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The kinetics of dehydrochlorination of poly(vinyl chloride) from the view-
point of the step-by-step model of elimination of the molecules of hydrogen
chloride from the macromolecules of polymer is discussed. A differential
equation was put forward for the step-by-step model under defined conditions.
This equation makes possible to obtain a differential equation which is formally
identical with a rate equation of the first-order reactions of dehydrochlorina-
tion of the model substances containing only one chlorine atom. The correla-
tion of the solutions of the system of differential equations for individual
kinetic steps with the experimental kinetic curve enables us to find out the
discrete distribution function of rate constants by means of which the mean
values of rate constants may be determined for different samples of PVC.

B pa6oTe o6cyxnaeTcs KHHETHKA AETHAPOXIOPHPOBAHHMS MOJMBHHHIXIIO-
PHAA C TOYKH 3peHHs CTYNEHYaTON MOAEIH OTLUEIUIEHHS MOJIEKYJT XJIOPHUCTOTO
BOJIOPOA@ OT MaKpOMOJIEKYJI NosiuMepa. Bbuto copMyIHpoBaHO pa3HOCTHOE
yPaBHEHHE AJIsA CTYTIEHYaTOH MOJIEIIH NIPH ONPEie/IEHHBIX YCIOBHSX U MOJYYeH-
Hoe Hu3 Hee pudpdepeHIMaNbHOE YypaBHEHHEe (OPMANbHO TOXAECTBEHHO
C YPaBHEHHMEM CKOPOCTH NePBOro NOPsiAKa AETHAPOXJIOPHPOBAHHS MOAEIbHBIX
BEIIIECTB, COepPXallMX MO OJHOMY aTOMY Xjopa B Moiekyne. Koppensiums
pelIEHNs CHCTEMBI PA3HOCTHBIX YPAaBHEHMH Ui OTAENbHBIX KHHETHYECKHMX
IIaroB € 3KCHEPHMEHTANIbHOH KHHETHYECKOH KPHBOH MO3BOJIIET HaWTH IHC-
KpeTHyl0 ¢GYHKUMIO pacnpefielieHHst KOHCTaHT CKOPOCTH M, IPH IOMOLLM
nociefsel, cpefHHe 3Ha4eHHsh KOHCTAHT CKOPOCTeH s pa3MYHbIX 06pas3-
uos IIBX.

The elimination of small molecules from macrochains of polymer substances
represents an important class of chemical reactions not only from the view-point of
development of the theory of chemical kinetics but also from the view-point of
chemical technology. The kinetics of elimination reactions of macromolecular
substances principally differs from the kinetics of elimination reactions of
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low-molecular substances the molecules of which possess only one reactive group,
irrespective of the fact that these reactions are monomolecular in either case. The
principal difference consists in that the elimination reactions of low-molecular
substances show single rate constant whereas the elimination of small molecules
from macrochains of polymer systems must be characterized by a set of rate
constants because, from the theoretical stand-point, a macromolecule of reactant
after elimination of each new molecule always possesses other intrinsic structure. It
means from the chemical view-point that another molecule of reactant enters into
reaction after elimination of each molecule because the reactivity of the not yet
eliminated groups depends on the state of their nearest neighbours. For instance,
the reactivity of a particular group of polymer chain remarkably depends on the
circumstances whether the right-side and left-side vicinal groups or only the groups
in one direction in relation to this group have already reacted and whether only one
or a greater number of these vicinal groups has been subjected to the reaction.

