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In the present communication, consideration of the mechanism of de-
hydrochlorination of PVC is mainly described on the basis of information
summarized from model-compounds studies. The semiempirical method
proposed by Vedeneyev was used to study the C—Cl, C—H, and C—C
bonds in poly(vinyl chloride). Activation energies for elimination of hydro-
gen chloride were calculated on the principle of the additivity of bond
energies of the four-centre activated complex, for various saturated ab-
normal structures in the polymer molecule, such as branching, and head-
-to-head or tail-to-tail addition. Branched structures having a tertiary
chlorine appear to have a significant effect upon initiation of thermal de-
hydrochlorination. The results of activation energies calculated empirically
for particular saturated structures show that the tendency of C—Cl cleavage
depends on the electronegativity of carbon bonded chlorine.

The thermal degradation of poly(vinyl chloride) (PVC) has attracted considerable
attention over a fairly long period because of the wide industrial application of the
polymer and its inherent instability. When exposed to various forms of energy PVC
liberates hydrogen chloride to leave a highly coloured product. In certain circumstances
cross-linking and chain-scission reactions can also occur with corresponding changes
in the mechanical properties of the polymer but the word ‘“degradation” tends to be
confined to the dehydrochlorination reactions. The problem of PVC degradation has
been tackled by many workers and has been the subject of several reviews [1—5] but
there remains considerable controversy about the basic dehydrochlorination mechanism
quite apart from the details of subsidiary reactions. In PVC thermal destruction the
predominant reaction is the elimination of hydrogen chloride. No matter what the de-
tailed mechanism may be, however, it is clear that the progressive elimination of hydro-
gen chloride from sequences of adjacent structural units is most readily initiated at
various abnormal structures in the polymer molecule. Polymerization conditions, iso-
lation, and storage contribute to irregularities such as chain-end group, branch points,
random unsaturation, oxidation structures and extraneous impurities [6—8]. Most
authors accept the view that dehydrochlorination takes place in the course of a zip-
-reaction, which means that the hydrogen chloride molecules are splitting off one after
the other from monomeric units of the polymer; there are, however, different views
relating to the starting step, the mechanism, and the length of the zip.
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Despite numerous investigations on the thermal dehydrochlorination of PVC, the
mechanism of this reaction is still poorly understood. In the literature, the mechanism
of the process has been assumed to be radical [9—12], ionic [183—16] and unimolecular
[17—23]. Despite the diversity of proposed mechanisms, there is common agreement
that the idealized structure of PVC—(CH:—CHCl),—, is intrinsically stable at tempe-
ratures below 200°C as confirmed by the thermal stability of model compounds such
as 2,4-dichloropentane, 2,4,6-trichloroheptane, etc. [6, 24 —27]. Thus instability in PVC
must be caused by the structural abnormalities which are present to varying extents
in all types of PVC. As yet little advance has been made in correlating dehydrochlorina-
tion with these structural irregularities mainly because of difficulties associated with
complete characterization of PVC sample, a prerequisite for direct comparison of results
from different laboratories.

The question fo what extent the structural irregularities are involved in the dehydro-
chlorination of PVC would best be answered by a study of the kinetics of dehydrochlori-
nation of model compounds, <.e., compounds containing one possible irregularity together
with a sort chain of PVC. In the previous paper [27] the thermal stability of model
compounds containing secondary and tertiary chlorine as well as unsaturated models
corresponding to abnormal structures in PVC have been studied. In conjunction with
the observation that the dehydrochlorination obeys a first-order rate law, an intramole-
cular process with a cyclic transition state is considered. Activation energies for elimi-
nation of hydrogen chloride were calculated on the principle of the additivity of bond
encrgies of the activated complex for model compounds having various structural irregu-
larities.

In the present communication consideration of the machanism of dehydrochlorina-
tion of PVC is mainly described on the basis of information summarized from model-
-compounds studies [27]. We suppose that this treatment should ultimately give results
of accuracy sufficient for prediction of reactivities of abnormal structures in PVC. The
work described in this and in the following paper is a continuation of that in paper [27],
devoted to elucidation of the mechanism of the dehydrochlorination reactions of PVC
with particular reference to the reactivities of all kinds of abnormal structures present
in the polyme=r chain.

In the present paper we deal only with problems of the mechanism of elementary
reactions taking place.in the course of the saturated abnormal structures degradation.

