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Polymer degradation occurs when macromolecular chains are broken under the influ-
ence of thermal, mechanical or chemical energy. Chain-end depolymerization and ran-
dom- and midpoint-chain scission are mechanisms that have been observed in liquid-
phase polymer degradation. Here we develop mathematical models, unified by continu-
ous-mixture kinetics, to show how these different mechanisms affect polymer degrada-
tion in solution. Rate expressions for the fragmentation of molecular-weight distribu-
tions (MWDs) govern the evolution of MWDs. The governing integrodifferential equa-
tions can be solved analytically for realistic conditions. Moment analysis for first-order
continuous kinetics shows the temporal behavior of MWDs. Chain-end depolymeriza-
tion yields monomer product and polymer molecular-weight moments that vary linearly
with time. In contrast, random- and midpoint-chain scission models display exponential
time behavior. The mathematical results reasonably describe experimental observations
for polymer degradation. This approach, based on the time evolution of continuous
distributions of chain length or molecular weight, provides a framework for interpreting
several types of macromolecular degradation processes, particularly how bimodal MWDs

can evolve during degradation.

Introduction

Polymeric molecules decompose to smaller constituents
under a variety of influences, including thermal and photo-
chemical energy, mechanical stress, and oxidizing agents. Un-
derstanding polymer degradation is important not only to
learn how to stabilize polymers against decomposition
(Hawkins, 1984), but also as a means to characterize poly-
mers by examining their degradation products (Flynn and
Florin, 1985). Degradation by chain scission has been used to
synthesize telechelic polymers, that is, polymer chains with
functional endgroups (Caeter and Goethals, 1995). Plastics
recycling is yet another potential application of polymer
degradation (Miller, 1994).

Polymer degradation is a fragmentation phenomenon, a
fundamental process of great interest in science and engi-
neering. Population-balance equations are often applied in
fragmentation models to describe how the frequency distribu-
tions of different-size entities, both parent and progeny,
evolve. Most mathematical treatments of polymer degrada-
tion, however, have considered only average properties of the
polymer chain-length distribution or molecular-weight distri-
bution (MWD). The advantage of the population models is

802 March 1997

that they provide straightforward procedures to derive ex-
pressions for the moments of the frequency distributions. The
MWD is a partial record of the kinetics and mechanism that
influenced its evolution, and contains much more informa-
tion than the lumped concentration (zero moment). Some
population models can be solved directly for the distribu-
tions, but more often the moments are computed and then
utilized to construct the distribution, as discussed by Lau-
rence et al. (1994) and Dotson et al. (1996) for polymeriza-
tion. The population balance equations can be written for
discrete or continuous MWDs. Continuous kinetics is valid
when the MWD allows integrals to represent averages (mo-
ments) of the distribution. This approach provides governing
integrodifferential equations that can be straightforwardly
solved by the moment method.

The typical thermal degradation experimental method is
pyrolysis, which has the drawback that interactions between
solid, liquid, and gas phases are usually involved, thus leading
to experimental and theoretical difficulties (McCoy, 1996).
Liquid-phase degradation is simpler to analyze. Some degra-
dation processes are routinely studied in a single-phase liquid
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solution, for example, oxidation and mechanical degradation
(Grassie and Scott, 1985). Thermal degradation in liquid phase
may require high pressures to prevent solvent vaporization
(Wang et al., 1995; Madras et al., 1995, 1996a,b). At tempera-
tures above the polymer-ceiling temperature, where polymer-
ization is thermodynamically limited (Odian, 1991), thermal
degradation can be considered irreversible.

Our objective is to develop a unified continuous-Kinetics
approach to polymer degradation. The treatment focuses on
scission in the polymer backbone, which can occur by scission
(a) at any bond in the backbone chain (random-chain scis-
sion), (b) at the chain midpoint, or (c) at the end of the chain
yielding a monomer (chain-end scission). We present several
models, including chain-end scission and random- and mid-
point-chain scission models. Chain-end scission occurs in cer-
tain depolymerization reactions, including thermal decompo-
sition of poly(a-methyl styrene) (Madras et al., 1995). Ran-
dom-chain scission is characteristic of oxidative degradation
reactions (Jellinek, 1955). Midpoint-chain scission dominates
in mechanical degradation, for example, by ultrasonic radia-
tion (Price and Smith, 1993). The mathematical models for
these scission mechanisms derive from expressions for the
stoichiometric coefficient (or kernel) that appears in the inte-
grodifferential population balance equation.