Examples of the influence of state of the nearest neighbours on reactivity of
a group which has not reacted yet are: activation of solvolysis of esters by vicinal
ionized carboxyl [1, 2] or vicinal hydroxyl [3] formed by hydrolysis of polyacryl
esters or poly(vinyl acetate), activation of amides by nonionized vicinal carboxyls
formed during acidic hydrolysis of poly(acryl amide) [4] or polyanilides [5], and
activation by vicinal carboxyl in pyrolytic degradation of poly(tert-butyl acrylate)
[6]. Other examples are represented by the elimination reactions involving
elimination of water from poly(vinyl alcohol) [7], hydrogen bromide from poly-
(vinyl bromide), and hydrogen chloride from poly(vinyl chloride) [8]. The kinetic
analysis of each of these systems requires special approach and information about
the mechanism which may be radical, ionic or monomolecular. In subsequent con-
siderations, we shall concentrate our attention on a special case, i.e. thermal dehy-
drochlorination of poly(vinyl chloride) in inert atmosphere.

Design of the model

Let us consider PVC consisting of M,, macrochains. Each of these macrochains
contains m reactive groups —CH,CHCIl—. The basic assumption is the idea that
the elimination of a molecule of hydrogen chloride from an arbitrary reactive group
occurs incidentally by monomolecular mechanism. The probability that a molecule
of hydrogen chloride splits off from a group which has not reacted yet in the time
interval (¢, t + At), At—0, is k; At where the value of the first-order reaction rate
constants k; for elimination of hydrogen chloride from PVC depends on kinetic
state of the nearest neighbours on either side with respect to this group. Some of
a great number of situations are represented in Scheme 1.
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The arrows in this scheme indicate further propagation of elimination of the
molecules of hydrogen chloride which proceeds always with other rate constant k;
inside the chain as well as at its ends.

If N, is the number of sequences containing x nonconsumed —CH,CHCl—
groups in the moment of time ¢, the extent of reaction is to be expressed by the
fraction of the eliminated molecules of hydrogen chloride at this time by the
following equation

n(t)=1—§_: xN./mM,, (1)

Provided n =1, all molecules of hydrogen chloride have been eliminated from all
chains. Initial conditions (¢+=0) are N,,=M,, and N, =0 for x# m. In reality, it
holds 7(¢ = ) = 7. + 1 because the dehydrochlorination at a given (finite) temper-
ature proceeds to a certain limited degree which depends on the length of
macrochains [9].

Let us assume that the molecules of hydrogen chloride are eliminated from M,
original still undisturbed chains. If the reaction takes place on one of the chains, the
number N,, decreases by one. In general, the decrease in N,, is proportional to the
number of potentially reactive groups, i.e. m—1 for each of N.m sequences

dN.

SE=—k(m=1)N, 2)

or
Nn=M, exp [—(m—1) kt]= M, exp [ — k(m)1] (3)

where k(m)= k(m —1). Thus we may get on to find the number of chains without
one, two, and so on reactive groups, i.€. Nn—1, Nm—2, ..., depending on the temporal
progress of dehydrochlorination. Thus we may give evidence that the rate constants
for hydrogen chloride elimination depend on the number of nonconsumed reactive
groups in macrochains of PVC. This idea will be used for designing a discrete
step-by-step model of dehydrochlorination of PVC.
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Construction of differential equation

The aim is to build up the differential equation for the step-by-step model of the
elimination of hydrogen chloride from PVC under the following assumptions:

(i) the macrochains are so long that the end effects on kinetics of the hydrogen
chloride elimination may be neglected;

(i) the elimination of a molecule of hydrogen chloride is-an irreversible
reaction;

(iii) we do not take into account breaking of the C—C bonds in skeleton;

(iv) the original state of macrochains is of the sort that no molecule of hydrogen
chloride has been eliminated even from single reactive group —CH,CHCl—;

(v) the elimination of hydrogen chloride is a monomolecular nonautocatalytic
reaction;

(vi) the existence of thermooxidation and reactions giving rise to cross links
between chains is not assumed ;

(vii) the reactions involving termination of the chain elimination of HCI are not
taken into consideration.

