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Abstract—The statistical theories of main chain scission and crosslinking resulting from either homo-
geneous or inhomogeneous energy dissipation in polymers are summarized. The molecular weight
distributions of polystyrene samples subjected in vacuo to y-rays (homogeneous energy dissipation)
or to U.V. irradiation (inhomogeneous energy dissipation) have been measured by GPC for various
absorbed doses. The results are discussed according to these theories.

INTRODUCTION

It is well known that, when a polymer is submitted
to ionizing or u.v. radiation, chain scissions and cross-
linking occur. The yields of these processes have been
measured for the radiolysis of many polymers [1-4].
Determination of the soluble fraction of irradiated
polymer as a function of dose has been often used.
Other studies are based on the measurement of
number or weight average molecular weight. The
photolysis has been less extensively investigated quan-
titatively probably because of the experimental and
theoretical difficulties brought about by the inhomo-
geneous absorption of u.v. radiation in most systems
[5,6].

The recent development of GPC affords a rather
easy and rapid method to measure not only the aver-
age molecular weight but also the distribution; small
variations in either the high or low molecular weight
region can thus easily be detected. This method,
although very promising, has not been often used yet
in the field of polymer degradation.

The present work is concerned with the potentiali-
ties of GPC in that field. The main types of molecular
weight distribution are first summarized. The various
theories concerning the effect of degradation on mol-
ecular weight distribution and moment are then
reviewed according to the initial molecular weight
distribution and the type of energy dissipation, either
homogeneous or inhomogeneous. Numerous theoreti-
cal papers concerning one or other aspect of this sub-
ject have been published, but a synthesis of these
theories covering both photolysis and radiolysis and
using unified symbolism was thought to be needed.
The third part of this paper reports a study of the
molecular weight distribution of polystyrene irra-
diated under in vacuo either with u.v. or y-rays using
GPC data analyzed according to these theories.

I. THE MOLECULAR WEIGHT DISTRIBUTION
OF POLYMERS

The distribution functions generally used to charac-
terize polymer molecular weight distribution are spe-

cial cases of two generalized distributions, viz. the
generalized exponential distribution and the logarith-
mic-normal distribution.

The generalized exponential distribution function
m(p, 0) is a function of three parameters m, k and a.
It represents the fraction of the total number of mol-
ecules containing p monomeric units. The second in-
dex characterises degraded samples and will be used
and defined in section II; an index O refers to non-
degraded polymers. It is given by:

ma(k+1)/m,pk—l ,e~ap"‘

k+1
m

According to the value of the parameters m, k and
a, the Schulz-Zimm, the random, the uniform or the
Tung distribution can be obtained. These values are
given in Table .

The generalized logarithmic normal distribution is
a three-parameters function:

m(p,0) = (1)

N— 1 1 1 2
with
B?.
Uy = Uy, exp[(Zn +1) ~4—:\
and

2
N =yt exp\:(n + 1)? BZ:I

The Lansing—Kraemer and the Wesslau distributions
are respectively obtained if n =0 and n = —1. The
parameter f defines the width of the distribution

according to:
— = — = €X —_—
u, M, P 2

Where u,, u,, are respectively the number and weight
average degrees of polymerization and u, is the
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Table 1. Value of the parameters m, k and a in Eqn. (1) for special distribution

functions
Schulz—Zimm Random Uniform Tung
m=1 m=1 m=1 m=g
k=o k=0c=1 k=06— k=0-1
a = o/u, a = 1/u, a— a = 1/(u,)’

Uy, = t,I(1 — 1/0)

medium value of the distribution defined as u,, = .

(u,"u,)'*. These usual distribution functions will
be given in the following section. Other size distribu-
tion functions can be used instead of m(p, 0) and easily
transformed into each other. There are: the number
n(p, 0) of molecules having p structural units and the
weight fraction w(p, 0). They are related by

w(p, 0) = pm(p, 0) with j: pm(p, 0)dp = 1
n(p,0) = N-mip, 0)

where N is the total number of macromolecules.

Comprehensive reviews on the problem of the mol-
ecular weight distribution of polymers have been pub-
lished recently [7, 8].