Estimation of dissociation energies of C—C, C—Cl, and C—H bonds

Bond energies provide one of the simplest and most useful methods for the correlation
of known heats of reaction and for the prediction of unknown heats and activation energies
of reaction. Usually a constant energy is ascribed to each kind of bond. For example
the carbon—carbon single bond is assumed to have the same energy in all molecules,
or at least in all molecules in which each carbon atom is linked by single bonds to four
other atoms. It has long been known that, in fact, bond energies are not fixed, but have
different values in different molecules [28]. Furthermore, bond energy is one of the most
fundamsntal properties of the chemical bond, and these deviations from constancy
indicate significant deficiencies in valence bond theory.

Several equations for calculating bond-dissociation energies have been reported.
A simple equation permitting calculation of bond-dissociation energies with remarkable
degree of accuracy was deduced empirically by Vedeneyev [29]. The Soviet authors
interpret the differences in the dissociation energies of particular bond on the basis of
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Glockler’s theorem [30], taking into consideration the energy resulting from the stabili-
zation of the electron system of the resulting radicals. This energy is named joining
energy by Semenov Glockler’s reorganization energy, which additively influences the
bond energy.

The dissociation energy @r-x, of a bond in a molecule R—X, can be expressed as
follows

Qr-x = Exx — (Bg + Bx), (1)

where Ey_x is the specific energy for a given type of bond, <.e., C—H, C—Cl, and C—C,
etc., and where Bgr and Bx are the stabilization energies of the radicals R and X, respec-
tively. In the case when X represents an atom, then Bx = 0. In general, Br and Bx
can be calculated by a relationship given by the equation

Bgr = z.-ﬂ/[i o; eXp(—w m) + aHconj, 2)
m,

where M; is the number of bonds of the type ¢ which are bonded with the m-th carbon
from the bond under consideration, «; is the specific parameter of the stabilization due
to a given bond type, and exp(—w) is a coefficient independent of the type of bond in
the molecule and having the value 0.4 found from experimental data of bond dissocia-
tion energies. In the last equation, a is the number of conjugated groups adjacent to
the bond under consideration and FEeconj is the stabilization energy imparted to a free
radical by a conjugated group. The general expression for the dissociation energy, Qr_x
of bond in a molecule is

Qrx = B x — [ 3 Mi ai oxp(—w m) + aBcons] —

m, 1

— [ZNj oj exp(—w n) + bEconi]. (3)

n,J

Table 1

Values of the constants in Vedeneyev’s equation

Constant Value*
oxp(—w) 0.4
ac_H 10.0
®C-Cl 9.8**
o 11.0
Ec_m 127.8
E¢_c1 109.3
Et_c 145.5
Econj. 19.4

* All encrgetic parameters are expressed in keal mole-1.
** By using the bond dissociation energy, Qcm.ci-m = 98 kecal mole-! [29], the ac_c1
value was determined as Qcamciog = B6_m — ac_c1 — 20c_H.

Values of the Er_x and Econ; parameters, determined from experimental data on the
dissociation energies of the bonds in simple hydrocarbons, are shown in Table 1. The
values of bond dissociation energies, calculated by Vedeneyev’s equation for relatively
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complicated hydrocarbons, are in agreement with the observed values within about
3 keal mole-1.

Hence, it seems to be reasonable to apply Vedeneyev’s semiempirical method to cal-
culate the dissociation energies of C—Cl, C—H, and C—C bonds in PVC. For this esti-
mate the assumption has to be made that the bond energies given by Vedeneyev’s
equation (3) applied to the solid state of PVC.

Activation energies

Modern reaction rate theory reduces the most ordinary problems in reaction rates
to the problems in molecular structure and the potential of interaction between molecules.
Specifically, according to the theory of absolute reaction rates as formulated by Eyring
[31], the rate constant is given by equation (4)

k(T) = e »(k T/h) exp(4S*/R) exp(—E|RT), (4)

where the factor » is known as the transmission coefficient, (k7T'/h) is a universal fre-
quency dependent only on temperature and independent of the nature of the reactants
and the type of reaction, 4S* is the entropy of activation and E is the energy of activa-
tion. The main problems in calculating reaction rates are (i) calculation of the entropy
of activation and (ii) calculation of the energy of activation. This is the part of reaction
rate theory which has caused the most trouble.