If the dehydrochlorination of PVC is pursued to a high degree of conversion
under isothermal conditions, the real dehydrochlorination process may be divided
into a great number of kinetic steps (i=1, 2, ..., N) and each of them is to be
characterized by its proper rate constant (ki, k2, ..., kn) as well as by the
quasi-equilibrium value of the fraction of eliminated hydrogen chloride (7.1,
w2, ..., Nwn). Provided each kinetic step may be described by a differential
equation of the first-order reactions of low-molecular substances owing to eqns (2)
and (3) by the expression

i—?=k;(nm;—m) ie[1, N] 4
the course of the kinetic curves corresponding to individual steps of elimination is
to be described in the following form

() = i1 —exp (= kit)] (%)

where k; is the rate constant of the i-th kinetic step and & is the time variable
determined by effective contribution of the i-th dehydrochlorination step to the
overall amount of eliminated hydrogen chloride. It results from these facts that the
reaction involving hydrogen chloride elimination gets in each reaction step into
a stationary state and the resulting kinetic curve 7 =n(t) may be constructed by
superimposing the kinetic curves 7 = (%) corresponding to particular kinetic steps
of dehydrochlorination. '

Let us assume that it is characteristic of the temporal sequence of the kinetic
steps that the total time of the dehydrochlorination process may be divided into N
equal time intervals, i.e. At;=At,=...= Aty = At. Individual kinetic steps succeed
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Fig. 1. Schematic representation of the
step-by-step model of hydrogen chloride elimi-
nation from poly(vinyl chloride). 04t 4t 4t 4 t—

each other at intervals At, as represented in Fig. 1 and each kinetic step is governed
by the time dependence 7; = 7:(¢). By combining eqns (4) and (5), we obtain

dn_ .

d—:’= T =1=iki exp (= kit:) (6)
Because of eqn (6), the final contribution of a fraction of eliminated hydrogen
chloride in the time interval At in arbitrary kinetic step i € [1, N] may be expressed
by means of the following equation

An,'

Sy = fheiki exp [~ kit (AD)] (7)

Hence, the rate of hydrogen chloride elimination in the first kinetic step (# =0)
obeys the equation

A

L=k (8)

The first kinetic step finished, the amount of eliminated hydrogen chloride has

somewhat increased and the functional dependence 7 = 7(¢) in the second kinetic
step is represented by the kinetic curve corresponding to 7, = 1:(#.). The increase in
the fraction of eliminated hydrogen chloride by A7, in the second kinetic step,
however, corresponds to the time interval At, = Ar— Ag,, as it is shown in Fig. 1.
Hence, we may write

O — fuaks exp [~ k(AL = AL)] (9)

where At is the time of retardation of the start of kinetic development of the
second kinetic step. Thus by the use of inductive way, we may express
a contribution A, in the time interval At for arbitrary i-th kinetic step
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%":n,,,»k,. exp [ —k(i—1)At+k D, At,_,] (10)
j=
where Af,=0 and
An _ An. A Ani
_At >—At >...>—At >...>—-—At

Now, let us consider the discrete model of hydrogen chloride elimination from
PVC from other point of view. As shown in Fig. 1, the coordinates of the point B
are [Am,, At — At]. Since the point B is situated on dehydrochlorination curve 2,
the increase in the fraction of eliminated hydrogen chloride during the first
elimination step may be expressed in accord with eqn (5) in the form

A = n=2{1 —exp [ — k2(Ar — An)]} (11)

Similarly, if we take into consideration the position of the point D on the third
curve with the coordinates [An., 2At — Aty — At,], we obtain for the sum of the
fractions of eliminated hydrogen chloride

AN+ A =ne3{1 —exp [ — k3s(2At — At — An)]} (12)

By generalizing this procedure for the sum of the fractions of eliminated hydrogen
chloride for individual elimination steps, we obtain

