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Chemical Degradation of Polymers in Corrosive Liquid Media
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The physicochemical foundations of the degradation of polymeric materials in corrosive liquid media are examined and the
characteristics of the polymer degradation processes, the mechanisms of reactions of chemically unstable bonds, and the
principal types of decomposition of polymeric molecules as well as the characteristics of the diffusion of corrosive media
into polymeric materials are discussed. Kinetic equations have been obtained for the principal types of chemical degradation
of polymeric materials under heterogeneous conditions.
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I. INTRODUCTION

As a result of the wide-scale application of polymers
in the chemical and petrochemical industries, in medicine,
in the building industry, and in various branches of
modern engineering, much attention has been devoted to
their degradation processes in corrosive media. In many
instances these processes are undesirable, because they
lead to loss of valuable practical properties of polymeric
articles. In other cases they are used for numerous
chemical transformations, the etching of polymers, the
dissipation of polymers in living organisms, etc.

The problems of the chemical stability of polymers
have been the subject of numerous investigations, but the
latter have not as a rule involved a theoretical analysis of
the experimental data and are in many instances empirical
in nature. The inadequacy of the theoretical studies in
the field of chemical degradation of polymers and the
availability of a large amount of experimental data make it
necessary to discover quantitative relations in the first
place.

Corrosive media can be divided into two groups in
terms of the type of their action1'2:

1. Physically corrosive media giving rise to revers-
ible changes in the polymer.

2. Chemically corrosive media (acid—base and oxida-
tive) under the influence of which the polymer undergoes
irreversible changest-

Naturally, certain media (for example many organic
acids) can behave simultaneously as both physically and
chemically corrosive media.

Concepts such as chemical ageing, corrosion, chem-
ical degradation, and longevity of the material are nowa-
days used in the literature and in standards2 to charac-
terise the decomposition of polymeric materials under
the influence of corrosive media.

The term "ageing" was taken from biology and is widely
applied in science and engineering. The ageing of poly-
mers is understood as the set of physical and chemical
processes occurring in the polymer in corrosive media

t Biochemical media are also included here.

and giving rise to changes in the properties of polymeric
materials. These changes usually lead to the impairment
of the practical properties of the polymer.

The term "corrosion" was borrowed from metals
science; chemical corrosion of metals is understood as
the interaction of the metallic surface with the surrounding
corrosive medium. The decomposition of polymeric
materials in corrosive media usually occurs in a reaction
zone the size of which may vary from several monolayers
to the entire bulk of the polymeric article. Therefore
the term "corrosion" as applied to polymers is too narrow
and cannot be recommended.

Chemical degradation is usually understood as all the
processes leading to a change in the chemical structure of
polymeric materials. Thus chemical degradation consti-
tutes the set of the following chemical processes occurring
in the polymer in corrosive media and altering its molec-
ular weight:

(a) depolymerisation—the abstraction of the monomer
from the end of the macromolecule;

(b) polymer-analogue decomposition of the monomer —
the abstraction of a group of atoms from the macromole-
cule with retention of the initial degree of polymerisation;

(c) decomposition of the main chain leading to a
decrease of the degree of polymerisation;

(d) cross-linking—reactions involving the formation of
chemical bonds between the macromolecules and leading
to the appearance of branched and network structures.

The chemical degradation of polymers under the influ-
ence of oxidants is a complex process including, as a
rule, radical, molecular, and ionic chemical reactions;
degradation under the influence of acids and bases consists
largely of hydrolytic, solvolytic, or abstraction reactions.

The criteria of the chemical resistance of polymeric
materials to the action of corrosive media have been
defined in a number of standards2. Longevity should be
understood as the period during which the properties of
the polymeric material change under particular conditions
of its employment to the level specified in the technical
documentation.

The study of the kinetics of chemical degradation is
extremely difficult both as regards the determination of
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correct experimental data and the determination of the
kinetic parameters of the individual fundamental steps.
For a successful solution of this problem, it is necessary
to discover in the first place whether the chemical
degradation process can be resolved into a series of
simpler processes (for example diffusion of the corrosive
medium into the polymer and chemical reaction of the
functional groups) in order to investigate them separately;
secondly, one must find out to what extent these processes
can be simulated using low-molecular-weight analogues.
Such simulation is necessary, because one cannot always
separate the chemical reaction step from diffusion
phenomena and, furthermore, it is always interesting to
compare the calculated kinetic and diffusion parameters of
the chemical degradation process with the corresponding
parameters of model processes.

The aim of the present review is to examine the physi-
cochemical foundations of the degradation of polymeric
materials in corrosive media, whereby one can character-
ise the chemical degradation process in terms of kinetic
and diffusion parameters and to predict the chemical sta-
bility of polymeric materials under the conditions of their
employment. We do not aim to quote all the known facts
and data concerning the chemical degradation of polymers.
An attempt has been made in the review to examine at a
quantitative level the degradation processes of polymeric
materials in corrosive media. The review deals mainly
with the degradation of polymers under the influence of
acids and bases, which is most frequently encountered in
practice.

II. THE CHARACTERISTICS OF POLYMER DEGRADA-
TION PROCESSES

Flory3 formulated the main principles of the independence
of the reactivities of the functional groups in oligomers
and polymers of molecular weight for various types of
reactions. The functional groups in the polymer must
have the same reactivities as in a low-molecular-weight
model compound when the following conditions are
observed:

(a) the reaction proceeds in a homogeneous medium in
which the initial reactants and products are soluble;

(b) one type of functional group of the polymer is
involved in each fundamental step, and the molecules of
all the remaining reactants are small and fairly mobile;

(c) the low-molecular-weight analogue is chosen taking
into account the steric hindrance which may arise when
the conformation of the macromolecule changes during the
reaction.

Alfrey4 noted that identical reactivities of the functional
groups in the polymer and in the low-molecular-weight
analogue may be observed even if one of the above condi-
tions does not hold.

However, many instances are now known where the
reactivities of various groups in the polymer are
anomalous owing to the specific influence of the polymeric
state 5" 7 . We shall consider for simplicity the homog-
enous catalytic degradation of a polymer via the following
mechanism:

-» + **•£ ~x; (I)
*«

~X + Rr X P+Caf, (II)
where R is a functional group in the polymer, Cat the
catalyst, X an intermediate state, R' a reactant (for
example H2O in hydrolysis), and Ρ the reaction product.

The viscosity of polymer solutions may be several
orders of magnitude greater than that of solutions of low-
molecular-weight analogues; furthermore, the functional
groups in polymers are as a rule distributed close to one
another. Therefore, in comparing the reactivities of the
group R in the polymer and in the low-molecular-weight
analogue (chosen taking into account the steric hindrance
arising during the change in the conformation of the
macromolecule during the reaction), one must elucidate
the influence of the macroviscosity of the solution and of
the interaction of the functional groups on the degradation
reactions (I) and (II).

1. A QUANTITATIVE ESTIMATE OF THE INFLUENCE OF THE
MACROVISCOSITY OF THE SOLUTION ON THE DEGRADATION
KINETICS

The influence of the macroviscosity of the solution on
the kinetics of the degradation of small molecules has
already been examined 8~10. If, for example, the rate of
the reaction of R with Cat is high compared with the rate
diffusion of Cat to R, then the concentration of Cat in the
immediate vicinity of R may be reduced, which creates a
concentration gradient causing a diffusional flux of the
species directed towards R. In the steady state the
velocity of this flux becomes equal to the rate of the reac-
tion of R with Cat» According to Plate6, we obtain

(1)

where feeff and fctrue are respectively the effective and
true rate constants, ρ is the distance between the centres
of the reacting species, β a proportionality coefficient
having the dimension molecule"1, andD the diffusion coef-
ficient of Cat or the reactant R' in the medium. One
should note that, even when the functional group in the
polymer completely lacks mobility, the frequency of the
collisions of R with Cat does not change significantly.

Conditions governing the reaction in kinetic or diffusion
regions can be readily obtained from Eqn.(l):

when fetrue « 4πρϋβ, keii = &true,

i.e. there is an equilibrium statistical distribution of the
species in solution (the kinetic region of the reaction);

when £true » 4πρΖ)/3, keii = 4πρ£β,

he. there is a sharp breakdown of the equilibrium statist-
ical distribution of the species in solution (diffusion region
of the reaction),,

At the usual temperatures in non-viscous media, we
have!»cat - 10" 6-l0" 5 cm2 s"1 (Table 1) and the values of
ρ for typical functional groups and catalysts amount to
sever si angstroms ο Consequently, 4πρΌβ =* ΙΟ"12 —10"11

cm3 mol."1 s"1 or 109-1010 litre mole"1 s"1. Thus reac-
tions with £true > 108 litre mole"1 s"1 occur in the diffu-
sion region. The reactions of the proton, the hydroxide,
ion9, and enzymes10 with the functional groups of the
reactants, i.e. stage (!) of the polymer degradation pro-
cess, do in fact occur in this region.

The rate of reactions with £true < 108 litre mole"1 s"1

is not limited by diffusion and such reactions occur in the
kinetic region. These include the decomposition of the
ionised forms of the functional groups and of the majority
of enzyme—substrate complexes involving the formation
of the reaction products [stage (II) of the polymer degrad-
ation process]. In the majority of cases the rate of this
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stage limits rate of the entire degradation process. On
passing to viscous systems, ρ hardly changes, while D
decreases with increase of the viscosity of the system.
For example, D changes with increase of the viscosity of
electrolyte solutions in accordance with the equation1

(2)

where Dο and TJ0 are the diffusion coefficient and the vis-
cosity at infinite dilution respectively, e is the electronic
charge, e the dielectric constant of the medium, q a
variable quantity which depends on the electrolyte concen-
tration, and k the Boltzmann constant.

fact the cause of the anomalous reactivity of the functional
groups in polymers. The following types of the anomalous
reactivity of the functional groups in polymers have been
distinguished: (a) the effect of an adjoining group which
may be either of the long-range type (the "chain effect")
or of the short-range type (i.e. the influence of groups
located in the immediate vicinity of the given functional
group); (b) Conformational effects—effects due to the
change in reactivity caused by the changes in the form of
the macromolecule in the given reaction medium or in the
course of the reaction.