The activation energy must be calculated quantum mechanically, estimated semi-
empirically or empirically, or determined experimentally. Neither strict quantum me-
chanical methods nor the Eyring — Polany: semiempirical method [32] can at present
be fruitful for solving the activation energy problem, in view of the difficulties involved
and the large number of reactions of interest. An empirical but very successful method
was devised by Moin [33].

It has been already established that a sigma electron system may usually be regarded
as consisting of a localized bond model. This idea seems to be supported by the fact
that many molecular quantities such as heats of formation, dipole moments and polari-
zabilities may be derived by means of bond additivity rules. On the other hand, there
are some deviations from the additivity of bond properties due to delocalization effects.
Moin extends the picture of the additivity of bond energies to the active bonds in acti-
vated complex configuration. The activation energy, E, per mole at absolute zero, is
defined as follows

E=20Q—20f (6)
2 ’L
(cleavage bonds) (active bonds)

Various forms for the activated complex of reaction may be postulated and the acti-
vation energy estimated for each of them. It is known, however, that the rates of chemical
reactions are influenced by the interactions of non-bonded atoms in the transition state.
Contributions from the interactions of non-bonded atoms are not especially included
in equation (). We note that quantum mechanical calculations of the interactions of
adjacent bond, which is equivalent to interactions of pairs of non-bonded atoms, is
very significant for the determination of bond dissociation energies as pointed out by
Wiener [34] and Bernstein [35].

According to Eyring’s theory of rate processes, the rate of a reaction is given by the
velocity at which the activated complex travels over the top of the potential barrier.
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By analogy of model compounds, the mechanism of dehydrochlorination of PVC can
be deduced to be the ionic molecular elimination that was suggested by Imoto and Ota
[36]. For calculational purposes, following O’Neal and Benson [37], four-centre transition
states have been represented in terms of one-electron bonds, as illustrated for idealized
structure of PVC

5+ o— |7
~~CHs—CHCl—CH:; —CHCl-~2>~-CH:—| —CH- CH— |—CHCl-~ =

a H

— o6+

= ~-CH:—CH=CH—CHCI-~
cllH.

The longer distances pictured between the reacting H and Cl atoms are meant to imply
that the interactions at these points are relatively weak. Thus, the transition states
employed in the calculations are pictured as strongly polarized species which differ
from the linear conformations by the weak interactions at the reacting ends. They
therefore may be termed very loose cyelic structures. During the dehydrochlorination,
one of C—Cl and C—H bonds are broken and one C—C-z and H—Cl bonds are for-
med. Thus, the activation energy for the elimination of hydrogen chloride at 0 K is

E =Qca + Qcn — Qa + Qfm + Qicc + Qb + ©F), (6)

where w¥ is parameter which is zero for saturated hydrocarbons and has different values
for unsaturated compounds with the double bond located inside the chain w* = fi_¢
and at the end of the chain w* = of (.

The energy of activation determined experimentally Fexp is practically the same as
the activation energy E in equation (5), the two differing essentially by RT for unimole-
cular gas reactions and for reactions in solution where the standard states are unit con-
centrations. Strictly the quantity F in equation (§) is more correctly defined as the micro-
scopic activation energy which, at not too high temperatures differs little from the ex-

Table 2

Average values of active bond dissociation energies at 0 K

Active bond energy*

Type of bond [@+ keal mole-1]

Cp—Cl  primary chlorine 19.5
Cs—Cl  secondary chlorine 21.3
Cc,—C1 tertiary chlorine 24.5
0-C—C in saturated hydrocarbons 28.0
7n-C—C  in unsaturated hydrocarbons 17.0
H—-Cl hydrogen chloride 40.0
adic correction to the double bond located at the end

N of the chain —17.0

(g correction to the double bond located inside the chain —3.8

* Average values of active bond dissociation energies and correction parameters are
calculated from model compounds studies [27].
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perimentally determined activation energy. This is obtained in practice from the Arr-
henius plot of the observed values of In k against 1/7'. Moin [33] found empirically the
active bond dissociation energies with remarkable accuracy from inspection of the
great number of experimentally determined activation energies. The dissociation energies
of the active bonds in simple hydrocarbons are shown in Table 2. The dissociation energy
Q& g of the C—H active bond for particular hydrocarbons was calculated by the equation
[38]

Q&g = 0.83(Qp_g — 45) keal mole-1. (7)

The values of the constants in Vedeneyev’s equation and the average values of active
bond dissociation energies, together with the parameter in the treatment, are listed in
Tables 1 and 2. We have tested the above set of bond energy parameters (Tables 1 and 2)
by comparing the calculated and observed activation energies of a number of saturated
and unsaturated model compounds of PVC; the agreement is satisfactory.