1.1. The Schulz—Zimm distribution

The general expression characterizing this distribu-

tion is:

mip, 0) =

o° . p a'. —op
u,pI'(c) <u_> exP( Uy ) ©)

where m(p, 0) is the fraction of molecules containing
p monomeric units as defined previously and ¢ is a
parameter that characterizes the width of the distribu-

tion:
M,
0= ———— 4
M. = M. Q)
u, is the number average degree of polymerization
I'(6) is the Gamma function.
This equation is the same as the generalized Poisson
distribution used in statistics. Criteria can be used
to verify if a given distribution belongs to the Schulz—
Zimm distribution. They are:

M, +M,
M,

< 2.

M
2 and 1 < =2
M,

1.2. The “most probable” or “random” distribution

This distribution is obtained for condensation poly-
merisation but also for cationic and free radical
polyadditions if disproportionation is responsible for
chain termination. The expression for m(p, 0) obtained
from equation (1) or (3) and Table 1 is:

1 P
0) = —- - —]. 5
mip,0) = 5 exp( uﬂ) ©)
The criteria to be verified for this distribution are:
M M
IVI: =2 and l\_/[: =1,5.

1.3. The “uniform” distribution

This is an ideal case where all the macromolecules
have the same size with M, = M,, = M, and k or

o — cc as given in Table 1. This gives:
m(p,0) = 1/po(p — u,) (©6)
where § is the Dirac function defined by
dxy=0for x+0

and
+mw
J. d(x)dx = 1.

Distribution close to this type can be obtained by
anionic polymerization or by fractionation.

1.4, The Tung distribution
This distribution is given by:

a—2 _ o
m(p, 0) = > -exp[(—”) } ™
Uno Un,
The parameter u,  is equal to
u, I’ (a — 1).
(2

The Tung distribution applies to narrow molecular
weight distributions -

Indeed, when g, defined as

M,
M, - M,’

is less than unity, m(p, 0) becomes infinite at p = 0 and
this distribution loses its meaning.

1.5. The Wesslau distribution
The usual expression obtained from (2) is:

1 1 2\?
- ——(mZ}Y).
"9 B /7 p? exp( R ( ! um> ) ®

Here B defines the width of the distribution according

to:
N 2
el

2
Uy = U, exp(%).

and

(10)
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It applies to polymers with a broad distribution tailing

on the high molecular weight side. Such a distribution
is obtained if

M,-M M,

e —t=1 and 1< M,

M2 M,

(1)

< oC.

The parameters f/./2 and wu, can be obtained
by plotting the cumulative weight fraction of the
polymer as a function of In p on “probability paper”.
Obtaining a linear relation is a test for this type of
distribution.

[I. EFFECT OF DEGRADATION ON THE MOLECULAR
WEIGHT DISTRIBUTION AND AVERAGE MOLECULAR
WEIGHTS OF POLYMERS

The changes of molecular weight distribution and
average molecular weight of degraded polymers result
from main chain scissions and/or from the formation
of crosslinks between macromolecules. When this last
effect is the most important, the molecular weight in-
creases and finally insolubility appears, the fraction
of insoluble polymer becoming more important with
increasing radiation dose. The yield of crosslinking
and chain scission in polymers developing insolubility
can be determined by measuring the gel fraction as
a function of absorbed doses. These methods have
been reviewed [ 1-4], and will not be considered here.
They usually require high irradiation doses and give
less information than the study of the changes of mol-
ecular weight distribution as a function of absorbed
dose before insolubility appears.

In any case, the mode of energy dissipation in the
polymer has to be considered. The absorbed energy
on irradiation varies in the sample according to:

. =Roe™™ (12}
where k is the absorption coefficient in cm ™!, R, and
R, are the energies absorbed at incident surface and
at depth x in photons-g~*. It is thus inhomogeneous.

When the term kx is very small, the fraction of
incident energy absorbed is low and the approxima-
tion R, = R, can be used. Energy dissipation is then
homogeneous. Solid polymers undergoing %°Co irra-
diation and thin films with small absorption coeffi-
cient irradiated with u.v. light belong to this category.

In this section, the effect of main chain scission,
crosslinking and simultaneous main chain scission
and crosslinking on molecular weight distribution
and average molecular weight will be considered for
different initial molecular weight distributions and the
two modes of energy dissipation.