Table 1. Diffusion coefficients of acids in water.

Table 2. Kinetic parameters of the degradation reactions
of polymers and their low-molecular-weight analogues.

Catalyst

HC!
H2SO4

H 3PO 4

106£>25°,
cm2 s"l

30.0
12.0
8.7

References

13
11
14

It is noteworthy that Eqn. (2) is inapplicable to very
viscous media» In solid polymers, D25o =* 10"9—10~8

cm2 s"1 for water12 and 4τΐρΌβ =* 10 -10 6 litre mole"1 s"1.
These data lead to the conclusion that, even in very
viscous media (solid polymers), the rate of state (II) is
not limited by diffusion, i.e. this stage occurs in the
kinetic region (we have in view a microkinetic treatment
in contrast to a macrokinetic treatment, to which the last
part of the review is devoted) „

Thus the macroviscosity of the reaction medium influ-
ences significantly the rate of reaction between catalysts
and the functional groups of the reactants and has almost
no effect of the decomposition of the complexes of the
functional groups with catalysts, resulting in the forma-
tion of products. On the other hand, in most cases the
latter reaction in fact constitutes the rate-limiting stage
of the entire degradation process.

2. A QUANTITATIVE ESTIMATE OF THE INFLUENCE OF THE

INTERACTION OF FUNCTIONAL GROUPS ON THEIR REAC-

TIVITY IN THE POLYMER

If the functional groups in the polymeric molecules are
distributed at distances which virtually rule out their
mutual influence, then the kinetic parameters of the
degradation reactions of polymers and their low-molecu-
lar-weight analogues are similar, i.e. the principle of
independence of reactivity of molecular weight is valid.
Table 2 lists the kinetic parameters for the degradation
of polymers and their low-molecular-weight analogues;
within the limits of experimental error, these parameters
are similar. It is interesting to note that the reactivity
(&eff) of acrylic polymers in the H—D exchange reaction
is approximately two orders of magnitude lower than that
of the corresponding low-molecular-weight analogues
(Table 3); according to Scarpa et ah 2 1 , this is due to the
decrease of the dissociation constant of water near amide
groups relative to the solution.

However, functional groups are frequently distributed
close to one another (at distances <10 A) and this is in

Polymer and its low-molecular-
weight analogue

Polycaproamide

Cyclic caprolactam

Cellulose

Cellobiose

Poly-AW-diethylacrylamide

TWV-Diethylisobutyramide

Polyacrylamide
Isobutyramide

Poly-7V-vinyl-2-pyrrolidinone

./V-Isopropyl-5-methyl-2-
pyrrolidinone

Solvent -
catalyst

HaO—H2SO«

H 2 O-HC1
H2O—HjSO4

H2O—HCIO4

H 2 O - H S P O 4

H2O—buffer

*taue(2 5°).

8.310-8
8.3-10-8

1.1-10-s

1.610-8

2.5-10-'
(3.1 10-»)
2.0-10-*

(8.0 10-»)
2.0-10-»

2-0-10-5
3.110-'
4.010-8

E, kcal

mole'l

20±l
20±l

30±l

30±l

22.0
(24.6)
21.7

(23.7)
14.2

14.2
25 ±1

27 ±0.5

lg/4*

(s-1)

7.2

7.4

14.2

14.0

9.5
(9.5)

9.1
(9.5)

5.6
5.6

11.7
12.3

References

15

16

(18)

2

"A = pre-exponential factor.

Table 3. Kinetics parameters of the H—D exchange
reaction in polymers and their low-molecular-weight
analogues.

Polymer and its low-molecular-
weight analogue

Polyisopropylpropionamide
yV-Isopropylpropionamide

Poly-N-aminomethacryloyl-L-lysine

e-Aminoisobutyryl-L-lysine

Polymethylpropionamide
W-Methylacetamide

Solvent-
catalyst

D2O-DC1
D 2 O-KOD

k* (25°),
truej

5.0-10-5
2.5-10-3

6.6-10-5
2.5-10-»

4.0 10-"

i.o-io-a

E, kcal
mole'l

20.0

20.0

19.0
16.0

18.0
17.0

lĝ l
(s-1)

10.3

12.0

9.8
9.1

9.7
10.4

Refs.

22

23

*The rate constant at the minimum in the relation between
lg£eff and pD.

These effects can probably be accounted for by polar,
resonance, and steric effects24, which are well known in
organic chemistry, just as the mechanism of the hydroly-
tic action of chymotrypsin has been explained with the aid
of explicit chemical analogues25.

a. The Long-range Effects of Neighbours of the Group

As a rule, this effect is illustrated by comparing the
reactivities of monomers having a system of conjugated
double bonds and of a model compound having a single
double bond. We shall consider the manifestation of the
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chain effect in the dehydrochlorination of poly(vinyl chlo-
ride) (PVC) at high temperatures. The dehydrochlorina-
tion process is known to occur in steps, the double bonds
formed activating the next dehydrochlorination step
(allylic activation). An attempt has been made 2 6 to sub-
divide the complex dehydrochlorination process into two
reactions: (1) the random formation of isolated double
bonds and (2) the growth of the system of conjugated bonds
as a result of allylic activation.

Figure 1.

20 30 tO min

The rate of dehydrochlorination of PVC (a)
a is the number ofand chlorinated PVC (b) at 175°C.

breaks per mole of the polymer ,

Fig.l presents the rates of dehydrochlorination of
PVC (a) and chlorinated PVC (b) at 175°C. Evidently
the formation of isolated double bonds is independent of
the nature of the PVC specimen and proceeds at the same
rate (ki = 8.6 x 10~8 s~ ). In the general case the overall
PVC dehydrochlorination process can be described by the
following equation without taking into account the destruc-
tion of kinetic chains in the initial stages:

d[HCl]

At

where £2 = (WpvC - WcPVC)/-^o = 9.3 x ]0"4 s"1, Wpvc
and WCPVC are the rates of dehydrochlorination of PVC
and chlorinated PVC respectively, andXo andJft are
respectively the numbers of double bonds in PVC at the
initial instant and at time t.

Table 4. Kinetic parameters of the dehydrochlorination
reaction of model compounds for PVC in the gas phase 2 7.

Model compound

2-Chlorobutane
2,4-Dichloropentane
2,4,6-Tiichloioheptane
4-Chloiopent-2-ene
6-Chlorohepta-2,4-diene
3-Chloropent-1 -ene

Temp, range,
*C

347—394
347-397
346—386
296—345
302—347
319—380

i o u * n r ,

s-i

3.6
3.3
3.4
859

45 900
8.9

E,
kcal mole"!

49
49
51
41
35
51

lg/1

13
13
14
12
10
15

It is interesting to compare the constants obtained with
the results 2 7 for compounds simulating PVC (Table 4).

The presence of a double bond at the end of the macro-
molecule does not have an appreciable influence on the

dehydrochlorination reaction (3-chloropent-l-ene); the
double bond in the 2- or 4-position greatly accelerates
the dehydrochlorination reaction and 4-chloropent-2-ene
and particularly 6-chlorohepta-2,4-diene can simulate the
allylic activation effect. It is noteworthy that the rate
constant for the dehydrochlorination of the latter com-
pound is 104 times higher than the rate constant for alkyl
chlorides.

Thus the formation of isolated double bonds and the
growth of the system of conjugated bonds as a result of
allylic activation can be simulated by the dehydrochlor-
ination reactions of alkyl chlorides and 6-chlorohepta-
2,4-diene respectively.

b. The Short-range Effect of a Neighbouring Group

Effects of this type occur when the substituent adjoining
the given functional group favours or hinders the forma-
tion of the activated complex.

For example, the hydrolysis of the copolymer of
acrylic acid andp-nitrophenyl methacrylate proceeds
more readily than that of p-nitrophenyl acetate, since in
the former case a six-membered activated complex is
formed easily following the attack by the carboxylate ion
on the ester linkage28:

CH3

H,—c— CH,—CH~

I I
o=c c=o

NO,

Γ"O—C C=O

(III)

At 0°C and pH 6 the rate constants for the intramolec-
ular (copolymer of acrylic acid andp-nitrophenyl meth-
acrylate) and intramolecular (p-nitrophenyl acetate or
acetate ion) hydrolysis are respectively 2 χ 10"3 s"1 and
6.5 x ]0" 7 litre mole"1 s"1.

The question of the influence of neighbouring groups on
the given functional group has been examined theoretical-
ly 2 9~ 3 5. Functional groups of three types may be present
in a polymeric molecule under the conditions of a low
degree of conversion:

1) groups whose nearest neighbours have not reacted;
2) groups having one neighbour which has reacted;
3) groups having two neighbours which have reacted.
The rates of reaction of functional groups under the

conditions of an excess concentration of the catalyst are
defined by the equation

ax
at 2>

where k0, ki, and k2 are respectively the rate constants
for reactions of type 1,2, and 3 functional groups andNo,
Ni, andiV2 are the mole fractions of the corresponding
types of functional groups. The solution of the system of
the corresponding differential equations relating the
change in iVn of a sequence of η groups which have reacted
to the corresponding concentrations of functional groups
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of different types, the rate constants, and time leads to
the following expressions2 9:

N, = [exp V - 1]exp{- (2 £- + l)kot- 2(h- -1) [(exp-kot)- l}\

The solution for N2 is complex: for example, when
ki/k0 = 1, we have

u . J U

CC

•£ -3)exp (-2ft,0- f ̂ - 2

.100

MO

.020

.010

.002

.001
0 1 Ζ J S Β t

Figure 2. Variation of the degree of conversion of the
functional groups in the polymer with time for different
reaction rate constants3 1; respective values of the rate
constants k0, fei, and k2: 1) 1.0, 4 x]0" 2 , 4 χ 10"4;
2) 1.0, 0.2, 1 X10"2; 3) 1.0, 0.5, 0.2; 4) 1.0, 1.8, 0.5;
5) 1.0, 1.0, 1.0; 6) 1.0, 1.8, 1.5; 7) 1.0, 2.0, 5.0.