Polymer chain scission can occur by three steps. The initia-
tion step forms radicals. This is followed by depropagation
chain reactions (C-C bond cleavage by beta scission) to yield
smaller molecular weight (MW) products. The termination
step (by recombination, disproportionation, or hydrogen ab-
straction) neutralizes radicals. Based on the stationary-state
assumption for the radical concentrations, one can show that
the rate of degradation is first order in polymer concentra-
tion, which has been demonstrated experimentally (e.g.,
Madras et al., 1996a,b).

The MWD as a function of time ¢ can be solved from the
batch-reactor population-balance equation, and is identical
to the steady-state plug-flow reactor result when ¢ is replaced
with residence time. MW moments of the molar MWD pro-
vide molar and mass concentrations (zero and first moments),
as well as variance and polydispersity of the MWD. Moments
provide the essential data about the process behavior, and
are used to construct the complete distributions as a function
of molecular weight (or chain length). During some degrada-
tion processes the MWD displays a bimodal shape (Florea,
1993; Price and Smith, 1991), and the current study shows
how the MWD can pass from unimodal to bimodal character.

Continuous Kinetics of Chain Scission

Chain-end scission of homopolymer, by definition, occurs
when scission produces a monomer and a polymer of MW
reduced by the monomer MW. This is different from the cases
when chain scission occurs either randomly along the chain
or precisely at the chain midpoint. All distributions of degra-
dation products can be described by a stoichiometric coeffi-
cient in an integral expression. As shown by McCoy and Wang
(1994), the two cases of random- or midpoint-chain scission
are extremes of a continuum of possible scission events. To
describe experimental results for thermal degradation of the
copolymer poly(styrene allyl alcohol), Wang et al. (1995) de-
veloped a model combining random-chain and chain-end
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scission events. The current treatment of chain-end scission
is similar, but the Wang et al. (1995) derivation for random-
chain scission utilized a single MWD and could not predict
bimodal MWDs.

We consider polymer degradation in solution, thus simpli-
fying the system to a single liquid phase. We assume that the
rate coefficient for chain scission is independent of MW. Al-
though we limit the discussion to homopolymers, Wang et al.
(1995) showed how copolymers can be treated. MWDs of re-
actants and products often can be monitored experimentally,
for example, by gel-permeation chromatography. The time-
dependent MWD, denoted p(x,?), is defined so that p(x,t)
dx is the molar concentration of polymer in the MW range
(x, x +dx). It is useful to distinguish the reactant and prod-
uct MWDs by writing separate governing differential equa-
tions for their behavior (McCoy and Wang, 1994). For binary
scission where the rate coefficient, k, is independent of x,
the products of a binary fragmentation reaction (Aris and
Gavalas, 1966) are governed by

R(x) = 2k " Qe p(x dx . (1)

The stoichiometric term Q(x,x’) represents a reaction in
which a molecule fragments into two product molecules whose
sizes, x and x’ — x, sum to the reactant size, x’ > x. The stoi-
chiometric coefficient (or fraction) is defined to satisfy nor-
malization and symmetry conditions,

["'n(x,x') dr=1 @

and
Qlx,x")=Q(x — x,x'). 3)

A general expression for the stoichiometric coefficient (Mc-
Coy and Wang, 1994),

QLx ) =x™(x' = x)"TCm +2) /[T(m + D (x' Y™ '] (@)

is plotted for integer and noninteger values of m in Figure 1
for x < x'. Other forms were proposed by McGrady and Ziff
(1988) and Ziff and McGrady (1985, 1986). When m =1 the
expression reduces to the quadratic form used by Prasad et
al. (1986) for coal thermolysis and by Ziff and McGrady (1986)
for polymer degradation,

QCx,x' ) =6x(x' —x) /x"°. 5

When m =0, the products are evenly distributed along all
x<x,

Qx,x')=1/x 6)
and the expression (Aris and Gavalas, 1966) is the totally ran-

dom kernel. As m —> o, the stoichiometric coefficient de-
scribes scission that occurs at the chain midpoint,

Q(x,x')=86(x—x'/2). N
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Figure 1. Stoichiometric coefficient, Eq. 4, for several
values of m.