A+ AN+ ...+ Afic1 = N {1 —exp [_ki(i—l)At+ki Z AI,'—]]} (13)
j=1

This equation is fulfilled for ;=2 and Af% =0. By combining eqns (10) and (13),
we may write a system of kinetic equations of the first order in the difference form

i—-1
s S (nm-—Z An,) i=1,2,..,N (14)
At j=1

i—1
As z An; = ni(Ar) for i>1, the quasi-stationary fraction of eliminated hydrogen
j=1
chloride, too, explicitly depends on the magnitude of the used time step At, i.e.
7]=i = N=i( At), which enables us to write difference equation (14) in the form

S kln1-1(A) ~ 1i(A) "

This linear difference equation may be solved by means of numerical methods.
This solution requires a convenient choice of the number of steps N, magnitude of
the time interval A¢, and system of rate constants, e.g. k; for fortuitous elimination
of hydrogen chloride from undisturbed chains of PVC and k,, ks, ks, ..., k; for
elimination of hydrogen chloride from chains having one, two, three, etc. double
bonds with respect to the noneliminated Cl atom occurring in § position with
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regard to double bond. Besides, the rate constants characterizing the elimination of
hydrogen chloride from structures with a tertiary Cl atom (k;.1) or a tertiary
H atom (k;.2), etc. may be respected. By using the input data thus chosen and
numerical method of solving the linear difference equations of the first order, we
may achieve the agreement of the experimental curve with the curve obtained by
numerical procedure.

Another method of solving this problem consists in the replacement of difference
differential equation by the differential equation describing the continuous process
of hydrogen chloride elimination from PVC. For this reason, we define the mean
value of rate constant characterizing the overall process of hydrogen chloride
elimination

kin-i(At)= (k) n(At)

kmi(At) = (k) n(Ar)

(16)

an an

where 7.(A¢) is the quasi-stationary fraction of eliminated hydrogen chloride for
which it always holds 7.(Af)<1 and n(A¢) is the fraction of eliminated hydrogen
chloride for a certain selected multiple of the time interval Ar.

In conformity with kinetic arguments, we assume that neither the rate constants
ki, i € [1, N] nor the mean value of rate constants (k) are functions of time, i.e.
ki# ki(t), (k) # (k)(?). In the limit case At—0, N>, ie. i€ [1, N]—>ie [1, «],
we obtain the following differential equation from eqn (15)

lim > Ani/Ar=lim (k)[n-(Af)—n(Ar)] (17)
or
Sl (k) ma)) = (0] (18)

This equation is formally identical with the rate equation of the first-order reaction
valid for dehydrochlorination of the model substances containing only one chlorine
atom on condition that 7.(¢) =const.

Discussion

By integrating differential equation (18) on assumption that the explicit form of
the function n.(¢) is known, it is possible to find out the kinetic curves for
dehydrochlorination in inert atmosphere as well as in an atmosphere catalyzing
hydrogen chloride elimination. On the basis of solution of this equation, the
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elimination of hydrogen chloride in the atmosphere catalyzing by oxygen at
a certain partial pressure of oxygen and varying temperature as well as at a given
temperature and varying partial pressure of oxygen has been described [10—12].
The autocatalytic influence of hydrogen chloride on dehydrochlorination of PVC
may be also described by this differential equation [13]. It is worth noticing that this
differential equation is related with the idea of the interchain mechanism of
initiation of the elimination of hydrogen chloride from PVC, as it is treated in
papers [14, 15].

In conclusion, we must remark that this step-by-step model constitutes
a time-discrete or time-continuous Markov process with very well defined rates of
transition probability. The most logical analytical means for the description of such
process is a master differential difference equation for the probability of finding
different populations of molecular states in different time moments [16]. This
step-by-step model of PVC dehydrochlorination exhibits the character which is in
very close connection with the description of hydrogen chloride elimination from
PVC by means of master equation. Nevertheless, the integral character of the
variables of molecular population in the master equation is not suited for many
purposes so that the analysis is usually carried out by means of the Fokker—Planck
partial differential equation in which the populations of molecular states are
described directly by means of real variables [17]. This procedure will be the topic
of one of our subsequent papers.
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