Fig. 2 illustrates the variation of the degree of conversion
of the functional groups in the polymer with time for
different reaction rate constants obtained by Arends31:

i, kt > 1,

(linear relation),
(self-inhibition),
(self-acceleration).

The second case, where the degradation process does not
reach completion owing to self-inhibition, i.e. there is a
certain limiting degree of conversion, is encountered
most frequently. A statistical approach to the solution of
this problem has been adopted31"33.

The limiting degrees of conversion of functional groups
in the polymer (a) for different ratios £o/fci are listed
below35:

ο 0,667 0,632 0,606 0,600 0.586 0.577 0,50

η*- 1 0.5 0,25 0,20 0.10 0.05 0,01

The kinetics of the alkaline hydrolysis of polyacryl-
amide have been thoroughly investigated in the same
study35. In order to describe the experimental data, the
authors made the mechanism more involved by assuming
that the carboxylate group formed can influence not only
the neighbouring group but also the next amide group.

They quote the following data for the influence of the
carboxylate groups on the reactivity of the amide linkages
in the alkaline hydrolysis of polyacrylamide at 60°C: ffi

10 4 *, litre mole' 1 s*1

AG*, kcal mole'1

A = amide group, C »

—A—A—A A—A—C—A—A C—A—A—C — C—A—C—

10.8 3 2 0.05

0 0.7 1 0 3.0
: carboxylate group

The increase of the free energy of activation owing to
the influence of the neighbouring carboxylate groups was
determined from the formula

Λ Λ _ e*R

t-r-k'

where R is the gas content and r the average distance
between the amide linkage and the carboxylate group,
assumed to be 3.5 A.

When the effect of a neighbouring group is considered,
it is important to discover (a) what changes in the reac-
tivity of the given functional group may be expected as a
result of its approach to the neighbouring functional
group, and (b) the mechanism of the action of the neigh-
bouring functional groups. We shall consider as an
example the intramolecular alkaline hydrolysis of mono-
phenyl esters of dicarboxylic acids 3 6 ' 3 7.

Table 5. The influence of structure on the reactivity of
monophenyl esters of dicarboxylic acids in the intramo-
lecular hydrolytic reaction in an alkaline medium 3 6 '3 7.

No.

I

II

III

IV

V

Reactants

.CH,—COOR
CH,
N M , — C O O -

CH, CH,—COOR

CH/XH,—COO-

CH.-COOR

CH.-CO0-
CH-COOR

CH—COO-
CH—CH—C

1 o 7

1 \
CH—CH-<
R-C.H,

:H—COOR

; H - C O O -

or Ρ •• BrC,H4

Relative rate
constant

1.0

20

230

10000

53000

The data presented in Table 5 show that the bicyclic
compound (V) reacts 53 times faster than monophenyl
glutarate (I), i.e. in a series of low-molecular-weight
compounds it is possible to attain greater differences
between reactivities than in the example quoted above.

The intramolecular reactions cannot be accelerated by
the following factors 3 8 '3 9:

(a) A local increase of the concentration of reactant
near the bond being hydrolysed during the intramolecular
reaction. For example, the effective concentration of
carboxylate groups near the ester linkage in the hydroly-
sis of the copolymer of acrylic acid and ρ -nitrophenyl
methacrylate may be estimated from the ratio
feintramol./fcintermol.· It amounts to 3 x 103 mole
litre"1, which is much larger than the concentrations
actually reached.
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(b) A favourable mutual orientation of the reacting
groups, since the kinetic differences between the intra-
molecular and intermolecular reactions cannot be reduced
to the entropy effect alone.

Changes in solvation can make a considerable contri-
bution to the acceleration of certain intramolecular reac-
tions (including "polymerisation" reactions). For the
formation of the activated complex via the intramolecular
hydrolytic reaction of monophenyl esters of dicarboxylic
acids, it is necessary that the water molecules hydrolys-
ing the charged carboxylate group should be removed.
Examination of molecular models shows that in the ester
(V) this group cannot be hydrated by water on the side
where the ester linkage is attacked. Therefore, during
the above intramolecular reaction, energy is not required
for the removal of water from the hydration shell.

It is also possible to draw the following analogy. The
catalytic properties of the proton, expressed in terms of
the acidity function, increase as water molecules are
eliminated from its hydration shell. In non-aqueous sol-
vents, for example acetic acid, nitromethane, and
sulpholane, the acidity function is several orders of
magnitude higher than in aqueous solution at the same
sulphuric acid concentration40. These effects are prob-
ably the cause of the high rates of intramolecular reac-
tions in both polymers and in their low-molecular-weight
analogues.

c. Conformational Effects

Depending on the temperature and the composition of the
solution, the macromolecules can exist in different con-
formations where the functional groups differ in reactivity.
This is associated with the change in the relative disposi-
tion of the functional groups and in addition with their
different accessibilities to the external reactant. This
case obtains in the alkaline hydrolysis of polyacrylamide,
where the formation of carboxylate groups leads to a
transition of the macromolecule from the globular to the
uncoiled form; unfortunately a kinetic assessment of this
effect has not been made. Similar effects are character-
istic of polymeric molecules with a pronounced secondary
structure (polypeptides, polyorganosiloxanes, etc.).

20 if 0 60%

Figure 3. Variation of the ratio of the rate constants
for the *H — ^ exchange reaction involving AMP and
poly-A with the fraction of bases in poly-A participating
in the stacking interaction 4 1 .

The 1H —- *Ά exchange reaction has been investigated in
polyriboadenylic acid (poly-A) and its low-molecular-
weight fragment—adenosine 5-monophosphate (AMP)—at

pH 7.1. 4 1 In neutral solutions below 0°C, the poly-A mole-
cules have the conformation of rigid rods consisting of
helices of the same type. The stabilisation of these
helices is determined primarily by the stacking interaction
via the π electrons of the purine rings and hydrogen bonds.
With increase of temperature, the interaction between the
bases weakens and the polymer molecules become more
labile. The AMP molecules retain their structure at all
temperatures.

Fig. 3 illustrates the variation of the ratio Κ of the rate
constants for the *H •—- ^H exchange reaction involving
AMP and poly-A with the fraction of the bases in poly-A
participating in the stacking interaction. The latter
quantity was determined by an independent procedure.
The observed proportionality between Κ and the fraction
can be regarded as evidence that the stacking interaction
causes the retardation of the exchange of hydrogen atoms
in the C—Η bonds of the adenyl residues.

Thus the anomalous reactivity of "polymeric" func-
tional groups, caused by the primary structure (the short-
and long-range effects of the neighbouring group), can
probably be determined and simulated with the aid of
low-molecular-weight analogues. The anomalous reac-
tivity caused by the secondary structure (Conformational
effects) is specific to the polymeric state.

III. THE MECHANISMS OF REACTIONS OF CHEMICAL-
LY UNSTABLE BONDS OF VARIOUS POLYMERS IN
CORROSIVE MEDIA

Solutions of acids and bases catalyse chemical degrad-
ation reactions of monomers. By the mechanism of the
catalytic action of acids and bases, we mean the set of
data concerning the equilibrium between the ionised and
unionised forms of the substance in the reaction medium
and the mechanism of the slow fundamental stages limiting
the rate of the process.

1. THE MEASURE OF THE CATALYTIC EFFECT OF
CORROSIVE MEDIA.

The catalytic effect of acids and bases is usually
estimated in terms of the capacity of the medium to behave
as a donor of protons or hydroxyls. In dilute aqueous
solutions of acids and bases, the pH may serve as a
quantitative measure of the catalytic effect. However,
at electrolyte concentrations in excess of 0.1 Μ the
deviation from ideal solutions becomes appreciable, so
that a rigorous quantitative determination of the activity
of the proton or the hydroxyl becomes impossible.
Hammett42 proposed an empirical approach to the deter-
mination of the acidity of solutions of acids with the aid of
indicators.

For the protolytic equilibrium

In + H+ -+ 1πΗ+ ,

the dissociation constant of the conjugate acid of the
indicator InH+ can be expressed as follows:

χ += W i n cin

flnW- cInH+

where a is the activity, / the activity coefficient, and c
the concentration. The concentrations of the ionised and
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unionised forms of the indicator are determined spectro-
photometrically. Knowing ΛΊηΗ+> the quantity

ΛηΗ+
(3)

called the acidity of the medium, can be calculated. By
analogy with pH, the acidity function is Ηχ = ρ&χ. More
than ten acidity functions, defined with the aid of different
classes of indicators, are now known and according to
Hammett none of them have any advantages over the
others 4 3 .

Thus, since the acidity is determined not only by the
capacity of the medium to give up protons but also by the
capacity of the indicators to combine with protons, the
absolute acidity of the medium cannot be determined by
the indicator method, although definite progress has been
made in this field during recent years.

Yates et ah 4 4 calculated «Η + f° r aqueous solutions of
sulphuric and perchloric acids by Eqn. (3) and the activity
coefficients were determined by the solubility method.
The values of απ+ thus obtained agree with the results
determined by electrochemical methods using the ferro-
cene—ferrocenium system as the reference electrode.
Several alkalinity functions are also known for solutions
of bases4 5 '4 6.

2. CLASSIFICATION OF THE MECHANISMS OF HYDROLYSIS

The mechanisms of the hydrolysis of various compounds
have been classified by Ingold47 on the basis of two main
features:

1. Type of catalysis (A—acid, Β—base),
2. The molecularity of the rate-limiting stage.
We shall consider the principal relations for uni- and

bi-molecular processes.