Random-chain scission is represented by m = 0, and mid-
point-chain scission by m — .,

Subsequent scissions can be accounted, as shown below, by
multiple scission events occurring in sequence.

The moments of the MWDs are defined as the integrals
over the MW, x,

p) = f: pt,x)x" dx. ®)

The zero moment (n = 0) is the time-dependent total molar
concentration (mol/volume) of the polymer. The first mo-
ment, p@X¢), is the mass concentration (mass/volume).
The normalized first moment (average MW) and the
second central moment (variance of the MWD) are given,
respectively, by

pavg = p(l)/p(()) (9)

and

PV = p@/pO@ _[ pave 2. (10)

The three moments, p®, p**¢, and p;*, provide the shape
characteristics of the jth MWD. These values are essential,
and frequently sufficient, to represent the MWD. The poly-
dispersity is defined as the ratio of the mass (or weight) aver-
age MW, M, = p®/p®, to the molar (or number) average
MW, M, = p®, that is,

D= pmp(O)/[pu)]z_ (11)

The gamma (Pearson type III) distribution function in
terms of y; =(x — x,;)/B; is a versatile representation of nat-
urally distributed systems (e.g., Cotterman et al., 1985; Wang
et al., 1994), and is chosen to represent the MWDs,

pj(x) = pj(_O) CXP(-' yj)yjaj_l/[ Bjr(aj)] for x > xsj (12)
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and p(x < x,;) = 0. The mean and variance are given by

pie=x +a;B and  p*=aqa; B (13)

The value of B; strongly affects the variance. If a;=1 and
x,; =0, then the MWD is an exponential distribution. If 8; =1
and x,; =0, then a; is the parameter in the Poisson distribu-

tion.

Depolymerization by Chain-End Scission

During chain-end-scission degradation of polymers to form
monomers of MW x,, polymer molecules of MW x’ are con-
sumed while polymers of MW (x' — x,,) are produced,

dp(e) fdt =~ kplx,)+ k[ pQd,)80x ~(x' = x,)] v’
(14)

The stoichiometric coefficient, 8[x —(x' — x,,)], ensures that
a product has MW x =(x’ —x,), and that x’ > x is valid in
the interval of integration. With the initial condition

plx,t=0)=py(x) 1s)

the time evolution of the polymer MWD can be developed by
the moment method.

The moment operation, applied to Eq. 14 and inter-
changed with the time derivative, yields ordinary differential
equations for moments. The integration of order of x and x’
for the term on the righthand side of Eq. 14 is interchanged
(Himmelblau and Bischoff, 1968) so that

fx dx’ p(x’,t)fXI dex"8{x —(x' — x,,)]
0 0

- f: a' (x' —x,) " p(x' 1) (16)

The differential equation for the moments p"X(¢), in terms
of the binomial coefficient (/)= n! An — j)j!, becomes

dp™dt=—kp™ +k Y (D" Ox, P (a7
ji=0

with initial conditions, p*”(¢+ = 0} = p{". The equation for any
nth moment in general depends on all lower moments pt?,
O<j<n.