To make it easy to understand this chapter, the
following symbols will be used for the average mol-
ecular weights and degrees of polymerization:

I\:/I,,O,_K—/IWU, u, and u,, for nondegraded polymers
M,, M,, p, and p, for degraded polymers.

IL.1. Theory of main chain scissions

ILLY. Uniform energy dissipation. If energy is
homogeneously absorbed, any polymer of initial mol-
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ecular weight distribution function mip, 0) must satisfy
the general equation [9-11].

om(p,y)
dy

where y, the number of scissions per structural unit,
is given by:

=—pm(p,y)+zf ml,ydl - (13)

Yy ="nor

po is the probability of scission per unit absorbed
dose, r is the absorbed dose.

The parameter y is used to calculate the radio-
chemical yield Gs and the quantum yield ¢y given
by:

100N,y N
Gs = ——4Y (140) g = A7

(14b)

where N, is Avogadro’s number and the radiation
dose R absorbed in one mole of structural units is
expressed in eV (14a) or in Einstein (14b).

Equation (13) gives the variation in the number of
molecules having p structural units during the irradia-
tion. The first term of the right hand side corresponds
to the decrease of the number of molecules having
p structural units owing to chain scission. The second
term corresponds to the increase of the number of
molecules having p structural units owing to the scis-
sion of larger molecules (/ initial structural units).

The solution is given by:

m(p, y) = e'”’[m(p, 0)

+y J‘b 2+ yl - ypym(l,0) dl] (15)

where m(p, 0) and m(/, 0) depend on the initial distri-
bution. Replacing these parameters by their value for
an initial Schulz—Zimm distribution and rearranging
give the distribution for the degraded polymer. The
number and weight average molecular weights are
then easily obtained by integration. Since the random
and uniform distribution can be considered as limit-
ing cases of the Schulz-Zimm distribution (see Table
1), the distribution and average molecular weight can
then easily be derived for degraded polymers charac-
terized by these initial distributions.

(a) Initial Schulz—Zimm distribution

Introducing (3) in (15) gives according to [9]:

1 1
m(n, p) = {2911 + (= mnp* + —
Ut I(a)
%0 _1 K
x ) (k,) (0'7)”+"'Ck}'e‘”" (16)
k=0 .
with
= B— — )
i “’ p=u,y (17)
and
(6+kc+k+1)
— 2
C, = 20 + k+ Dnp + (hp) (18)

6+k)G+k+1)
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This gives

— M
M, = mo

"1+ u,y 1)
M, = Klwo<uny -1 +-<1 +-u"y> >

c
20
(20)

* ([ + o) @)

where M,,, and M, refer to the initial undegraded
polymer.

(b) Initial random distribution

This initial distribution is characterized by ¢ = 1.
Introducing this value in (16) gives according to [10]:

1 2 1
m(p, y) = <u— + y) CXP[—<u—+ y>p] (1)
and
_ M,,
M, = [T uy (22)
_ M
M, = 2
Yool 4wy @3)

(c) Initial uniform distribution

Integration of equation (15) gives the following dis-
tribution and average molecular weight [9]:

mi(p,) = (})-[2 + (= P]

x exp(—py) p<u, (29
=exp(—u,y) P =ty (25)
=0 p>u, (26)

_ M,
n= 1+_;§ @7
M, =2 M, (6™ — 1 + uy) 28)

()

The equations given in Section II.1.1 (a, b and ¢)
show that, in the case of homogeneous dissipation of
energy and random main chain scission, the number
average molecular weights depends only on the initial
number average molecular weight and on the number
of chain scission but not on the initial distribution. This
is however not true for the weight average molecular
weight. Radiochemical and quantum yields of scission
can thus be obtained by measurement of M, for the
degraded polymer without knowing the distribution.

It can also be shown, by introducing different
values of ¢ and different values of u,y ranging from
1 to 10, that, after 4 to 5 scissions per chain, M,,/M,,
tends to 2 for any initial distribution.

I1.1.2. Non-uniform energy dissipation. Only the
cases of initially random and uniform distributions
have been treated.