A. The Unimolecular Mechanism

Consider a reaction via the mechanism

x
R +Cat :£: X;

*true
Ρ + Cat,

where Μφ is the activated complex. The rate of reaction
can be formulated as follows:

&Φ _ , Jx^
r=feeffC0= . t r u e — - true C* fjt-

Taking into account the equilibrium constant for the for-
mation of X and assuming that X is the Arrhenius complex
and that the rate of decomposition of the complex into the
catalyst and the substrate is higher than the rate of for-
mation of the reaction product, we obtain

Kxcx fx
CR = — .

aCat 'R

Taking into account the material balance equation
C0 = CR "f CX,

we find the general equation for the unimolecular process:

(4)

If the mechanism of the ionisation of the substrate is
known, then, using Hammett's postulate

fx fx>

— = ~— = const
'R Λη

we introduce into Eqn. (4) the corresponding acidity or
alkalinity. Furthermore, the complex X and the activated
complex usually have the same composition, charge, and
structure, i.e./χ//* = const., which greatly simplifies
Eqn. (4):

k^J*!*. (5)

The values of ex have now been determined by independent
methods in a number of studies48 and the validity of Eqn.
(5) has been demonstrated.

B. The Bimolecular Mechanism

In reactions involving a bimolecular mechanism, the
activated complex includes the reactant, the catalyst, and,
in hydrolytic reactions, a water molecule. In some
cases the activated complex is formed when X interacts
with a water molecule and in others when the reactant
interacts with the complex of the catalyst and a water
molecule, for example the hydronium ion.

The rate of reaction can be defined by two identical
equations:

b

 aR-aiCat.H2O

These equations cannot be solved in a general form, since
there a re as yet no reasonable quantitative methods for
est imate/* . However, there a r e many empirical
approaches. We shall consider briefly some of them,
assuming for simplicity that the concentration of R is
much higher than of the complex X.

In Bunnett's approach 4 9 , specific hydration numbers
are assigned to all the species in the reaction medium.
After formulating the equation

*X

R · (Η,Ο), + Cat (H2O)n 5 t X (HaO)p + (s + „ - p) . H2O,

Χ·(Η8Ο)ρ + (Η,Ο)Γ ς * Μ ^ Η , Ο ) , - ^ 1 * products,

and taking into account the indicator equilibrium

In (HjÔ  + Cat (HaO)n ^ In • Cat (HsO)e + (» + η - c) • H2O,

we obtain

. *true . ?̂<H,O)S /lnCat(H,O)c
*eff = — · «X —p

A X 'M(H,O)( ' 'In(
(6)

Using Hammett's postulate and assuming that
/InCat(H2O)c

//M(H2O)t i S i n d e P e n d e n t o f t h e composition
of the medium because the complex of the reactant and
the catalyst (or of the indicator and the catalyst) and the
activated complex have the same charge and similar
structures, we obtain

t, itrue L «Γ ί7\

AY
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Bunnett treated in terms of this equation numerous data
for the hydrolysis of various compounds49. However,
Eqn. (7) is frequently inapplicable when the catalyst con-
centration range is fairly wide. Strictly speaking, one
cannot assume that the r a t l o / ^ ^ ^ ^ ^ is

nitrogen atom; the protonation of the carbonyl oxygen
leads to the formation of the unreactive form:

constant in Eqn. (6), because the two complexes should
have different compositions (differ hydration numbers);
however, the lack of knowledge of this ratio is compen-
sated by an empirical parameter r, formally expressing
the number of water molecules involved in the activated
complex.

Vinnik's approach50 consists in the hypothesis that an
intermediate complex Μ (of R and HsO+) is formed in
aqueous solutions of strong acids and decomposes uni-
molecularly into the reaction products. It is assumed
that the activity coefficient ratio fy[/f* i s constant and
the activity coefficients of the activated complex and the
complex Μ are given by the equation

/M = f = /£ /H.O+ const,

where a and β are parameters independent of the medium,

and/R can be determined from solubility data. Thus the
problem reduced to the determination of the parameters
a and β alone.

In recent years Vinnik51 formulated a general rule for
the determination of the mechanism of the rate-limiting
step in catalytic hydrolysis in aqueous solutions: the
activity of the activated complex must be expressed in
terms of the concentrations of different forms of the
reactants in such a way that the multiplier involving the
activity coefficients which appears in the kinetic equation
does not vary with the concentration of the acid. Using
extensive experimental data, Vinnik divided all the
hydrolytic reactions in aqueous solutions of strong acids
into four groups. In reactions of groups I and II, the
activated complex is produced from the unionised form of
the reactant, the hydronium ion, and the nucleophilic
agent—water molecule (group I) or anion (group II). In
the reactions of the other groups, the activated complex
is produced from the protonated form of the reactant with
or without the participation of a water molecule (group III)
or with participation of the anion (group IV).

Thus, whereas a simple general equation, obtained
within the framework of reasonable assumptions is avail-
able for unimolecular processes, such an equation does
not exist for bimolecular processes and in each specific
case additional information is necessary for the choice of
the mechanism.

We shall consider the mechanisms of the decomposition
of chemically unstable bonds in polymers.

The a m i d e l i n k a g e . A characteristic feature of
the hydrolytic reactions of compounds with an amide
linkage in acid media is a maximum in the effective rate
constant as a function of the concentration of the acid.
Fig. 4 illustrates the variation of lg£eff,25° for the
hydrolysis of the cyclic caproamide trimer (a polymer
model) as a function of the amide acidity function of aque-
ous solutions of sulphuric acid Η A-15'52 The values of
lgfceff,25° for the hydrolysis of the polymer with My =
20 000 lie almost on the same curve. According to the
proposed mechanism, the rate-limiting step of the pro-
cess is the attack by the hydronium ion on the amide

0 !

Η

H,O®
Ο

+Η.0© II Α Α
< ^ Q [ψ . ->•

" Ι *"
Η

©ΟΗ

- c' — N~.
Ι

Η

The variation of ^eff with thermodynamic parameter is
described satisfactorily by the equation

feeff= ^true CH.O* _
(8)

The continuous line in Fig. 4 was calculated theoretically
from this equation.

Figure 4. Variation of lg &eff,25° for the hydrolysis of
the cyclic caproamide trimer (1) and polycaproamide
having Mv = 20 000 (2) with the amide acidity function of
aqueous sulphuric acid solutions15.

Thus the hydrolysis of compounds with an amide bond
is described by the A -2 mechanism. Attention should be
drawn to two facts of practical importance:

1. The hydrolytic stability of compounds with an amide
linkage increases greatly in concentrated solutions of
acids.

2. In polycaproamide the amide linkages are kinetically
independent, since the five methylene groups completely
prevent the transmission of the mutual polar influence of
the amide linkages.

The study of the hydrolysis of ο -substituted aromatic
amides, simulating the non-cyclised units in heterocyclo-
chain polymers, is of considerable interest. The pres-
ence of ο -substituents is responsible for a number of
characteristic features of the acid hydrolysis of these
amides, namely the hydrolytic reaction may be accom-
panied by the cyclisation reaction and in dilute acid solu-
tions intramolecular catalysis may occur.

Fig. 5 illustrates the variation of lgfeeff,25° with i/A
for the hydrolysis and cyclisation of 2-benzamidophenol
and the hydrolysis of 2-phenylbenzoxazole—the model
compounds for polybenzoxazole53. Kinetic analysis of
the results showed that the variation of keif is described
by Eqn. (8) for all three reactions.

Fig. 6 presents kinetic data for the acid hydrolysis of
N-phenylphthalamic acid—the model of aromatic poly-
amidoacids54. In order to interpret the experimental
data, a mechanism was adopted according to which
unreactive forms are produced on protonation of the
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carbonyl oxygen of the amide linkage and on dissociation
of the carboxy-group. The reactive species is the
unionised form, which may react either with the carboxy-
group (intramolecular catalysis) or with a hydronium ion
(specific acid catalysis).

involves the interaction of these ions with a water mole-
cule:

o- o-
II +OH- I +OH- I

_ C-NH ~ ^ z z ± ~ C—NH ~ ^ X ± ~ C-NH -

OH

l**nie
reaction products

o-
|t+H,O

5.5

6.0

b\5

7.0

15

j\ aZ

<\ /—N. °̂X \Γ \
1 1 1

Figure 6. Variation of lgfeeff,25° with the amide acidity
function of aqueous sulphuric acid solutions for the
hydrolysis of iV-phenylphthalamic acid5 4.

The kinetic equation for the hydrolysis is
2 1

true Hf^ ^p t "τ" ^true> HjO

(9)

?. 3 ~Hk
where bο is the alkalinity of the medium.

Figure 5. Variation of lgfceff w i t h t n e amide acidity
function of aqueous sulphuric acid solution for the
hydrolysis (1) and cyclisation (2) of 2-benzamidophenol
and the hydrolysis of 2-phenylbenzoxazole (3).5 3

The general expression for &eff is

*tni<. CH.O+ "I" "true

where &true and &true are the true rate constants for
hydrolysis via the specific acid and intramolecular cata-
lytic mechanisms and /Cdiss is the dissociation constant
of N-phenylphthalamic acid.

In alkaline media there is also a complex profile of
changes in the alkaline hydrolysis of compounds with
amide linkages. Fig. 7 illustrates the variation of
lgfceff,25° for the hydrolysis of iV-methylacetamide with
the alkalinity function of aqueous KOH solutions55. It has
been shown by infrared spectroscopy that amides may
exist both in the unionised form and as singly and doubly
charged ions. The rate-limiting step in the process

Figure 7. Variation of lg&eff,25° with the alkalinity
function of aqueous potassium hydroxide solutions for the
hydrolysis of iV-methylacetamide55.