For the zero moments (n = 0) we have

dp@sdt=0 or  pO(t)=pY. (18)
Each scission event creates a monomer and a replacement
polymer, thus the molar concentration of polymer is con-

stant. The equation for the first moment (n=1) is
dpWdt = — k x,, p©, 19)
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which has the solution

PO = p§ = x, pkt (20)
in terms of the initial first and zero moments, p{” and p{.
The polymer mass concentration decreases linearly in time

with rate & x,, p{’. The average MW decreases linearly with
time according to

pe(t) = pav& — x, kt. (4D

The degradation is complete (conversion is 100% for irre-
versible degradation) when the polymer mass reaches zero,
that is, when

b= Pk, @2)

where pi'8 > x, for a high MW polymer. The second mo-
ment equation,

dp®ydt =k x2, p© -2k x,, p¥ (23)
has the solution
pAt) = p@P + x2 pWkt(1+ kt) —2x,, pPhkt.  (24)

One can show that the variance of the MWD thus increases
linearly with 1( <1,),

P (1) = pi¥F + xZ kt. (25)

The monomer MWD, q(x,t), obeys a balance equation with
an accumulation and a generation term,

dq(x,l)/dt=kfxp(x’,t)6(x—xm) dx' (26)

and the initial condition, g(x,# =0)=0. When the order of
integration over x’ and x is reversed, the moment equation
can be written

dq"™/dt = kfx dd p(x ) [ dex®(x = x,) = kg, pO©.
0 0
@7
The solution for any moment is simply
g™ (¢) = x" pPkt. (28)

Thus the monomer molar concentration increases linearly
with time (¢ < ¢,).

q9) = pOke. (29)
The mass concentration also increases linearly with time,
qV(t) =x, pOke, 30)
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so that the MW of the monomer is constant,
g*e(1) =gV () /qO(t) = x,,,. 31

The sum of p®(¢) and g™(¢) is the total mass, which is con-
stant and equal to the initial polymer mass, p§, confirming
that the equations are consistent. The variance of the
monomer MWD is always zero, and thus the monomer MWD
can be written as the Dirac delta function,

q(x,t) =qP()8(x - x,,). (32)

The time dependence of all moments is manifested through
the dimensionless variable, k¢, where ¢ < ;.

Some of the results in this section for chain-end scission
can be derived with a discrete model beginning with a poly-
mer of single MW (Madras et al., 1996b) and using summa-
tions to formulate the moments. The continuous approach
casily allows consideration of an initial distribution of reac-
tant polymers. The interpretation of experimental MWDs for
degradation of such polymers (Wang et al., 1995; Madras et
al., 1996a,b) requires a model based on distributions.

Polymer Degradation by Chain Scission

The preceding chain-end scission model is based on the
premise that product monomer can be distinguished from
polymer. For example, gel-permeation chromatography anal-
ysis displays a narrow peak for monomer products that is dis-
tinct from the polymer (Madras et al., 1996a,b). The moment
approach yields separate moments, and thus separate peaks,
for monomer and polymer. For chain scission of a polymer,
however, the products of the scission are two polymers that
are not in general distinguishable from the reactant polymer.
A moment theory that utilizes only the lower (n=0, 1, 2)
moments (e.g., Wang et al.,, 1995) could be used to recon-
struct an evolving unimodal MWD, but not one that becomes
bimodal unless the reactant polymer is separate from the
product polymer. Bimodal MWDs have been observed for
mechanical degradation of polymer (Price and Smith, 1991).
Calculating higher moments and using them in a Gram-
Charlier series to construct complex MWDs could potentially
yield bimodal features. The convergence, however, of such
series is slow, and many terms (and higher moments) would
be needed for reliable results. A model is next developed,
therefore, that allows the reactant polymer to be described by
its moments, and the products of chain scission to be de-
scribed by another set of moments. Each set of moments
specifies a MWD whose sum can be either unimodal or bi-
modal. The basis for the development is further discussed in
McCoy and Wang (1994).

Degradation with r scissions in sequence can be repre-
sented as (McCoy and Wang, 1994)

x, = {(x;—x,)+x,

x, = (X, — x3)+ x5

Xr—1 —)(‘xr—-l_ xr)+xr
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or as
Xl—*(xl—xz)+(x2—-x3)+-'-+(x,_l—x,)+x, (33)

when all rate constants are equal. The symmetry of (x,x")
(Eq. 3) ensures that either binary-scission product can fur-
ther react. The governing balance equations can be written
forj=0,1,2, ..., r—1(with ko =k, =0)

dpj,/dt=2f kQ(x; 0x)p; di =Ky pye,. (34)
Xiv1
Since k, = 0, the differential equation for j=r —1is

dpfat=2" k,_ . 0(x,.x,_)p,, dr. (39)

The moment equations are ordinary differential equations,
from which sequential solutions can be developed for any
value of j+1 from 1 to .