(a) Initial random distribution

In this case, Shultz [12] expresses the distribution
as:

1
mM, y) = H{Z e Z4+(InD)ytZe?

(BDZy 2

<i (-y — == ¥ (-1F (BZ)n>

n=1 n! n=1 n-n!

+2e Z(InD) (e B2 — ¢~ BDZ) 4 e—;—Z(ln Dyt
x [(BZ + 1)e~®” — (BDZ + 1)e-BDZ]} (29)

where M is the molecular weight of a polymer molecule,

Z = — = E
Mﬂo u’l
is the reduced molecular weight,
D=¢*
B = ¢SR0Mn0N;1

is the number of scissions per chain at the surface of
the sample,

Ro = kvlot

is the absorbed energy at the surface of the film in
1

photons-g™*,
N, = Avogadro’s number
t = irradiation time,
v = specific volume of the polymer,
k = absorption coefficient (cm™1),
I, = incident intensity (photons-cm ™2, sec™?),
L = film thickness,
¢s = quantum yield of scission.

(]

The average molecular weights of the degraded
polymer are:

- M,,
M= WD BD - 1) (0

o 1, (1+BD
M, = Mwo[l — (In D) 1“<T+—B>]‘ 31)

If the fraction of incident energy absorbed in the
sample is low, kx < 1 in (12) and (30) becomes:

M,, M,,

M, = = .
""1+B 1+ ¢sRoM, Ni°

(32

This equation is identical to that given for homo-
geneous energy dissipation. .

In the same way, at low optical density, M,, reduces
to

(33)

_ which is identical to (23).
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(b) Initial uniform distribution
Jellinek [13] has solved the problem of molecular
weight distribution:
(1 _ a)p+1

1
m(p,y) = — m[(l‘n - P){ P+
_Q—a#“_u—wv+u—%q

p+1 p p
2
= {1 = af = (1 = ap)"} (34)
p
with
o= oge
-t
4y = Bs7LIok
"

u = the number of monomeric units per cm?.

The other parameters have been defined in the pre-
ceding sections.

The number average molecular weight is in this
case:

¢slot

1 1
—=—4 (1 —e™ (35)
P Uy pL

where p, is the number average degree of polymeriza-
tion of the degraded polymer.

Rearrangement of this equation yields Eqn. (30).
It can be concluded from Section I1.1.2 (a and b) that
the number average molecular weight and the yield of
main chain scission resulting from the absorption of a
given number of quanta are independent of the initial
molecular weight distribution but depend on the mode
of energy dissipation.

11.2. Theory of crosslinking

I1.2.1. Uniform energy dissipation. Every distribu-
tion must satisfy the following general equation
[9,13]:

—~==2pm(p, x) +

. [w-n

Ox 0

x m(l, x)m(p — I, x)dl.  (36)
where x = 4qor is the number of crosslinks per struc-
tural unit formed by absorption of a dose r, g, is
the probability of formation of one crosslinked unit
per unit absorbed dose, r is the absorbed dose.

The first term of the right hand term expresses the
decrease, due to crosslinking, in the number of mol-
ecules having initially p structural units in their chain.
The second term gives the increase in the number
of such molecules owing to crosslink formation
between molecules having [ and p — | units in their
chain.

The parameter x is used to calculate the radio-
chemical yield Gy and the quantum yield ¢, for
the formation of crosslinks. These are given by:

N, x
—_— a =
R bcr R

where N, is Avogadro’s number and the radiation

(b)

EPJ 14/1 - ¢

dose R absorbed in one mole of structural units is
expressed in eV (a) or in Einstein (b). The solution
of this equation has been given by Kimura[15] and
Guillet [18]:

< al
e = 2 G

k—1 e~(2x+0)p

(37

where 6 is a parameter to be determined from the
initial molecular size distribution, the coefficients a(t)
being defined by:
%z 0 fork=1,273
dt
k-3
=Y (k—=2—Naag_.,-; fork=4 (38)
i=1

i=

Equation (37) has been applied to different initial
molecular weight distributions. The resulting func-
tions are given below.

(@) Initial Schulz—Zimm distribution [15]

o+ 1

1
m(n,£)=7{ =0+
un | o!

a.2c7+4

(o!)?