The validity of this equation has been demonstrated by
an independent procedure involving a comparison of the
changes in k&u with the concentrations of the ionised
forms of the amide5 e.
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The e s t e r l i n k a g e . Numerous studies have been
made on the acid hydrolysis of compounds with ester
linkages, but there is as yet no unanimous view concern-
ing the mechanism of the hydrolysis. The possible
mechanisms of the hydrolytic reactions have been anal-
ysed in detail51. The hydrolysis of compounds with ester
linkages in alkaline media proceeds via a mechanism51

analogous to that described above for compounds with
amide linkages.

The i m i d e l i n k a g e . The hydrolysis of com-
pounds with imide linkages takes place in acid and alka-
line media via mechanisms analogous to those described
for amides.

The a c e t a l l i n k a g e . Compounds with acetal
linkages are known to be stable in alkalis and to be
readily hydrolysed in acids. The acid-catalysed hydrol-
ysis of acetals is an example of the A-\ monomolecular
mechanism58'59. The experimental data are described
by the equation

•K,

where ho is the Hammett acidity function.

-lg(fceff/*o)(min '

ι I

5 10 15 Δδ, Hz

Figure 8. Experimental data represented by a plot of
yg\keii/ko)a%a\nsi&b f ° r the hydrolysis of cellobiose in
aqueous acid solutions: 1) HC1; 2) HC1O4; 3) H2SO4;
4)H 3 PO 4 . 6 1

In the hydrolysis of cyclic hemiacetals (glycosides) the
principle of correspondence between the structure of the
protonated species and the activated complex does not
hold. For example, the rate-limiting stage in the
hydrolysis of cellobiose, a model of cellulose, includes
a slow transition from the chair conformation (protonated
form) to the half-chair conformation in the activated
complex60:

Η CH2OH Η CH,OH
, 0

The ratio fx/f* in Eqn. (4) cannot then be regarded as
constant. Evidently it will be larger the stronger the
interaction between the cellobiose molecule and the
medium.

The change in the activity coefficient ratio / R H V / *
can be estimated from the chemical shifts Δδ of the

protons at the carbon atom in the 2-position61. The
change in feeff f° r the hydrolysis of cellobiose is
described by the equation

where/» is a proportionality coefficient. Fig.8 presents
experimental data in terms of the variables of this equa-
tion for aqueous solutions of different acids.

For the other linkages encountered in polymers, the
evidence adduced for the hydrolytic mechanisms is not
rigorous.

IV. PRINCIPAL TYPES OF DECOMPOSITION OF
POLYMERIC MOLECULES

The structure of polymeric molecules determines the
type of their decomposition,, On the one hand, chemically
unstable bonds can be equally reactive and, on the other,
terminal bonds can exhibit enhanced reactivity, which
complicates the chemical degradation process. Further-
more, polymers may contain bonds with enhanced reac-
tivity—"weak bonds".

The kinetics (changes in the number of molecules and
in the mass of the polymer) have been examined theoret-
ically62 for the principal types of decomposition of poly-
meric molecules in degradation processes. We shall
consider the main types of decomposition of polymeric
molecules in chemical degradation reactions.

a. Random Decomposition

This type of decomposition is frequently encountered
in chemical degradation processes and can be illustrated
by the examples in Tables 2 both for the reactions of the
main polymer chain and for the polymer-analogue reac-
tions involving the abstraction of groups of atoms without
a change in the degree of polymerisation.

In cellulose the terminal hemiacetal linkages are
somewhat more reactive than the "non-terminal" linkages.
This is seen from a comparison of the rate constants for
the acid-catalysed hydrolysis of cellulose and cellobiose
(Table 2) and also from data6 3 showing that the reactiv-
ities of the two hemiacetal linkages in cellotriose differ
by Io5. However, the difference between the reactivities
of the terminal and non-terminal linkages is slight and
the acid-catalysed hydrolysis of cellulose under homo-
geneous conditions can therefore be regarded as a random
process to a first approximation.

b. Depolymerisation Decomposition

This type of decomposition is encountered extremely
rarely in a pure form in chemical degradation processes;
it is usually combined with the random decomposition of
the polymer chain.

c. Decomposition of the Mixed Type

A typical example of such decomposition is the acid-
catalysed degradation of polyoxymethylene, which is
accompanied by the cleavage of the chain with formation
of fragments having terminal hydroxy-groups and by the
depolymerisation of these fragments.
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d. The Cleavage of the Polymer Chain

The maximum in the reactivity of polyoxymethylene
oligomers with terminal methoxy-groups (POM-OCH3) in
the acid-catalysed degradation process (Table 6) leads to
the conclusion64 that the terminal acetal linkages are
more reactive than the non-terminal linkages and that the
acid-catalysed degradation process includes two consecu-
tive stages: (1) slow decomposition of the terminal
acetal linkage in the oligomer; (2) rapid depolymerisa-
tion of the hemiacetal formed.

Table 6. Aliphatic reaction constants σ* and the rate
constants for the degradation of the CH3(OCH2)nOCH3

oligomers in aqueous sulphuric acid solutions64.

CH3

CH2OCH,

0

0.52

UK

—2.82

-2.18

( C H ^ C H ,

(CH2O),CHS

0.15

0.05

—2.64

—2.74

Substituents near the reaction centre.
bfc25° = (&true/K"BH+)25o, where fctrue is the true rate
constant for the decomposition of the protonated form of
the reactant and ifBH* is t n e basicity constant of the
reactant.

e. The Depolymerisation Reaction

This reaction occurs when the polyoxymethylene mole-
cule contains terminal hydroxy-groups (POM-OH), which
serve as active centres for the depolymerisation reaction.

Table 7. The rate constants for the decomposition of
terminal and non-terminal acetal linkages and for depoly-
merisation in the acid-catalysed degradation of POM-
OCH3 in water—hexafluoroacetone solutions of HC1 at
25°C.

water concn., Μ

8.99
55.5

k. litre mole

decomposition of
terminal bonds

(l. l±0.2)-10
(3.1±0.2)·10-»

min
decomposition of
non-terminal bonds

(random rrocess)

2 ± 0 . 4

depolymeri-
sation

(3±l)-10
6±1

In stepwise depolymerisation of polymers with an
exponential molecular weight distribution, the molecular
weight remains almost constant, i.e. (dMn/di)dep — 0.
When the decomposition of the polymeric molecules is a
random process followed by depolymerisation (the length
of the kinetic depolymerisation chain is much smaller than
the number-average degree of polymerisation), we there-
fore obtain the following system of equations:

The results are described satisfactorily by the Taft
equation (Fig. 9) and make it possible to select methylal
(n = 1) as a model of the terminal acetal linkage in POM-
OCH3 polymers.

-Ig/

2.7

2.5

2.3

feff, 25° (mm )

-

-

JW
I

0.1
1

0.2
1

0.3
ι ι

OA Σ * *

Figure 9. Correlation based on the Taft equation of the
experimental data for the degradation of polyoxymethylene
oligomers with terminal methoxy-groups in aqueous
sulphuric acid solutions64.

The reactivities of certain acetal linkages have been
determined65 from the change in the molecular weight of
POM-OCH3 in the course of degradation in a water —
hexafluoroacetone solution of HC1. Table 7 shows that
the terminal acetal linkages are approximately five times
more reactive than the "non-terminal" linkages.

4
ât

-ΓΤ- = #rand tn — 3 & r a n d Ν ? ,
α ι m

(10)

(11)

where n, and Ν are respectively the mass of the polymer
and the number of molecules at time t, ferand and &dep are
respectively the rate constants for random and depoly-
merisation decomposition. For the initial conditions
m = m0 and Ν = 0 with t = 0, Eqns.(lO) and (11) have the
following solution:

= m0 exp ((-B&+ 1) [In (2 - exp - fetand t) - fcrand t)\
(\ "land / J

from which it is possible to calculate the depolymerisation
rate constant (Table 7).

This relation between the rate constants for the decom-
position of the terminal and non-terminal acetal linkages
and for depolymerisation is responsible for the virtually
identical effective rate constants determined from the
accumulation of formaldehyde in the degradation of POM
with different terminal groups in water—hexafluoroacetone
solutions of HC1 (Table 8). Thus the acid-catalysed
degradation of POM in water—hexafluoroacetone solutions
takes place in a complex manner; during the initial
period, the random dissociations and the decomposition of
the terminal acetal linkages lead to the formation of a
considerable number of POM-OH molecules, which
depolymerise with liberation of formaldehyde, the amount
of POM-OH being almost independent of the molecular
weight of the initial polymer and the nature of its terminal
group.

It is noteworthy that the random decomposition and
depolymerisation reactions have different mechanisms.
The acetal linkage is decomposed via the A-\ mecha-
nism 5 9 '6 6, while the depolymerisation reaction proceeds
via the A -2 mechanism67. Thus the relation between the
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rate constants for these reactions changes when there is
an appreciable alteration of the acid concentration. An
equation describing the variation of the effective rate
constants for the degradation of POM-OH, determined
from the accumulation of formaldehyde, in aqueous sul-
phuric acid solutions (5 — 50 wt.%) has been derived67:

«eff = «dep(tiue) CH3O+ — —
V M

Arand(true)
7: 7

Λ Β Η + "term(tiue) CHSO+

where &dep(true) is the true depolymerisation rate con-
stant and &term(true) the true rate constant for the
destruction of active depolymerisation centres in conse-
quence of the degradation of the polymer chain. When

^dep(tiue) ^ ^ *dep(true)^rand(true) h0

Mn, ^BH+ *,teim(true) CH,O+

only the depolymerisation reaction takes place and is
determined by the initial concentration of the OH terminal
groups in POM-OH. This condition holds in dilute
sulphuric acid solutions (<5 wt.%) for POM-OH (Μγ —
7000). With increase of the acid concentration, the
depolymerisation reaction, determined by the terminal
groups formed on random cleavage of the polymer chain,
begins to play a major role and when

fedep(true) *dep(true)*rand(true) h0

" BH+ ^term(true) c H a o+

we obtain

« e f f =

fetand(tnie)*dep(trae)

^BH+ ftterm(tiue)

i.e. the acid-catalysed degradation process obeys the A-l
mechanism.