The thermal stability of PVC is largely dependent on the polymerization process;
so this effect should be discussed from the basic standpoint, relating to the species and
location of abnormal structures.

Tail-head and tail-tail structure

There are two possible orientations of chlorine atoms in a molecule of PVC, namely,
tail-head type and tail-tail type or in haphazard order. The former is conventionally
designated as 1,3-polymer and the latter 1,2-polymer. A random polymer is defined
usually as a mixture of these two types. While neglecting the end group effect, and suppos-
ing that chlorine reacts only with hydrogen on neighbouring carbons, and that no rings
form in the course of reaction, the following schemes can satisfactorily explain the me-
chanism of this dehydrochlorination. The main reaction can be expressed as follows

~ -CHz Cl‘].z CHz - ~ ‘-CH CH CH
N N, N\ N N _ /N
CH CH CH-~ CH CH
(lJI (.111 (I)l
If there is only one chlorine atom in each structural unit in the saturated chain, de-
hydrochlorination would give conjugated double bonds. However, in case there were
two or more chlorines in a structural unit, an appreciable number of triple bond would
also be formed.

The rate-controlling process in thermal dehydrochlorination of PVC is the initiation
step, having a relatively high activation energy compared with that of other processes.
We consider 1,3-polymer as the idealized structure of PVC formed by head-to-tail addi-
tion. The following numbering of bonds is used

CH-~

1
~-CH;—CHCI-CH:—CHCl|-CH— CH—CH:—CHCI—CHz-~ (4)
1| I 2'
‘ H

We shall use the following notation convention: Q; (¢ =1,2,3, .), defined by
equation (3), represents the C—H or C—Cl bond dissociation energy of bond 1, Q; (j =
=1,2,3,...), defined by equation (3), represents the C—C bond dissociation energy
of bond j, and Ex (k = I, II, I11, ...), defined by equation (6), represents activation
energy of the possible four-centre transition state complex k, formed by individual
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C—H and C—Cl bonds. The four-centre structures are designated by the solid or by tho
dotted square, respectively. The structural parameters used in these calculations are
summarized in Tables 1 and 2. The calculation yields the following bond dissociation
energies and activation energies*®

Q1 =91.36, Q= 7274, Q)= 79.08, E;= 47.32.

The 1,2-dichloride structure, corresponding to a tail-to-tail configuration (B), formed
by the termination reaction should be considered to be a more stable structure than the

~-CH-CH—-CH-CH—-CH—-CH. + .CH-CH—-CH-CH-~

l | l l l | i | | i
Cci H H € H d cl H H d

| |

1 3 1 6
- ~-CH-CH-CH—-CH-CH-CH-CH-CH—-CH—-CH-~

(B)

O N T N & N S
¢ H g iaajm o |0 H|H <
I IT TIIT v

normal one which has a secondary chlorine, according to the results of the study of chloro-
alkanes of low molecular weight by Erbe et al. [39] and the thermal stability of vinyl
chloride-trans-dichloroethylene copolymer reported by Kitamura and co-workers [40].
Generally, the structure (B) represents a random polymer. As in the case of 1,3-polymer,
it is assumed that hydrogen condenses only with neighbouring chlorines. By referring
to Flory’s expression [41] a molecule of random polymer of infinitely long chain may
usually be divided into groups of structural units as shown above.

The portion between the vertical lines is 1,4-linkage with respect to the consecutive
structural units and contains one 1,2-linkage, and undetermined number of 1,3-linkages
and no 1,4-linkages. Accordingly, if the number of 1,3-linkages in a portion increases,
this portion would bear a close resemblance in structure to a 1,3-polymer [42].