X ;72‘”26 Lo e+ 29) (39)
(20 + 1!
with
n= P and £ = xu,
un
_ M,,
M, = [— (40)
_ M
- (41)

W=1—2uwx'

(b) Initial random distribution [15]

The distribution function is obtained by introdu-
cing ¢ = 1 in Eqn. (39).

1 1
min, &) = F(l + 5 n%)-e'"““@ #2)

M, and M, are given by (40) (41).

(c) Initial uniform distribution [9, 23]

The distribution of the crosslinked polymer has
been derived [23]:

e—2px

mip, x) = — (2 px)"~!

1
- (43)
p p!
In this case, the degree of polymerization character-
ized by p is actually p times the initial degree of poly-
merization. M,, and M, are given by (40) (41). The
equations given in Section I1.2.1 (a, b and c) show
that the values of M,, and M,, resulting from crosslink-
ing are independent of the initial molecular weight dis-
tribution.

11.2.2. Non-uniform energy dissipation. Only the
number and weight average molecular weights for the
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initial random distribution have been reported [16]:

({

M= o B -1 “

M, = Mwo~[1 —(nD) ! ln<1~:@>] (45)

1—-4B
with
B=}¢cMy,Ro Ny*

where ¢c is the quantum yield for the formation of
crosslinked units.

The parameter ¢ must not be confused with ¢;,
the quantum yield for the formation of crosslinks.
Both parameters are used in the literature and are
related by ¢¢ = $¢c.

Equations (44) and (45) reduce to (40) and (41) if
kx < 1in (12).

I1.3. Theory of simultaneous crosslinking and chain
scission

In this section, we consider the changes in distribu-
tion and average molecular weight in systems where
crosslinking and chain scission occur at random, in-
dependently but both being proportional to radiation
dose. These problems are solved by considering that
chain scission and crosslinking occur consecutively
rather than simultaneously.

I1.3.1. Uniform energy dissipation.

(a) Initial Schulz—Zimm distribution

The distribution is given by Kimura [15]:

U1 20 + 1)

g—k—1

1 o.zr+1 . O_2¢1+4
min, &, y) = T[Tﬂd + 5{(0_,)2(— ’12”2

+22 Y

a—k —nla+(A+2)8) 46
Eo—k=—1" He (46)

with,

l=P_o and Po = y/r

do do = 2x/r

n and & have been defined previously. The number
and weight average molecular weights are given by:

Moo= Mo @7)
1+ u(y — x)
21\_/1,,0 (u,,y -1+ <1 + u,,y) >
_ o
M, = . (48)

(u,y)? — 4<u,,y -1+ (1 + u;y> >u,,x

(b) Initial random distribution
Introducing ¢ = 1 in (46) gives according to [15]:

1 n?
m(n,{,y):u—2 1+ 21+§6

x exp[—n(l + (1 + 2)&)] (49)

provided y? is sufficiently small to be neglected. This

gives in any case:
_— M,, (50
Y+ u(y — 4x) )
while M, is given by (47).

(c) Initial uniform distribution
In this case

M. - 2M,,, (€7 + u,y — 1)
v (uny)z - 4unx(e—u,,y + U,y — 1)

(1)

The expression of M, is (47) while m(y, £, y) has not
been derived.

It can thus be concluded from section 11.3.1 (a, b
and c¢) that the values of M, resulting from simul-
taneous crosslinking and chain scission is independent
of the initial molecular weight distribution while M,
depends on it.

__I1.3.2. Non-uniform energy dissipation. Only M,, and
M, have been derived in the case of initially random
distribution [16]:

o M,,

M. 1+(InD)"'B(D-1) (52)

M, = MWO{I —(InD)™* ln<w>} (53)

1+ B*
with

D= e—kL

B = (s — 3¢c)My,RoN !

B* = (3 s — )M, RoNJ!

R, is the absorbed energy at the surface of the film
in photons-g~ 1.
Equations (52) and (53) allows ¢5 and ¢ to be deter-
mined. They reduce to (47) and (50) if kx <1 in
(12).

