 254 nm). except for
cases specifically mentioned below where the full light
of a DRSh-1000 bulb passed through a water thermal
filter was used. The polymer oxidation kinetics were
checked by observing variation of the hydroxy group
absorption in the 3450 cm™! band [14]. The efficacies
of individual stabilizers and mixtures were estimated
according to the duration of the induction period of
polymer oxidation.

Experimental results

Figure 2 shows the kinetic curves of photooxida-
tion of unstabihzed polybutadiene as well as of
polybutadiene constaining u.v.,-absorber (2-hydroxy-
4-heptoxybenzophenone) and phenol antioxidant ad-
ditives in thin (about 20 ym) and thick (about 60 um)
films. The fact attracting attention is that in all cases
the oxidation rate of thick films was smaller than that
of thin ones during the initial reaction stages (Curves
4). The same cffect was observed for u.v.-absorber
mixtures with other antioxidants, such as diphenyla-
mine (Fig. 3). The conclusion to be drawn is that the
photooxidation of a thick film surface laver equal n
thickness to the thin film occurs at a much lower rate
than that of the thin film tself. This phenomenon can
be attributed only 10 the effect on the oxidation rate
of the surface laver due to the deeper lving lavers in
the thick film. In the static mode where the oxidation
of each layer takes place independently of other
lavers, thick films are always oxidized much faster
since they absorb more light. Consequently. the lower
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Fig. 2. Kinetic photo-oxidation curves for polybutadience films containing no additives (1) and stabilized

by u.v.-absorber (3.6 x 1072 mol) (2). and by antioxidant-ionol (5 x 10”2 mol 1) (3) and their mixture

with the same u.v.-absorber and antioxidant concentrations (4). Light wavelength-—254 nm. (5) refers 1o

the calculated curves for films containing mixed u.v.-absorber and antioxidant corresponding to their
added effects.
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Fig. 3. Kinetic photo-oxidation curves of polybutadiene films stabilized with a mixture ol arphenyia-
mine (6.6 x 102 mol/l} and u.v.,-absorber (3.6 x 10~ 2 mol/l). Film thickness—20 um (1) and 60 um (2).
Light wavelength 254 nm.

oxidation rates of thick films may be regarded as
ample evidence supporting the effect of the antioxi-
dant diffusion processes on the light stability of
polymer films.

In principle, nothing should be changed if the non-
uniform light distribution across the film thickness
were created by the light-absorbing polymer or the
antioxidant rather than by a u.v.-absorber. In the lat-
ter case the stabilizing additives have to perform the
functions of both components of a synergetic mixture,
i.e. provide an effect which we propose to call a self-
synergism effect. Figure 2 demonstrates that a thick
film containing only a phenol antioxidant (Curves 3)
is oxidized at a lower rate than the thin film. The
same effect was obtained in experiments with diphe-
nylamine and dibutyldithiocarbamate of nickel (Fig.
4). Thus the results provide clear proof of the con-
siderable effect of antioxidant diffusion on the light-
stability properties.

In order to obtain qualitative verification of the
above relationships (21) and (27), the effects of
polymer film thickness, light intensity and molecular
weight of the antioxidant on the synergism were stud-
ied. The magnitude of the effect of synergism was
determined by:

_ (Tipg = 10) = (14 + 14, — 270)
Ta + T, — 270

S (30)

where 14, 1, and 7, , are photooxidation induction
periods in an unstabilized sample and those contain-
ing A and a u.v.-absorber respectively.
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Fig. 4. Kinetic photo-oxidation curves for polybutadiene
films, thickness 20 yum (1) and 60 um (2) stabilized with: (a)
diphenylamine (6.6 x 10”2 mol/1); (b) nickel dibutyl-dithio-
carbamate (2.4 x 10”2 mol/1). Light wavelength ; = 254 nm.

As shown in Fig. 2, S = 0.9 for a thin film contain-
ing 3.6 x 10~ 2 mol/l of 2,6-di-tert-butyl-methylphenol
{A;)and 5 x 10~ 2mol/l of u.v.,, and S = 1.9 for the
thick film. These results are not predicted by either
the quenching or the chain mechanism, whereas such
an increase of § with thickness is readily explained by
the diffusion mechanism.

Varying the intensity of the incident light also
affects the stabilizing efficacy of the mixtures. Thus.
under the full light from a DRSh-1000 bulb, the in-
duction period of 60 um thick samples containing
both A, and u.v., was 2.6 times longer than that in
the sample containing only A,. A 4-fold decrease of
light intensity enhances the effect of synergism and
increases the ratio of the induction periods up to 5.8.
Such effect of light intensity can be ascribed to the
specific features of the diffusion-controlled photooxi-
dation reaction, discussed earlier in the section where
the diffusion problem was considered.