The calculated values for the random polymer are

Q1 =091.34 Q:=17278 Q3 =91.38 Q4= 7283 Qs = 7281 Q= 91.37 Q; = 91.36
Q1 = 179.01 Q; = 79.04 Q; =179.03 Q; =179.14 Q= "79.04 Q= 78.90
E; = 47.44 Ex = 47.38 By = 4743 Erv = 47.41

Thermal stability of structures having primary chlorines (C), which would be formed
by chain-transfer termination to the monomer or termination by disproportionation,
is insignificant because this structure is highly stable if compared with secondary chlo-
rines

1 2
~—CH2—?H- + «CH—CHs-~ - ~-CH:—CHCl—CH-CH-CH: )
l oy e
Cl Cl H | Il-,[ I (ijl

Q: and E; have values
@1 = 91.49 Qz = 92.27 Q3 = 75.75
Q; =179.82 Q; = 81.89 E; = 52.40

* All quantities are expressed in keal mole—1.
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If all the chlorine atoms in PVC were secondary, the thermal stability of PVC should
be maintained below 200°C. This was confirmed [27] by the thermal decomposition of
model compounds such as 2,4-dichloropentane, 5,7-dichlorododecane and 2,4,6-trichloro-
heptane. Therefore, the instability of PVC could be related to the abnormal structures
which could be varied by the conditions of polymerization. The most unstable C—Cl
bonds are allyl chlorines, distributed at random over the polymer chain, and tertiary
chlorines existing at the junction of branches that can be formed by chain-transfer
reaction during polymerization process.

Branched structures

The chain-transfer reaction is significant especially in vinyl chloride polymerization,
because through this reaction many undesirable irregular structures are produced at
the surface of the precipitated particles. If this reaction occurs only by ‘backbiting”,
it is assumed that there is no relationship between the thermal stability of PVC and
the conversion of polymerization. However, the thermal stability of PVC depends largely
on the conversion of polymerization [43].

Tertiary chlorine atoms are also present in PVC as shown by the work of Cotman [44].
These branches structures are presumably formed by chain transfer between a growing
radical and an already formed polymer molecule. Branched structures should be capable
of initiating dehydrochlorination is generally supposed by many authors [45—48].
Branched structures can be reduced by preventing the chain-transfer reaction by the
lowering of polymerization temperature.

Loss of hydrogen chloride is initiated at tertiary chlorine branch points, double bonds
should appear at random in the chain on thermal degradation. Lim and Kolinsky [49]
carried out the polymerization in 2,4-dichloropentane and 2,4,6-trichloroheptane to
determine the chain-transfer constant by the usual kinetic theory based on the assumption
of the stationary state. Experimental evidence indicates that the chain-transfer reaction
most likely takes place with the hydrogen on the same carbon as the chlorine. Therefore,
it would be expected that most of the branches in PVC are attached to the chain in
a tertiary chlorine-type structure.

We consider (Dl) branched structure

14
Oy
(IJHCI
oty
~-CHz;—CHCl—-CH:—CHSl—CH; —(I'}iCHi CHiCH—CHCl —CH:—CHCl-~ (D)
ot | ol w
I II III

for which the calculated energetic parameters are

Q1 = 69.91 Q: = 90.41 Qi = 72.62 Q4 = 91.53
Q) = 76.07 Q; — 78.08 Q) = 78.68
E; = 41.14 Ey = 47.15 Eip = 47.37
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It is apparent from these data that hydrogen chloride is eliminated more readily
from branched structures than from secondary chlorine atoms. The branched structure
(D1) is most unstable in all saturated abnormal structures as observed also from model
compounds studies [27]. The first hydrogen chloride elimination from branched struc-
ture (D) is activated by only one tertiary C—Cl bond. After this first hydrogen chloride
is lost, the next dehydrochlorination scheme (D3) is said to involve one allylic activated
site for elimination of hydrogen chloride

~-CH.—CHCl-CH—-CH

3l a

C—H

112

The calculated values are

Q1 = 91.69
Q, = 78.91
Ey = 47.61

H (0| "

I I
Q2 = 173.00 Q3 = 17211 Qa
Qy = 59.75 Q; = 81.00 Q;

By = 44.33 Ey; = 32.76

Il 2
CH—C—CH, — CHCl — CH, — CHOl — CHa-~
T

= 93.35 @5 = 54.41 Qs = 90.99

= 60.57

(De)

Since hydrogen chloride can be lost in three directions from a branch point, we consider
the following ‘zipper’’ structure (Ds) which is formed from the (D:) by elimination of
two molecules of hydrogen chloride. This dehydrochlorination structure has two allylic
activated sites which accelerate the elimination of hydrogen chloride.