11.4. Conclusion

When main chain scissions only are involved, M,
is independent of the initial molecular weight distri-
bution. If molecular weight changes are due to cross-
linking only, both M, and M, are independent of
the initial distribution. As a consequence, when chain
scission and crosslinking occur, only M, is indepen-
dent of the initial distribution. In all cases, the law
of energy dissipation has to be taken into account.
According to this, the yield of crosslinking or chain
scission can thus be determined without knowing the
initial distribution provided only one of these pro-
cesses occurs. If both effects occur, the initial distribu-
tion has to be known to obtain these parameters. It
is also important to realize that in the case of inho-
mogeneous energy dissipation the relative variations
in M, or M,, are smaller than in the homogeneous
case for a given average number of scissions or cross-
links per chain.

Indeed, according to the optical density of the film,
its superficial part is mainly affected by scissions and
crosslinks while the remainder of the sample is almost
unaffected by the radiation.
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III. EXPERIMENTAL RESULTS

Some of the equations developed in the preceding
Section will be applied to the radiolysis and photo-
lysis of polystyrene in vacuo.

In the radiolysis, energy dissipation is homo-
geneous when °°Co is used as source of y-rays. The
radiochemical yields for crosslinking and chain scis-
sion have been determined by various methods [1-4].
Some involve molecular weight measurements by
sedimentation or light scattering for absorbed doses
lower than the gelling dose; others are based on the
measurement of the gel fraction. In the photolysis,
energy dissipation is often inhomogeneous; fewer
quantitative data on scission and crosslinking are
available [5].

In the present work, radiochemical yields for the
degradation of polystyrene are determined using
number and weight average molecular weights
obtained by GPC to test the applicability of this
method, by comparison with published results. Also,
the molecular weight distribution of the initial
polymer is compared with the theoretical relations
given in Section II. The molecular weight distribu-
tions and average molecular weights are then deter-
mined for thin films of polystyrene irradiated with
light of 253.7nm. Energy dissipation is inhomo-
geneous in this case. To our knowledge, this system
has not been studied by other methods either below
or above the gel point.

[1.1. Non-degraded polystyrene

Polystyrene was obtained by free radical polymeri-
zation initiated by AIBN at 60° of carefully purified
and outgassed monomer, with conversion limited to
50%. The polymer was purified by successive dissolu-
tions in benzene and precipitations in methanol fol-
lowed by drying at 60°C in vacuo to constant weight.
The GPC experiments were done using a Waters 200
apparatus fitted with 3.10° — 5.10° — 10° — 2.5 10*
and 10° A Styragel columns operating at 80° with
toluene as solvent. Careful calibration of this system
was carried out using 11 polystyrene standards of
molecular weight ranging from 2.10° to 5.9 10° sup-
plied by Waters. Reproducibility was excellent when
the same polymer was analyzed using the same
column set and calibration curve. The values of M,
and M,, obtained for the same polymer using different
temperatures and sets of columns are very good
(Table 2). The average molecular weights were calcu-
lated using a CDC 6400 computer. Correction for dis-

RR

persion in the columns does not significantly affect
the yields of crosslinking and chain scission and the
distribution. The experimental distribution of the
non-degraded initial polymer is compared with the
theoretical random. Schulz-Zimm and Wesslau distri-
butions in Fig. 1. Departure from random and
Schulz-Zimm distribution is not very important. For
free radical polymerization of styrene limited to very
low conversion, the theoretical value of M,/M, is 1.5
and the distribution of the Schulz-Zimm type. In the
present case however, the conversion is rather high
(50%) and the purification procedure has altered the
molecular weight distribution. This justifies the small
departure from the theoretical distributions reported

.in Fig. 1. Since the experimental initial distribution

does not fit exactly any of these distributions, the ex-
perimental results will be analyzed according to the
equation derived for an initial random distribution.

111.2. Radiolysis of polystyrene

Polystyrene powder was irradiated in sealed bulbs
in vacuo with a Gammacell 200 at a dose rate of
0.57 Mrad hr~!. The molecular weight distributions
obtained for typical samples are given in Table 3 and
Fig. 2. These normalized curves clearly indicate an
important increase in the high molecular weight frac-
tion and, at low dose, some increase in the low mol-
ecular weight fraction. The ratios Mnﬂ/l\'/[n and
M, /M, plotted as a function of dose according to
Eqns. (47) and (50) are given in Fig. 3 a and b. Linear-
ity predicted by these equations is verified for
M.,/M,, but not for M, /M,.