As shown above, in the same mode the induction
period should decrease with decreasing diffusion coef-
ficient of the antioxidant. To check this corollary, S
values for A; were compared with the corresponding
values for the antioxidants bis-(2-hydroxy-3-tert.
butyl-5-methyiphenyl)methane (A,) and ether of 4-hy-
droxy-3.5-di-tert. butylphenylpropionic acid and pen-
taerythritol (A;):

OH OH
CH,,
[of CH20-CO—(CH2)2
CH3 CH,
A

2 A!

OH

having reactivities close to that of A,. The molecular
weight ratio for A,:A,:A, is 1:1.5:5. The measured S
values for mixtures of A, A, and A, with 2-hy-
droxy-4-heptoxybenzophenon (3:2. total stabilizer
concentration 8.6 x 10~ mol1) are 1.9: 1.4 and 0.6.
respectively. It is this progression that the molecular
weight of A grows and the diffusion coefficients are
decreased.

From Eqns. (21) and (27). it follows that T,
depends on the composition of the stabilizer mixture
in the following manner:
in the fast diffusion mode:

T;nd ~ C[}'“ - ,V)
in the diffusion-controlled mode:
Tina ~ [Ce) = )

(31)

(32)

4
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where Cy is tota! concentration of u.v.-absorber + an-
tioxidant, and v is the molar fraction of the antioxi-
dant in the mixture.

Thus in both modes the T,,,(») function is para-
bolic: it is 2nd order in the fast diffusion mode and
4th order in the diffusion-controlled mode. In both
modes the maximum value of T, is at ¥ = 0.5, 1e.
when the u.v.-absorber and antioxidant concen-
trations are the same. As demonstrated by Fig. 5, the
relationships {31) and (32) give a qualitatively correct
representation of T, , as a function of the synergetic
mixture composition.

The tests with films of different thicknesses and
with varying light intensity and molecular weight of
the antioxidant. as well as the measurements of T, 4 as
function of the stabilizing mixture composition, thus
appear to support the diffusion mechanism of syner-
gism. Neither the chain nor the quenching mechanism
can account for all the experimental data obtained in
this investigation.

It is now possible to explain the effects on the
synergism of the stabilizing mixture composition. dif-
fusion mobility of the antioxidant. polymer film thick-
ness and light intensity. New light is also shed on the
principles of selecting the synergistic mixtures for dif-
ferent polymeric matenals and different service condi-
tions. as well as on the requirements about sample
thickness and about the conditions under which
accelerated light stability tests of polymers stabilized
with synergetic mixtures should be conducted. If the
diffusion mechanism 1s accepted. the irradiation con-
ditions may be expected to have a significant effect on
the light stability charactenstics. Pulsed irradiation
enhances the synergistic effect compared to conti-
tinuous exposure: for example. an overnight no-hght
period should contribute to the light stability. since in
the dark period the diffusion would increase the

7T DB
12

Fig. 5. The relationship between the oxidauion induction
period and the proportion of the inhibitor @—in the mix-
ture of A, + u.v,, under irradiation of polybutadiene films.
60 um in thickness. by light with 2 = 254 nm (total concen-
tration of the stabilizers 8.6 x 10”2 mol/l): O—in the mix-
ture of A, and 2-hydroxy-4-octoxybenzophenone under
irradiation of polychloroprene films [15]. The solid curve
is calculated from Eqn. (31): the dashed line is calculated
from Eqn. (32). The curves are normalized with respect to
the experimental point v = 0.6.

antioxidant concentration in the surface zone of the
polymer where it had been extensively consumed dur-
ing the daytime. The diffusion mechanism is appar-
ently able to account for the synergism between a
u.v.-absorber and an antioxidant causing a non-radi-
cal decomposition of hydroperoxides.

The possibility of stabilization by the diffusion
mechanism is limited by conditions (22). (28) and (29).
Thus the effect cannot be produced with high-molecu-
lar stabilizers or with low-molecujar ones having
insufficient diffusion mobility. However, for low-mol-
ecular antioxidants a change in conditions, e.g. an
increase of temperature of introduction of a plasti-
cizer, may invalidate the limitations on the diffusion.
Outside the effective range of the diffusion mechan-
ism, the quenching mechanism will apparently come
to the fore. It is particularly probable for antioxidants
exhibiting a high photochemical activity, such as aro-
matic amines. The chain mechanism may not be
expected to have a significant effect during the induc-
tion period in most polymers. since T, .4 is usually
proportional to the first power of light intensity even
in the absence of an antioxidant.

Of course. not all the above conjectures are accept-
able before further experimental study. The work of
investigating the effect of synergism must no doubt go
on as the problem is of paramount importance in the
field of light stabilization of polymers.

CONCLL SIONS

The present investigation has provided ample evi-
dence for the effect of antioxidant diffusion processes
on the hght stability of polymer films and has con-
firmed diffusion mechanism of synergism in mixtures
of u.v.-absorbers with antioxidants. In this paper. the
effect of antioxidant diffusion on the hght stabifity of
polymeric films is considered under the conditions of
an unbranched chain reaction. The effect of diffusion
on the degenerately branched reaction may be treated
similary. Thus the new diffusion mechanism allows a
quantitative evaluation of the synergism effect for
different polymer matrices. u.v-absorbers and anti-
oxidants.
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