CH:
|
CHCI
| 19 7
CH—H; VI
¢l |8
CH—-Cl
s| |77 ’ v
C_—
N
H i Cl ___;E_]_:__@
I II

The calculated energetic parameters are

Q1 = 91.74
Q. = 93.97
Q, = 79.57
E; = 48.15

Q2 = 17349 Q3 =172.67 Qs
Qs = 54.56 Qo = 92.02
Q5 = 60.22 Qf = 61.12 Q;

B = 44.90 By = 44.93 E1v

Chem. zvesti 26, 3 —17 (1972)
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L HiC] Hi
III v
= 7343 Qs =
=79.99 Q=
=48.08 By =

73.48 Qs = 91.28

81.62 @, = 60.88
33.25 Evi = 33.00

(Ds)
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The branched structure (D4) having a tertiary hydrogen at the junction of branches
is formed by chain-transfer termination reaction to the methylenic carbon atom and
not to the carbon atom directly bonded with chlorine atom. The branched structure (D)
has also in this case an activating effect upon the first molecule of hydrogen chloride

elimination
CH:—CHCl—CH:—~

l
CHCI

| 1 2 3
~-CH;—CHCl—-CH:—-CHCl—-C—CH—-CH—-CH—-CH:—CHCI] —-CHo—~ (D4)

RENENE

HiCl H| O

I IT I1I

for which the calculated values are
@1 = 88.51 Q2 = 71.86 @3 = 91.23 @, = 72.88
Q, =176.14 Q)= 17811 Q; = 78.88
E; = 45.89 En = 46.42 Enp = 47.44

After the first hydrogen chloride elimination we have

i

CHC1

|

CH:

|

CHCI

1 2 3 | 4 5
~-CHCl—-CH;—CH—-CH—-CH—-C=CH—-CH—-CH—-CH-—-CHCI—-CHz—~ (Ds)
T EREREE
loim| o [H |G Hj
I II IIT IV

The calculated values are
Q1 = 73.08 Q2 = 91.73 @3 = 53.61 Q4= 7295 Q5= 73.42 Q¢ = 92.03
Q7 = 81.20 Q; = 59.94 Q3 = 79.08 Q, = 7840 @; = 60.60
Ey = 47.78 Ei = 32.11 Eimn = 44.89 Eiv = 48.12

After thesc two molecules of hydrogen chloride are eliminated, the next labile allyl
site structure (De) has two double bonds and two allylic activated sites which accelerate
the elimination of hydrogen chloride. This structure is

CH:
|
CHCl
| |8
CH|—H '
4| Iv
cH|—c1 |
1 | 2 3
~-CH:--CHCl-CH-CH—-C=CH—-C=CH—-CH—-CH—-CH—CHCl—CHz-~ (Ds)
K 2] 3 W o
|lH# a| H lH Kolig:
I II III
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for which we have

QL= 9209 Q;=51.88 Q3= 94.67 Qg = 72.87
Qs = 73.41 Qs = 91.81 Q; = 54.00 Qs = 91.91
Qi = 62.04 @3 = 58.78 Qi = 80.68 @i = 60.35
E: = 30.56 Ejy = 44.88 Ey; = 47.99 Eiv = 32.38

Il

Discussion

The thermal dehydrochlorination of PVC, the degradation by elimination reactions
has significant feature that, as a consequence of the degradation or of another reaction
taking place in a monomosric unit, a product is formed which activates the neighbouring
monomoric unit from the point of the process involved. The mechanism of this kind
of dehydrochlorination has been pointed to be a sort of chain reaction, namely, a zip-
-reaction. Dehydrochlorination occurs first at random in the beginning to form unsatu-
rated bonds at several arbitrary sites in the long polymeric chain and then the reactions
proceed from thsse sites by zipping maschanism at a considerably high rate. If dehydro-
chlorination occurs in a zipping machanism like a chain reaction, a long conjugated bond
system should be formad easily.

In the experimantal work of the rate of a thermally activated process, within the
experimantal accuracy, the rate of a given process can be described by equation (4).
If in fact, the process occurs by the simultaneous operation of a number of mechanisms
each of which has the samse activation energy, then the equation (4) is correct. However,
the sams treatmant could not be extended to cases where there are competing mecha-
nisms3 of different activation energy. Mechanism is used here in a very general sense,
to mosan any reaction path by which the process can occur. And it is the purpose of this
note to consider what physical interpretation can be given to the measured so-called
frequency factor dexp and activation energy Eexp values in such cases as is the dehydro-
chlorination mschanism of PVC. The thermal dehydrochlorination of PVC consisting
of a set mechanism, not all of the same activation energy, we can define a distribution
function N(E) for these structural irregularities by making N(E)dE proportional to
the number of structural defects available with activation energies between E and E +
+ dE and to the factor appropriate to such structural irregularities.