Extrapolation of M, /M, to zero value gives the
gelling dose. The slope of Fig. 3b gives (v — 4x)
according to (50), but simultaneous verification of (47)
is necessary to obtain x and y. The departure from
linearity of M, /M, can reasonably be assigned to
a change in the relative importance of crosslinking
and chain scission as a function of dose. Chain scis-
sions are indeed only apparent at low dose in the
distribution curve (Fig. 2). They can be due to prefer-
ential breaking of weak links, perhaps peroxy groups
incorporated in the chain during the polymerization
owing to the presence of minute quantities of oxygen.
In any case, the number of these weak links is very
low since 0.1 breaking per chain are counted if Eqns.
(47) and (50} are applied to the average molecular
weights of a sample that has absorbed 32.6 Mrad. If
the least square straight line (excluding the point for
32.6 Mrad) is considered in Fig. 3 a and used to calcu-
late x and y in conjunction with Fig. 3 b, values of

Table 2. Average molecular weights of the initial polymer obtained with different sets of

columns
Experimental
conditions Columns T°C M, 1075 M, 1075 M, /M,

1 3-10% — 5-10° — 10° 78 1.74 3.30 1.90
2.5-10* — 10°

2 3-10° - 5-10° — 105 60 1.75 333 1.91
2.5:-10* — 103 !

3 3-10° — 5-10° — 10° 80 1.73 3.31 1.90
3-10* — 10%

4 3-10 — 5-10° — 10° 80 1.77 3.36 1.90

2.5-10*
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Fig. 1. —— Experimental weight distribution of mnon-degraded polystyrene—M, = 173,000,
M, = 331,000; ------- Theoretical random distribution for the same M, ; —-———— Theoretical Schulz-
Zimm distribution for the same M, and ¢ = 1.1; ———— Theoretical Wesslau distribution for the same

M, and M, (normalized curves).

0.0174 and 0.0012 are respectively obtained for the

yields of crosslinks G¢; and of chain scission Gs. e o
These values agree excellently with those obtained by

light scattering [17] and sedimentation [18] methods. °
In the present case however, the molecular weight 00

of crosslinked molecules is an apparent molecular

3 |I2=0.75 -
0.5 I
0 50
Dose, mraod
-
o
< Lep)
AN
s i o5 %\
o]
|
) 50
Fig. 2. Elution curves of y irradiated polystyrene (normal- ) Dose, mrad
ized curves) —— initial polymer*; ------ 32.6 Mrad; ——-—-
41.8 Mrad; ———— 50.9 Mrad; ARI = differential refractive

Fig. 3. Variation of the average molecular weight of y irra-

index. * Refers to Table 3. diated polystyrene as a function of absorbed dose.
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Table 3. Radiolysis of polystyrene

Absorbed dose

37

Mrad 326 39.5 418 497 509
M,-1073 1.78 1.95 201 2.01 2.15
M,-10°° 547 691 7.10 8.65 9.35
M, /M, 3.08 3.54 3.54 430 438

* Experimental conditions 4 in Table 2—Mnﬂ = 177,000 IVIW0 = 336,000.

weight, deduced from GPC calibration curves
obtained with linear macromolecules whereas sedi-
mentation and light scattering take branching into
account. The present result proves that M, and M,,
obtained from GPC, although underestimating cross-
linking, does not significantly alter the results at low
dose (i.e. corresponding to less than 0.6 crosslinked
units per weight average molecule) in agreement with
the theoretical treatment of Shultz [19]. This author
has calculated correction factors for M,, and M, to
take crosslinking into account. If the exponent of the
Mark-Houwink equation is 0.74 for polystyrene in
toluene at 80°[24] and the absorbed dose corre-
sponds to 0.6 crosslinked unit per chain, the data
of Shultz [19] give:

M M
AM" =104 and —~

n reat

=124

w real

If the yield of crosslinks G, is calculated by intro-
ducing M,, ., and M,, .., in equations (47) and (50),
the value obtained is 0.015 whereas it is 0.017 without
correction.