The moment operation applied to the term involving Q(x,
x') deserves attention. Substituting the general expression 4
and interchanging x and x’ in the integration, yields

2kf°° dx pQd X~ [* gz em(x — )T @m +2)/
0 0
T(m+1°=2kp"™(1)Z,,. (36)

After expanding (x’ — x)™ as a binomial sum, we defined

Z,,=TQm+2)/Tm+ D1 L (-D" (1),
j=0

Cm+n—j+D)=TCm+2)T(m+n+1)/
[T(m+DTCm+n+2)], (37)

which can be proved by mathematical induction. Some values
of Z,,, are summarized in Table 1. For n=0or 1, Z,, =1
or 1/2, respectively, for all m. The limiting values for the
second moments (n=2) are Z,,=1/3 and Z,.=1/4. The
difference between random- and midpoint-chain scission
mechanisms is observed, therefore, for the second moment,
but not for zero and first moments, and is indicated by the
value of Z, .
For the batch reactor the moment equations are

dp{"ydt = — kp(™ (38)

Table 1. Values of Z,,, Defined in Eq. 37*

n\'m 0 1 2 ©
] 1 1 1 1
1 1/2 12 12 12
2 1/3 3/10 2/7 122
3 1/4 15 5/28 1,23

*pn denotes the nth moment, and m = 0 and m — = represent random and
midpoint chain scission, respectively.

806 March 1997 Vol. 43, No. 3

dp{"™yde = — kpt™ + pi"\2kZ,,., i=2,...,r=1 (39
and
dp"Vdt = pi™\2kZ,,,,,. (40)
with initial conditions
P =00 =pi
pit=0=0 fori>1. (41)

The differential equations have the solutions
Py = piexp(—kt) (42)

for the reactant polymer, which leads to values of average,
variance, and polydispersity that are constants, and equal to
their initial values (McCoy and Wang, 1994). Furthermore, if
the initial MWD is a gamma distribution, then the reactant
polymer p,(x,t) is always a gamma distribution.

For r = 2 (two scissions in the sequence) the product prop-
erties are simply related to the reactant properties, that is,
Xavgs X5 B, are one-half the reactant values. The value of «
is constant. When the reactant molar concentration is nor-
malized as p©(¢)/p{?, the similarly normalized product mo-
lar concentration increases to final values of 2 or 4 for r =2
or 3, respectively.

The moments (McCoy and Wang, 1994) of intermediate
product polymers are given by the solution to Eq. 39. Using ¢
instead of p as the symbol for product polymer, we have

i—1

g™ =pMe X QktZ,, ) /(i—1D, 43)
which all achieve a maximum and then vanish as + becomes
very large. For the terminal scission (i = r) we have the fol-
lowing sequence:

a2y =p§22,,(1— )
g™, = p2Z, V11— + kt)e 1.
(44)

The moments of all products of scission can be calculated as
the sum

g = Y g0, 45)

j=2

All polymer moments are proportional to the initial polymer
moments, so results can be scaled (and made dimensionless)
by dividing by p{”. The exponential time behavior of chain
scission degradation stands in contrast to the linear behavior
of moments for chain-end scission.