Then, since Aexp and Eexp are found from a plot of experimental values of In L against
T-1, we have [50]

[3 E N(E) exp(—E/RT) dE
[o N(E) exp(—E|RT) dE

Eexp =

= —Rd{n k) 4T-1) (8)

and
Aexp = N(E) exp[(Bexp — E)/RT] dE. 9)

Clearly, it is impossible to derive the distribution function N(E) from measurements
of Aexp and Eexp only, but equations (8) and (9) do allow the evaluation of Aexp and
Eexp for any given function N(E). In this way, if other considerations suggest a possible
form of distribution function, soms of its paramsters may be determined by measure-
ments of Aexp and Hexp. The actual (moasured) activation energy is an average quantity
and depands on the shape of the distribution function N(E) for defects in the polymer
chains. In Table 3 there is given the energy of activation which arises from an Arr-
henius equation with no pre-exponential temperature dependence.
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Table 3

Activation energies for thermal dehydrochlorination of PVC

Activation
Polymer Atmosphere energy Ref.
[kcal mole—1]

emulsion nitrogen 36.0 [63]
precipitated from cyclohexanone solution nitrogen 36.5 [54]
PVC—azo vacuum 26.0 [65]
PVC—y vacuum 30.0 [65]
PVC—-BP vacuum 32.0 [65]
PCU—-G nitrogen 36.0 [66]
SICRON nitrogen 34.0 [67]
PEVIKON KL-2 nitrogen 31.0 [58]
suspension in solution 30.0 [58]

Many of the gas-phase unimolecular reactions which have been studied appear to take
place by way of four-centre cyclic activated complex. Most of the four-centre reactions
are hydrogen halide elimination from the hydrocarbons to produce olefins [37].

For this estimate the assumption has to be made that dehydrochlorination occurs
through the four-centre activated complex in the solid state of PVC. @; and Q; are the
dissociation bond energies of reaction schemes (A4)—(Ds), and E; are their activation
energies obtained from estimated C—H and C—Cl bond energies. From our results it
follows that the activation energies are always lower than the bond dissociation energies
of the weakest bonds in the molecule structures (4)— (Ds).

This is indication of concerted breaking and forming of bonds. Regardless of the struc-
ture of the remainder of the saturated and unsaturated compounds, consideration can
be given to three forms when discussing the C—Cl bond: (i) R—Cl covalent, (ii) R+—Cl-
ionie, (iii) R—~=Cl* n-bonded. The conclusion is made that all the forms are important
for the structures which have been studied.

Our results support the opinion that neither the idealized structure of PVC (4) nor
the random polymer (B) is reason for the start of the thermal dehydrochlorination.
The cause of thermal instability must therefore be sought elsewhere, for instance in the
presence of the inherent weak links in the polymer chain. This concept is generally accep-
ted as a reasonable consideration, because the thermal stability of model compounds
having secondary chlorine, was intrinsically stable below 200°C. However, since the
mechanism of thermal dehydrochlorination has been discussed from different stand-
points, it can be concluded that hydrogen chloride is evolved from the sites of inherent
instability in PVC, such as tertiary chlorine and allyl chlorine adjacent to carbon—
—carbon double bond, by & molecular four-centre transition state complex reaction.
This mechanism is usually considered as an ionic reaction rather than a free radical
reaction, but, definitely not the same reaction [43].

The irregular structures (4) and (B) having secondary chlorine showed higher activa-
tion energy than those having tertiary chlorine (D;). It can be easily understood that
the thermal stability of structure having primary chlorine (C) is insignificant because
this structure is highly stable compared with structures of secondary and tertiary chlo-
rine. These results are consistent with the well recognized fact that the tendency for
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C—Cl cleavage depends upon the electronegativity of the carbon—chlorine, primary
chlorine is more stable than secondary, and secondary is more stable than tertiary chlo-
rine of a branched chain.