HL.3. Photolysis of polystyrene at 253.7 nm

In this case, energy dissipation is inhomogeneous
and consequently the variation in the molecular
weight distribution with the number of crosslinks per
average molecule is much lower than in the case of
homogeneous energy dissipation except in the neigh-
bourhood of the gelling dose. Figure 4 and Table 4
demonstrate the presence of chain scissions at low
doses while crosslinks only are formed for irradiation
times larger than 15min. An insoluble gel fraction
finally appears. . -

The experimental values of M, and M, are given
in Table 4. M, /M, and M, /M, must satisfy Eqns.
(52) and (53) and consequently decreases with irradia-
tion time for systems with predominant crosslinking.

However, an increase in M, /M, is observed at low

doses, indicating that Eqn. (52) is not verified. Con-
cerning Eqn. (53), the values of B* calculated for the
different irradiation times are not constant although
M,, /M, decreases. This means that the ratio of chain
scission to crosslinking changes as a function of dose,
scission being more important at low doses. As in
the preceding case, these scissions can be assigned
to rupture of weak peroxide links. It has been shown
independently that energy transfer to hydroperoxides
and thus also probably to peroxides is very efficient
in polystyrene [20]. Furthermore, selective breaking
of weak links has also been reported in the thermal
degradation of polystyrene [21].

ARI

vV, mt

Fig. 4. Elution curves of u.v. irradiated polystyrene
(normalized curves) —— initial polymer; 30 min.*;
e 60 min.*; ~~~~ 112 min.*. *Refers to Table 4.

Table 4. Photolysis of polystyrene at 253.7 nm*

Irradiation
time 7 30"t 15% 15'% 30t 60’1 1124 112’
absorbed dose
E- g’1 -10° 4.1 9.2 11.2 224 43.7 85.6 78.0
M, 107° 1.57 1.48 1.44 1.53 1.63 1.72 1.7
M, 1073 3.16 301 3.00 3.36 3.69 390 397
M, /M, 2.01 2.03 2.08 2.19 2.26 2.27 232

* A low pressure Philips TUV 15 W tube was used. Incident intensity at Scm: 4.44 1077

E-min."!-cm ™2

+ Experimental conditions 2 in Table 2—M,,,

} Experimental conditions 3 in Table 2—M,,,

= 175,000, M,,, = 333,000.
= 173,000, M, = 331,000.
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These results show that GPC is very useful to

demonstrate qualitatively a variation in the mechan-
ism of photolysis of a polymer even for very inhomo-
geneous degradation.
__In this last case indeed, the relative variation of
M, and M,, corresponding to a given average number
of crosslinks per chain is much less important than
for homogeneous energy dissipation except in the
vicinity of the gel point. An estimation of the order
of magnitude of the quantum yield of photocrosslinks
of polystyrene can be obtained from the M, values
corresponding to 30, 60 and 112 min assuming
that chain scissions are negligible. This gives
¢cL = 1-107° in agreement with the low yield of H,
formation [22].

1V. CONCLUSION

Gel permeation chromatography is the most
powerful method to demonstrate the occurrence of
one or various mechanism of molecular weight
changes due to polymer degradation even in super-
ficially degraded samples. Accurate quantitative deter-
mination of the yields of these transformations is,
however, difficult if more than one mechanism is in-
volved in the alteration of the molecular weight distri-
bution. Indeed, if crosslinking and chain scission
occur as concurrent processes, the equations to be
used to calculate the yields depend on the initial mol-
ecular weight distribution and this does not often cor-
respond for commercial polymers to the usual ran-
dom, uniform, Schulz-Zimm or Wesslau distribu-
tions.
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Résumé—Les théories statistiques de la réticulation et des ruptures de chaines résultant d’absorption
d’énergie soit homogéne, soit inhomogéne sont résumées. La distribution des masses moléculaires de
polystyréne dégradé sous vide au moyen de rayonnement y (absorption homogéne) ou u.v. (absorption
inhomogéne) a été mesurée par GPC en fonction de la dose absorbée. Les résultats sont discutés

en fonction de ces théories.