Limiting values of the product moments as ¢ — <« are espe-
cially useful. For the zero moment, we have

gVt »»)y=pP27 Y (r =2)!, (46)
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indicating that (independent of m) the amount of final prod-
uct is double the moles of reactant when r = 2, and quadru-
ple the moles of reactant when r = 3. For the first moment,

gVt =) = p(, C)

indicating that the mass of final product equals the mass of
initial reactant, independent of m. The average MW of prod-
UCtS, X,yp, is the ratio of the first to the zero moment, show-
ing that for a single scission (r =2) x,,, is half the initial
value of x,,,. After double scission (r = 3), x,,, is 1/4 its ini-
tial value. As the number of scissions in a sequence is simply
related to the ratio, (r —2)! /27", of the final to the initial
average MW, this provides a way to determine the value of r.
Similar reasoning indicates that the final smallest value of

MW in the gamma MWD is given in terms of its initial value,
Xq, by xo(r =21 /2771,

The degradation process proceeds until termination of the
reaction, usually occurring when the product molecules have
reached a certain MW determined by the scission mechanism
or available energy. At a sufficiently high temperature, some
thermal degradation processes may last until only monomers
remain. Mechanical scission will end when the average MW
has reached a limiting value determined by the mechanical
energy input, or ultrasonic intensity (Price and Smith, 1993).
The value of r is thus a measure of the extent of reaction,
providing the average number of scissions undergone by a
polymer molecule.

The sequence, Eq. 33, of scission processes for p{x,t) can
be extended indefinitely for identical rate coefficients, k. The
superposition of these governing equations is equivalent to
the single-MWD model (McCoy and Wang, 1994). The MWD

A
5 T T "7
r—oo
4+
| r=3
3 - -
s ]
b3
2 L
r=2
1 CES
0 ] 1 [P
0 2 4 6 8 10
kt
B

Xavg

Figure 2. Effect of scission mode and number of scis-

xvar

sions in a degradation sequence (r) on time
dependence of dimensionless total polymer
moments.

(A) Zero moment, X ©; (B) first moment average, X *%; (C)
variance X ¥¥, Here, CES, MCS, and RCS indicate chain-
end, midpoint- and random-chain scission, respectively.

Chain-end scission moments are linear in time; random- and
midpoint-chain scission moments are exponential in time.
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px,t) represents the reactant MWD at any time, while the
sum of the other MWDs (from j = 2 to ) refers to the poly-
mer product, whose MWD can be defined as

g(x,)="3 pi(x,0). (48)
j=2

For the product polymers the moments p{™ are given by Eq.
43, which when summed from i =2 to « yield

g™ =pexp(— kt)exp(2Z,,kt)—1], 49)
valid for all values of Z,, kt. The accuracy of the approxima-
tion was shown to be satisfactory except at very large or small
values of time (McCoy and Wang, 1994). Small deviations
from the exact MWD were due to the gamma MWD, which
may not describe the actual MWD accurately over the entire
range of 7. As in the chain-end scission model, time depen-
dence of the moments for random- and midpoint-chain scis-
sion is dimensionless through kz.

As reasoned by Grassie and Scott (1985), the inverse of
average polymer chain length varies linearly with time over
an initial range. The expression for average chain length in
our notation is proportional to the average MW of the total
polymer mixture, or (p{¥ + g")/(p¥ + q@). Initially, the
average MW is p{l/p®. According to Grassie and Scott
(1985), the difference of the inverses, A(t), should vary lin-
early with time,

M = (pP+qD)/(p+qD) - p/pf. (50
Substituting our expressions for the moments yields the sim-
ple expression

A1) = (e¥ —1) /p3® = kt/p3"® (51)
for kt < 1. In Figure 2.6 of Grassie and Scott (1985) the
largest value of kt is less than 0.01, justifying the approxima-
tion. Thus the defined quantity, A(¢), initially does indeed
increase linearly with ¢, Further experimental confirmation
of the chain-scission model was provided by Wang et al. (1995)
and Madras et al. (1995).

To summarize, we note that the single MWD model can be
replaced by an infinite cascade of sequential binary scission
events. While the sequence mathematically yields products of
infinitesimal size (x — 0) after an infinitely long time, in real-
ity the degradation stops when termination conditions for the
particular process are met and the sequence is terminated.
For the uniform rate constant the sequence shows behavior
in agreement with the single MWD description (McCoy and
Wang, 1995). The sequence representation has the benefit of
allowing a moment procedure to be applied to the separate
reactant and product MWDs. The peaks that are constructed
by means of the zero, first, and second moments are good
approximations to the MWD solution.