In principle, a variation in the bond polarity is accompanied by a change in the hyb-
ridization of the corresponding atomic orbital. In the absence of rigorous quantum-
-mechanical calculations, variations in the nature of the C—Cl o-type bond are usually
discussed in terms of changes in the hybridization of the relevant carbon atomic orbital
very nearly of sp3-type [51]

Do = (1/2)(P2s + |/3 Bapo) (10)

and in the ionic character of the bond. We assume that C—Cl bond can be expressed
by a molecular wave function of the type

Yec1 = N(DPc + A1Pal), (11)

where N is a normalizing constant and @c is a hybrid at the chlorine atom represented

by
®c1 = sin a Py — cos & Dapes (12)

and A is a parameter to allow for the ionic character of the bond. The increasing pola-
rities in the C—Cl bonds are caused not only by the increasing polarizability, but also
by the increasing amount of 3s character in the hybrid orbitals (12). Using the symbol
oc—c1 for the percent 3s character of the:chlorine atomic orbital in the primary (p),
secondary (s), and tertiary (¢) C—Cl bond, it can be concluded that pc_c1 increases in
the order, gc-c1 () < 0c—c1 @ < 9c-c1ty- The dipole moments of this series also
increase in going from primary to tertiary chlorine. The activation energies again de-
crease as the 3s character of the chlorine atomic orbital rises. The importance of polar
factors in determining the energies of activation, a process involving the elimination
of hydrogen chloride has been recognized [52]. The greatest decrease in activation energy
occurs in the case of the branched structure (D;). These variations in activation energies
for random polymer and the regular head-to-tail structure are comparatively small
and indicate that the polar properties of the C—Cl bond in these structures do not differ
significantly.

More detailed calculations are needed to give an accurate picture of the electron den-
sities induced in chloroalkanes and also in chloroalkenes by a substituent, and until
these are known a quantitative analysis of the ground-state properties in terms of meso-
meric and inductive parameters will not be possible. Mathematically, the magnitude
of the inductive effect is given by the amount that the energy levels and wave functions
of the hydrocarbon are changed by the potential field of the substituent. The substi-
tution of chlorine acts in two ways, firstly by destroying the symmetry of any — (CHz)—
group into which the substituent enters, and secondly by a direct inductive effect of the
chlorine atom. The concepts of inductive and resonance effects, both of which are re-
lated to electron migration, have proved to be useful in organic chemistry.

Because of its high electronegativity, chlorine attracts o-electrons (—I) and polarizes
the C—Cl bond so that the C—Cl bond dipole attracts other electrons in the molecule
towards the substituted carbon atom. The inductive effect is determined from the effect
of the halogen on the properties of a saturated system.

The existence of tertiary chlorine in PVC and its importance for the ageing process
of PVC is generally supposed by many authors [45—48]. Baum and Wartman [45] con-
sidered the sites for initiation of thermal decomposition of PVC to be unsaturated chain
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ends at about 150°C and tertiary chlorine at 190°C. They considered the double bond
at the chain end to be responsible for PVC instability although its concentration is less
than supposed for tertiary chlorine. When tertiary chlorine is present in PVC it can ini-
tiate the decomposition reaction at lower temperatures than supposed [48].

To elucidate the role the tertiary chlorine plays in PVC stability, the reaction schemes
(D1) to (Dg) were studied. From our calculations it appears reasonable to conclude that
the tertiary chlorine has a marked influence on PVC stability. The weak points which
are considered as the initiators of the decomposition are the tertiary chlorine of the
branched structures (D;)—(Ds) which exist in the main chain of PVC. These branched
structures are presumably formed by chain transfer between a growing radical and an
already formed polymer molecule. The first hydrogen chloride lost from the branched
structure (D) is activated by only one tertiary C—Cl bond. After this first hydrogen
chloride is lost, the generating labile allyl site is activated by one double bond. The
increasing instability of this branched structure (D:) compared to the simple saturated
chain structures (4) to (C) may be responsible for the increasing hydrogen chloride eli-
mination rate. The loss of each hydrogen chloride elimination from the polymer mole-
cule forms a new labile site capable of further dehydrochlorination. Our calculations
demonstrate the very different reactivities of branched structure (D;) with the tertiary
C—Cl bond and branched structure (D4) with the tertiary C—H bond in elimination
reactions. Evidently the presence of double bond in the polymer chain increases the
probability of elimination reactions. One object of the following paper is to examine
this evidence. and so to elucidate further the factors which determine the relative re-
activities of the unsaturated structures.

The authors would like to express their gratitude to Mr. P. Kovaiik for his assistance in
computing and in gathering the calculated data.
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