Table 8. The effective rate constants for the degradation
of POM having different molecular weights and different
terminal groups in 4.4 x ΙΟ"3 Μ HC1 solution (8.99 Μ Η2Ο
in hexafluoroacetone at 30°C 6 5 ) .

Polymer

POM-OCH3

My

1500
6 500

10 500
19 500

i o 2 * e f r

min"1

3.8
3.6
3.7
3.9

Polymer

POM-OOCCH3

POM-OH

My

50 000
100 000

7 000
220 000

1 0V
min"1

3.4
3.4
19*
3.5

* Initially there is a large number of depolymerisation
centres.

The type of-decomposition of the molecules in the solid
polymer may differ from that in solution. For example,
according to one of the models, cellulose molecules have
a folded conformation in the protofibrils and in each fold
there are about eight elementary units6 8. On the basis
of this structure, Manley and coworkers69 suggested that
the hemiacetal linkage at the tops of the folds exhibit an
enhanced reactivity. To confirm this, experiments were
performed on the acid-catalysed degradation of different
types of cellulose under heterogeneous conditions and
molecular weight distribution (MWD) curves were
obtained for the acid-soluble degradation products and
for the insoluble residue at different time intervals up to
70% conversion. In the course of the degradation process,
the cellulose molecules broke down into fragments with an

average degree of polymerisation of about 8 regardless of
the type of polymer and the MWD of the unreacted com-
ponent of the cellulose did not change. The results con-
firm the hypothesis of the presence in cellulose of at least
two types of linkage differing appreciably in their reactiv-
ities; hemiacetal linkages at the tops of the folds are
more reactive than the hemiacetal linkages in the remain-
ing portions of the folds.

Thus in the decomposition of polymers in corrosive
media there is a possibility in the general case of sets of
bonds having different reactivities. This in fact deter-
mines the type of decomposition of polymeric molecules.

V. DIFFUSION OF CORROSIVE MEDIA INTO POLY-
MERIC MATERIALS

In order to determine the mechanism of the degradation
of polymeric materials in corrosive media, it is neces-
sary to know how the corrosive medium diffuses into the
polymer and what is its state within the polymer, i.e. to
what extent the electrolyte is dissociated into ions and
how much the latter are solvated by the solvent.

Since the diffusion of corrosive media into polymers
is of considerable theoretical and practical interest (for
example in connection with the prediction of the protec-
tive properties of polymeric coatings, the permeability
of biological membranes, etc.), it will be necessary to
consider in this section the general characteristics of the
diffusion of corrosive media into polymeric materials.
There is at present no general quantitative theory relat-
ing the diffusion coefficients of electrolytes in polymers
to any structural parameters of the latter. Polymers are
usually divided into two classes: hydrophilic and hydro-
phobic; the principal characteristics of the diffusion of
electrolyte solutions into such polymers have been
described in a number of studies7 0"7 2.

It is useful to examine the diffusion of electrolytes into
polymers as a function of their content of the solvent, for
example water. Polymers can be divided arbitrarily into
three groups:

(a) polymers readily dissolving water (50—80 wt.%);
(b) polymers dissolving water to a limited extent

(1-50 wt.%);
(c) polymers dissolving water sparingly (<1 wt.%).
One should bear in mind that polymers in groups (a)

and (b) are as a rule hydrophilic and those in group (c)
are hydrophobic.

Polymers of Group (a)

A typical polymer of this group is poly(vinyl alcohol);
the solubility of water in this polymer lies in the range
60—80% depending on the method of synthesis. The '
influence of the polymer on the diffusing species is slight
and largely reduces to the bending of the polymer mole-
cules by the diffusing substance. The Mackie—Meares
theory 3, which takes into account such bending, makes
it possible to calculate the diffusion coefficients fairly
rigorously. As a rule electrolytes dissociate into ions
in such polymers to the same extent as in aqueous solu-
tions7 4. If the electrolyte in the polymer matrix is not
completely dissociated, then in the general case the
effective diffusion coefficient depends on the electrolyte
concentration. This effect is associated with the differ-
ent mobilities of ions and undissociated molecules in the
polymer matrix7 4.
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its time variation is described by one of the adsorption
equations.

(c) The attainment of a steady concentration of the
diffusing substances on the surface of the polymeric
article is determined by certain mass-transfer laws, the
simplest of which is

/ = β (cs — cv).

where j is the flux of the diffusing substance, cs and cy
are respectively the concentration of the substance on the
surface and in the bulk of the corrosive solution, and β is
the mass-transfer coefficient.

Solution of the Equations for Polymeric Articles of
Different Shapes

Most of the practical problems reduce to the descrip-
tion of degradation processes in bodies of simple shape.
Polymeric films and coatings are modelled by layers of
infinite extent, fibres are modelled by a cylinder, etc.
The solutions of Eqns.(12)—(14) for a layer of infinite
extent will be considered below. Depending on the ratio
of the rates of diffusion and chemical reaction, chemical
degradation can proceed under different conditions:

(a) the rate of diffusion of the corrosive medium is
comparable to the rate of the chemical reaction (the
degradation process takes place in a reaction zone whose
size increases with time, and reaches in the limit the
dimensions of the polymeric article), i.e. the reaction
takes place in the internal diffusion-kinetic region.

(b) The rate of diffusion of the corrosive medium
greatly exceeds the rate of the chemical reaction. After
the entire polymer has swollen in the corrosive medium,
the degradation process takes place throughout the bulk of
the polymer, i.e. in the internal kinetic region.

(c) The rate of diffusion of the corrosive medium is
much lower than the rate of the chemical reaction. In
this case the degradation process takes place in a thin
surface reaction layer, which is usually described as
reaction from the surface of the article, i.e. in the
external diffusion-kinetic region.

b. Internal Diffusion-kinetic Region

The simultaneous solution of Eqns.(12) —(]4) consti-
tutes a difficult mathematical problem, which can only be
solved with the aid of a computer.

Consideration of the diffusion of the corrosive medium
in polymers showed that the diffusion of the solvent is
frequently much faster than the direct diffusion of the
catalyst (acid or base), i.e. Dsolv >#cat; one can there-
fore assume that the concentration of the solvent in the
reaction zone of the polymeric article is constant and
equal to its solubility in the polymer (csolv)> i.e.

Csolv = C°olv · 0 ?)

Thus the problem simplifies and reduces to the solution
of Eqns.(12) and (J3), the first of which assumes the
following form when account is taken of Eqn.(J7):

where

if»
At

= kclcs t— Kif cCat» (18)

f= k

For simplicity, we shall confine ourselves to only one
term in Eqn. (13) and shall put ci = c n .

Consider the case where Kp —* °°, i.e. the functional
groups formed during degradation react almost completely
with the catalyst. When account is taken of the fact that
this reaction proceeds much faster than the degradation
reaction, Eqn. (13) becomes

cCat

at
CCat

(19)

where χ is the diffusion coordinate.
The solution of Eqn,, (19) subject to the boundary condi-

tions ccat = ccat when χ = 0 and I and the initial condition
ccat = 0 when t = 0 and 0 *s χ *s I is the following:

1 — —η
sin bmx

PmD&t+W]}, (20)

where 6m = 7r(2ra — l)/l, cCat is the solubility of the cata-
lyst in the polymer, and I is the thickness of the film.

After substituting Eqn. (20) in Eqn. (18) and after double
integration from 0 to t and from 0 to 1/1, we obtain

_8_ ^ W_
(2m-i)*m(6j,DC a t+fte f f)M Γ

(21)
Analysis of Eqn. (21) makes it possible to distinguish two
cases:

(a) &mDcat >&eff. In this case it is sufficient to
retain only the first term of the series. A detailed solu-
tion in this instance will be described below.

(b) bmPcat < keii. Restriction to only the first term
of the series is not permissible and one must bear in
mind that, for fairly large values of t,

Cn = «e ff
cCatl t. \H)

This case will also be analysed below.
When Kp —* 0, i.e. the functional groups formed during

the reaction do not interact with the catalyst, Eqn. (19)
becomes

n
= D Ca

It solution, subject to analogous boundary and initial
conditions, is

(23)

After substituting Eqn. (23) in Eqn. (18) and after integrat-
ing between the same limits as for Eqn. (21), we obtain

(24)

where

y = -

When y < 1, this case obtains during the initial period of
the degradation reaction for films of any thickness:

(25)

where
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Polymers of Group (b)

These include, for example, polycaproamide, epoxy-
resin, and ethylcellulose. The solubility of water in
these polymers at 25°C is about 7-9 wt.% for the first
two and 2 wt.% for the last 1 2.

108£>7 0°c, c m 2 i r

10 15 20 25%HCL 0 20 30 Ί0 %H 2S0 4

Figure 10. Variation of the diffusion coefficients of
hydrochloric (a) and sulphuric {b) acids in epoxy-resin as
a function of acid concentration72.

Differences are observed in the behaviour in these
polymers of electrolytes having high and low vapour pres-
sures. Fig. 10 illustrates the variation of the diffusion
coefficients of hydrochloric and sulphuric acids in epoxy-
resin at 70°C as a function of the acid concentration72.

to polymers of group (a), the polymers considered here
sorb selectively the electrolyte and water.

Fig. 11 illustrates the variation of the concentration of
water and HC1 during the diffusion of the vapour of 28%
hydrochloric acid solution into an ethylcellulose film at
35°C. The diffusion of the components of the corrosive
medium proceeds with similar diffusion coefficients, but
the ratio of the concentrations of water and HC1 in the
polymer is approximately ten times greater than in the
gas phase7 6.

Electrolytes are dissociated into ions in polymers of
this kind, but quantitative data on the degree of dissocia-
tion are not available.