Results

We illustrate the degradation models by calculations show-
ing how MWDs and their moments evolve in time. Values of
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the parameters used in the calculations are based on Wang
et al. (1995): ay=1.7, B, =850, x,=1,000, p{ =1,2,000
mol/L for the initial gamma MWD. The MW of the smallest
product of degradation (the monomer) is x,,, ( =100, the MW
of methyl methacrylate) and is very small relative to the MWs
of most polymers. The derived expressions can all be cast
into dimensionless form to reduce the number of parameters
that must be specified, for example, dimensionless kt. The
total polymer MWD can be monitored as a function of time
by gel-permeation chromatography of samples from the poly-
mer mixture. The total polymer MWD for chain scission is
Pty = p{x,) + g(x,¢), and for chain-end scission, p(x,?),
because the monomer product can be distinguished from the
polymer reactant. The total moments are made dimension-
less by defining

XO = pQ/pk) =150+ (52

X8 = pist/pe =1p" + qV1pf/ P + 4Py (53)

X = prr/pes = p@/p) - (e o (54)
For chain-end scission and for random- and midpoint-chain
scission, Figure 2 displays the time dependence of these mo-
ments. For Figure 2A, we used Eq. 18 for chain-end scission
and Eqgs. 42—-45 for various values of r in conjunction with
Eq. 52. For Figure 2B, we used Eq. 21 for chain-end scission
and Egs. 42-45 for various vajues of » in conjunction with
Eq. 53. For Figure 2C, we used Eq. 25 for chain-end scission
and Eqs. 42-45 for various values of r in conjunction with
Eq. 54. For chain-end scission the moments are linear in ¢,
and for random- and midpoint-chain scission, the moments
behave exponentially.

The polydispersity, D, Eq. 11, is graphed in Figure 3 as a
function of time for various cases. As r increases, D in-
creases because smaller MW products are formed by chain
scission.

Figures 4A, 4B, 4C show the effect of scission mechanism
and the stoichiometric coefficient parameter m on the time

3

10

Figure 3. Time evolution of the polydispersivity.

Here, CES, MCS, and RCS indicate chain-end, midpoint-
and random-chain scission, respectively.
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Figure 4. Evolution of the MWD, P'°'=pt°t(x,t)/p{?, for
a polymer undergoing (A) chain-end scission,
(B) midpoint-chain scission with r =2, and (C)
random-chain scission with r —«,

dependence of the polymer MWDs. The reactant and prod-
uct MWDs are represented as gamma MWDs and added to-
gether for chain scission. Moments are calculated as in Fig-
ures 2A, 2B, 2C. The sum of py(x,t) and g(x,t) is the total
molar MWD, p,.(x,t), which is related to the mass MWD
measured by gel permeation chromatography. The dimen-
sionless MWD is plotted as p,,(x,t)/p®. Bimodal distribu-
tions are evident for all the scission modes. Chain-end scis-
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sion (Figure 4A) yields a product monomer that is repre-
sented as a delta function growing in time at x =100. The
polymer MWD decreases with time. When time approaches
its final value, f;, the polymer is entirely consumed and con-
verted to monomer. Midpoint-chain scission with r = 2 (Fig-
ure 4B), and random-chain scission with r — (Figure 4C)
yield product distributions that increase nonlinearly with time.

The results of the moment analysis of the governing inte-
grodifferential equations for the MWDs of degrading poly-
mers have obvious implications for data interpretation. Moni-
toring the time dependence of the MWDs and their moments
provides considerable information beyond the molecular-
weight averages that are typically measured. Such data allows
a sharper interpretation of the kinetics and mechanism of the
degradation reactions. For real polymers and mixtures of
polymers, the mechanisms discussed in this article can be
readily combined.
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Notation

m = parameter in stoichiometric coefficient expression, Q(x, x')
polx,t) =initial molecular weight distribution (MWD) of polymer
y =dimensionless molecular weight in the gamma distribution
a; =parameter in the gamma distribution
B; =width parameter in the gamma distribution
8(x) =Dirac delta function of x
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