Polymers of Group (c)

This group includes the majority of industrially
important polymers. Electrolytes with a high vapour
pressure diffuse with diffusion coefficients close to those
for polymers of groups (a) and (b). Electrolytes with a
low vapour pressure diffuse into these polymers at very
low rates 7 7 .

VI. THE INFLUENCE OF THE SOLID STATE OF THE
POLYMER ON THE DEGRADATION PROCESS

The degradation reactions in solid polymers have a
number of characteristics which are associated both with
the specific features of the structures of polymeric
materials and with the specific features of the kinetics of
heterogeneous reactions. We shall consider the charac-
teristics of the structures of polymeric materials.

102c,gcm-3

100 ZOO t, min

Figure 11. Variation of the concentration of water (1) and
HC1 (2) during the diffusion of the vapour of 28% hydro-
chloric acid into an ethylcellulose film at 35°C.76

Shterenzon et al. 7 5 believe that hydrogen chloride can
exist in two-forms in polyethylene: in the non-hydrated
form and as hydrates, the diffusion coefficient of the
former being much higher. With decrease of the water
content, there is a change in the ratio of the hydrated and
non-hydrated forms of hydrogen chloride, which leads to
an increase of the effective diffusion coefficient and in
concentrated hydrochloric acid solutions the latter
approaches that of gaseous hydrogen chloride.

In sulphuric acid solutions, diffusion coefficient and the
water content in the polymer vary in parallel. In contrast

1. THE INHOMOGENEFTY OF THE STRUCTURES AND
PROPERTIES OF POLYMERS

The structural characteristics and properties of poly-
meric materials are almost always anisotropic with
respect to volume, which is frequently referred to as
spatial gradients . For single-phase systems, the
following examples of structural gradients may be quoted:

(a) vitreous and viscoelastic sections (copolymers of
methyl methac^ylate and methyl acrylate);

(b) strongly and weakly cross-linked regions (vulcan-
ised elastomers);

(c) oriented and non-oriented regions (crystallising
polymers);

(d) regions with different MWD (fractionated during
shear flow);

(e) regions with different degrees of order in single-
phase amorphous polymers (association).

The following structural gradients are characteristic
of heterophase systems:

(a) amorphous and crystalline regions (crystalline
polymers);

(b) regions with different degrees of microheterogen-
eity (stereoregular polymers);

(c) regions with different steric (cis—trans groups) or
chemical structures (statistical copolymers).

In real polymeric materials there are in addition a
wide variety of structural gradients established by added
organic and inorganic substances: stabilisers, plast-
icisers, pore-forming agents, fillers (fibreglass in
laminated glass plastics and carbon black in rubbers),
dyes, etc.
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The above structural gradients are responsible for the
anisotropy of the chemical and diffusion properties of
polymeric materials. At present there are no rigorous
quantitative data concerning the influence of structural
factors on the diffusion of corrosive media, on the one
hand, and on the reactivity of the functional groups in
polymeric materials, on the other. Isolated data on
these problems have been published79'80.

2. KINETICS OF THE DEGRADATION OF POLYMERS

The degradation of polymers in liquid corrosive media
proceeds via the following principal stages:

(1) adsorption of the corrosive medium on the surface
of the polymeric article;

(2) diffusion of the corrosive medium into the bulk of
the polymeric article;

(3) chemical reaction of the corrosive medium with the
chemically unstable bonds of the polymer;

(4) diffusion of the degradation products to the surface
of the polymeric article;

(5) desorption of the degradation products from the
surface of the polymeric article.

Examination of all the stages of the degradation process
is difficult, because it is usually assumed that one or at
most two stages are slow compared with the others, and
therefore limit the rate of the entire degradation process.
Stages (1) and (5) are usually faster than stages (2) —(4).
The diffusion of the degradation products to the surface of
the polymeric articles does not usually play a significant
role in the estimation of the changes in the useful proper-
ties of the polymer during the degradation of polymeric
articles, but it may limit, for example, the rate of bio-
logical degradation of the polymer in a living organism.

a. Fundamental Equations

In the general case (assuming that the law of mass
action holds), the rate of decomposition of chemically
unstable bonds in a polymer under the influence of a
corrosive medium is

Ψ = — = * (C'n — Cn)d t
(12)

where c n is the initial concentration of the chemically
unstable bonds in the polymer, cn the concentration of the
dissociated bonds, ccat the concentration of the catalyst in
the polymer, and csolv the concentration of the solvent in
the polymer.

The concentration of the catalyst (for example an acid
or a base) in the polymer can be found from Fick's equa-
tion:

at ci KPt. (13)

where V2 is the Laplace operator, c\ the concentration of
the functional groups in the polymer capable of involve-
ment in complex-formation or substitution reactions, and
/ipj are the equilibrium constants for the complex-forma-
tion or substitution reactions. The second term on the
right-hand side of Eqn. (13) takes into account the possi-
bility of reactions such as protonation, the conversion of
carboxy-groups, etc.

If the solvent is consumed in the steps involving the
decomposition of the chemically unstable bonds in the
polymer (for example, water is consumed in hydrolytic

reactions), then the concentration of the solvent can be
found from the equation

solv V2 C1Solv — k (Cn. — Ca) ^ , C s o l v . ( 1 4 )
dt

In order to formulate these equations, a number of assump-
tions must be justified:

(a) the polymer —corrosive medium system is as a rule
extremely dilute with respect to the corrosive medium, i.e.
one may assume that I> Cat and D solv are independent of the
concentrations of the corresponding components in the poly-
mer . When the corrosive medium is very soluble in the poly-
mer, it is necessary to use the equation taking into account the
relation between D and the concentration of the diffusant.

(b) k is constant. This is true for low solubilities of
the corrosive medium in the polymer. In general, the
influence of the corrosive medium on k can be reduced,
to a first approximation, to the influence of the solvent
on the rate of the chemical reaction and may be predicted
on the basis of the existing theories1 0.

(c) The decomposition of the chemically unstable bonds
is almost irreversible. This condition holds for the
degradation process in a thin surface layer, or in a reac-
tion zone up to low degrees of conversion (<0.02). The
concentration of the chemically unstable bonds then
remains almost constant and c n — Cn — cn.

(d) The properties of the polymer are homogeneous
with respect to volume. In reality there are regions in
the polymer where the reactivity may be different (differ-
ent values of k) and which exhibit a different capacity to
sorb corrosive media and allow them to diffuse (different
Co and D). The rigorous expression for the overall rate
of the degradation process should therefore assume the
following form:

Ψ τ = Σ I* (c« - c" (15)

where Fi is the relative volume of each region. The use
of Eqno(l4) involves considerable difficulties, so that in
most cases one has to employ the concept of the average
rate. We shall define it as the ratio of the overall rate
of the process to the total volume of the polymeric
article:

(16)

This quantity will in fact be used subsequently except in
special instances. Eqns.(13) and (14) can be formulated
similarly.

Thus the problem of the determination of the rate of
decomposition of chemically unstable bonds in the poly-
mer under the influence of corrosive media reduces to the
simultaneous solution of Eqns.(12) —(14).

Boundary Conditions

The following boundary conditions are usually encoun-
tered:

(a) the concentration of the diffusing substances on the
surface of the polymeric article is constant. In practice
this condition holds when a solution with a constant con-
centration of the diffusing corrosive medium flows rapidly
around the article.

(b) The concentration of the diffusing substances on the
surface of the polymeric article is a function of time, and
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The following simple relation has been established with the
aid of computer calculations:

φ (y) = 0.58V/, ι

so that

(26)

i.e. during the initial period of the degradation the concen-
tration of the ruptured bonds depends on the rate constant
for the chemical reaction, the diffusion coefficient, the
solubility of the catalyst, the thickness of the film, and
time.

c. Internal Kinetic Region

The kinetic equation for this region can be obtained
from Eqn.(24) with y » 1. This case obtains either for
very thin films or very long times when the film has been
saturated by the catalyst solution:

(27)4 ^ ·
m=i J

In this case one can restrict the treatment to the first
term of the series, whereupon

C = *.effCc»t'· (28)

Thus the concentration of the ruptured bonds corresponding
to low degrees of conversion is proportional to the rate
constant for the chemical reaction, the catalyst concen-
tration under saturation conditions, and the reaction time.

120 2<fO JSP W t, min

Figure 12. Time variation of the degree of conversion of
ester linkages in the degradation of PETP films of differ-
ent thickness in 53% H2SO4 at 116°C; film thickness (μπα):
1) 5 ± 1; 2) 20 ± 2; 3) 80 ± 5.8 1

Fig. 12 illustrates the variation of the degree of con-
version of the ester linkages a during the degradation of
poly(ethylene terephthalate) (PETP) films of different
thickness as a function of time 8 1 . For films 5 μΐη thick,
there is a linear relation between a and time t starting
from 30 min (by this time, the film has been saturated
with the catalyst solution). Using Eqn.(28), we find the
product keiiccat. £cat is determined from Eqn. (26)
(Fig. 13).

We shall now consider certain characteristics of the
degradation processes in the internal diffusion-kinetic
and kinetic regions.

The Accessibility of the Functional Groups in Polymer
Degradation Reactions

In polymeric materials with inhomogeneous structures
(this applies primarily to heterophase systems), difficul-
ties are frequently encountered in the definition of the
terms "reactivity" and "accessibility" of the functional
groups, because both terms are used to define the ability
of the polymer to enter into a chemical reaction.

-Ig cn (breaks cm'

2.5 Ig t (min)

Figure 13. Variation of lgcn with lgi for the degradation
of PETP films of different thickness (1) in 53% H2SO4 at
116°C; thickness (I, Mm): 1) 20 ± 2; 2) 80 ± 5.81

As already stated, the reactivity of the functional
groups of the polymer can be accounted for on the basis
of polar, resonance, and steric effects, and in most
cases can be predicted quantitatively with the aid of cor-
relation equations or by studying the kinetics of low-
molecular-weight model reactions under corresponding
conditions. Although there are as yet no rigorous quan-
titative data, presumably there should be no significant
differences between the reactivities of the functional
groups in regions with different structural inhomogen-
eities.

The accessibility of the "polymer" functional groups to
molecules with which they should react is usually
expressed quantitatively by the ratio d =N/No, where No
andiV are respectively the total number of functional
groups and the number of the accessible groups. It is
reasonable to suppose that d will depend on the external
conditions and on the method of determination. One
should bear in mind that the "inaccessible" functional
groups are involved in degradation reactions, but the
rates of these reactions are low owing to the low concen-
tration of the corrosive medium around these groups.

For polymers with mobile hydrogen atoms, a conven-
ient method whereby the accessibility of the functional
groups can be determined is provided by the H—D reac-
tion, because during this reaction there is no change in
the concentration of functional groups. The H —D
exchange reaction has been investigated in detail in poly-
caproamide films8 2 '8 3, The accessibility of the amide
linkages is a function of temperature (Fig. 14). At 150°C
all the amide linkages, including those in crystalline
regions, are accessible to the H-D exchange reaction.

Most of the studies have dealt with the influence of the
structure of cellulose on its reactivity in acid-catalysed
degradation reaction84. The structure of the accessible
regions in cellulose belonging to the structural type I has
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been studied in detail85. Small amounts of diethylamino-
ethyl substituents were introduced into the cellulose
virtually without any alteration of the polymer structure
(X-ray diffraction analysis was carried out); such substi-
tuents could be easily determined quantitatively in the
soluble and insoluble products of the acid-catalysed
hydrolysis by gas-liquid chromatography, which permits
the determination of diethylaminoethyl groups in the 2-0-,
3-0-, and 6-0-positions of the D-glucopyranose residues.

d

ιογ
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05

JO ΊΟ 50 BO 70 80 iSOt'Z

Figure 14. Temperature variation of the accessibility of
the amide linkages in polycaproamide films.

The hydrolytic reaction takes place on the surface of
the fibrils and there are two different types of accessible
surfaces, called the "crystalline" and "disordered seg-
ments'O According to BeMiller86, the significant differ-
ence between the first-order rate constant for the forma-
tion of substituted D-glucopyranose residues in the
acid-catalysed hydrolysis of cellulose at 25°C in 2.5
Ν HC1 (Table 9) is due to the greater accessibility of the
glycosidic linkages to protonation in the disordered seg-
ments and the greater ease of the transition from the
chair to the half-chair conformation in these regions (the
rate-limiting stage of the hydrolytic process).

Table 9. The first-order rate constants for the formation
of various substituted D-glucopyranose residues in the
acid-catalysed hydrolysis of cellulose at 25°C in 2.5
Ν HC1.85

D-Glucopyianose
residue

Unsubstituted
2-O-Substituted

Disordered
segments;
103fc, s-1

1.1
4.8

Crystalline
segments;
ΙΟ**. s"1

6.5
15.8

D-Glucopyranose
residue

3-0-Substituted
6-O-Substituted

Disordered
segments;
103*, s-1

1.9
3.9

Crystalline
segments;
106*. s-1

38.6
16,7

In the crystalline regions (surfaces A and B), the seg-
ments are oriented and the hydroxy-groups are located in
regularly repeating positions, the hydroxy-group in the
3-position being linked by a strong hydrogen bond to the
oxygen in the ring of the neighbouring D-glucopyranose
unit (Fig. 16). The bulk of the crystal structure defects
due to twisting and bending of the fibrils and the presence
of internal strain are concentrated in the disordered
regions (surfaces C). The hydrogen bons 3-OH... 5-0
in these regions are least stable, which is the cause of the
increase of the rate constant for the formation of 3-0-
substituted D-glucopyranose residues.

Figure 15. Schematic representation of the surfaces of
the crystalline and disordered segments of cellulose
fibrils 8 6.

Figure 16, The conformation of the cellobiose segment
of a crystalline cellulose chain86.

The distribution of the accessible surface between the
disordered and crystalline segments, based on the content
of the 2-0-substituted D-glucopyranose residues in these
regions, is in the ratio 0.26 : 0.74 during the initial period
of the reaction, changing to 0.36 : 0.64 as hydrolysis
proceeds, because cellulose undergoes recrystallisation.

The surfaces of the crystalline and disordered seg-
ments of the fibrils are illustrated schematically in Fig. 15.

Comparison of the Reactivities of the Functional Groups of
Polymers in the Solid State and in Solution

Using as an example the degradation of cellulose deriva-
tives, it is of interest to compare the kinetic parameters
obtained for the solid state (degradation of ethylcellulose
films in hydrochloric acid vapour)76 and in solution
(degradation of methylcellulose in aqueous hydrochloric
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acid solution) 6 1. In the former case, the rate constants
were calculated by Eqn.(28); ethylcellulose is an
amorphous polymer and it was assumed that all the
glycosidic linkages are equally accessible. In the latter
case the rate constant under the conditions of an excess of
hydrochloric acid was calculated from the equation for
first-order kinetics but was referred to a single catalyst
concentration (Table 10).

Table 10. Kinetic parameters of the acid-catalysed
degradation reactions of methyl- and ethyl-cellulose.

Polymer

Methylcellulose
Ethylcellulose

fe35°·

mole min" cm

5.0-10-s
1.2-10-1

h', kcal mole"'

30
5.5

AS^ e.u.

4
50

of the solvent and catalyst molecules in the surface layer
has not been discussed in the literature. To a first
approximation, one may assume that, under the conditions
of adequate mixing, the thermodynamic parameters of the
solvent and the catalyst in the surface layer and in the bulk
of the liquid phase will be similar, so that

c c y γ
Cn = *eff CCa1 Csolv>

where fcfff = &(cn)
S and the superscript V denotes bulk-

phase concentration.
We shall consider how the mass of the polymer

changes during degradation in this instance, Regardless
of the type of decomposition of the polymer molecules, one
can formulate an expression for the mass of the monomers
formed:

m = £eSff ^cat C » l v l S>

where S is the area of the polymer film. The thickness of
the polymer film varies in accordance with the equation

E, kcal mole
30

0.1 02

Figure 17. Variation of Ε with 1/e for the degradation of
cellulose derivatives in various media76.

To a first approximation, one may assume that the
degradation of ethylcellulose takes place in "solution"; it
is of interest to discover which properties of the solution
are primarily responsible for the change in the kinetic
parameters. Fig. 17 illustrates the variation of the
activation energy for the degradation of cellulose ethers
in various media as a function of the reciprocal of the
dielectric constant76. The activation energy varies in
opposition to 1/e. Hence it follows that the chemical
degradation processes in the solid state can be apparently
simulated by reactions in solvents with similar physical
parameters. To what extent this approach is valid will
be established in the future when sufficient examples
have accumulated.

d. The External Diffusion-kinetic Region

The degradation process in this region starts from the
surface of the polymeric article. In this case we have

— — = κ (cn — cn) c C a | t s o l v .
α ι

The superscript S denotes concentrations in the surface
layer.

Regardless of the type of decomposition of the poly-
meric molecules, we have (cn - cn)^ - (cn)^· The state

where ρ is the density of the polymer. The total decom-
position time of the film is

*eiTcCat solv

The change in the mass of the polymer №pOi is described
by the equation

= m.pO l

effCCat . solV-

npol

(29)

'«pol, g
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Figure 18. Time variation of the mass of the polymer in
the degradation of a PETP film in 22.1% KOH solution at
88.2°C {I = 68 ± 8 μΐη, S = 14 cm 2). 5 7

When the degradation process takes place in the external
diffusion-kinetic region, one must bear in mind that the
polymer molecules in the surface layers have properties
differing from those in the bulk of the specimen (molecular
weight, degree of crystallinity, orientation, etc.). We
have no data for the reactivities of polymer molecules in
the surface layer. Progress in this field will be achieved
by studying monolayers deposited directly on to the corro-
sive medium.

The change in the mass of PETP film during degrada-
tion is illustrated in Fig. 18. The following experimental
observations have been made5 7:

(a) the reaction is of zero order with respect to the
polymer;
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(b) the molecular weight of the polymer film does not
change until the end of the process;

(c) the multiple distorted total internal reflection infra-
red spectra contain no absorption bands due to the
carboxy-groups formed in the decomposition of the ester
linkages;

0.5

Figure 19. Variation of lg£eff,25°/«H2O with the
alkalinity function of aqueous potassium hydroxide solution
for the degradation of PETP films 68 ± 2 μηι thick57.

(d) the values of &eff calculated by Eqn. (29) vary as a
function of the thermodynamic parameters of the medium
in accordance with Eqn.(9) (Fig. 19), which describes the
hydrolysis of low-molecular-weight compounds in aqueous
solutions of alkalis.

Figure 20. Photomicrographs (x 2100) [x 3000 in the
Russian original] of PETP fibres during degradation in
22.17c KOH solution at 88.2°C: a) before degradation;
b) after 5 min.

All these findings suggest that the reaction layer
approaches a monolayer. The surface area of the films
was estimated from profilograms. The variation of the
surface area during the degradation process is illustrated
in Fig. 20. Photomicrographs of PETP fibres were
obtained under a scanning microscope. In degradation of
this type, structural gradients (degree of crystallinity and
orientation) had almost no influence on the kinetic param-
eters.

The concepts described above and the examples discus-
sed reveal the fundamental characteristics of polymer
degradation processes in corrosive media. The review
deals with the degradation reactions in polymeric materials
in an unstrained state in corrosive media which have been
most thoroughly investigated—aqueous solutions of acids
and bases ο These constitute only some of the degradation
processes encountered in practice. The creation and
development of a theory of the chemical degradation of
polymeric materials in the strained state in different
corrosive media is one of the immediate tasks in the
modern science of polymer degradation.
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