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ABSTRACT

According to a reaction scheme which as its main features
assumes that polymerization is predominantly in the interior

of the monomer swollen poly{(vinyl chloride) particles and that
all the decaying initiator finally contributes to the polymeriza-
tion within the polymer particles, the ratio kp(f/kt)‘/ =K

{where kp’kt are rate constants for chain propagation and chain

termination, respectively, within the particles and f is initiator
efficiency) has been calculated for bulk polymerization of vinyl
chloride at three temperatures. K is found to be markedly
larger than the corresponding quantity for homogeneous solu-
tion polymerization; e.g., at 50°C it is seven times this latter
quantity, The characteristic ratio K shows a marked nega-
tive temperature dependence, which corresponds to approxi-
mately -4.5 kcal/mole for Ep - (Et/z), when f is assumed to
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be independent of temperature. This behavior is quite consistent
with a strong gel effect being operative at the site of reaction,
i.e., the swollen polymer particles can be taken as equivalent

to a homogeneous polymerization system at high conversion.

INTRODUCTION

The free-radical polymerization of vinyl chloride in bulk or sus-
pension at normal reaction temperature {around 50°C) is distin-
guished by an early nonlinear conversion-fime behavior. In the
course of time, quite a number of kinetic models have been developed
to account for this increase in the instantaneous rate of conversion
dU/dt, with time or conversion U. Bengough and Norrish [ 1], as
early as 1950, postulated a linear relationship between dU/dt and
UZ”® which should suggest a connection of rate to particle surface
(which is assumed to be proportional to the 2/3- power of polymer
mass, i.e., conversion), Five years later, Schindler and Breitenbach
[2] introduced a conversion-dependent termination constant into the
kinetic scheme. Their idea finally led to a linear dependence of the
average rate of conversion, U/t, on time. In the mid-sixties, Talamini
and co-workers [ 3, 4] tried to give more specific consideration to the
heterogeneous character of the polymerization system and developed
a scheme which allowed for the occurrence of polymerization in
both phases, the one rich in monomer and containing practically no
dissolved polymer, the other consisting of the precipitated polymer
swollen with monomer. This scheme, which later was further
specified by Ugelstad et al. [5, 6] as well as by Hamielec et al. [ 7],
at least in its basic form, favors a linear variation of dU/dt
with U:

dU/dt = a +bU (1)

where a and b are constants for a specific run. The qualitative inter-
pretation of the increase in rate with time (or conversion) here is
that polymerization proceeds faster in the polymer-rich phase, so
that an increase in the amount of that phase (due to an increase in
conversion) will result in an increase in rate.

It should be noted, however, that this steady increase in rate,
which is the subject of all these theories, is given only after a certain
critical conversion (at about 0.5%), where a marked discontinuity in
rate of polymerization has been observed { 2], This is not the only
important change which happens in this very range of conversion,
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As has been discovered by Cotman et al. [ 8], not only does the rate
drop very sharply, but there is also (at a polymerization temperature
of 47°C) a sudden decrease in the number of polymer particles from
at least 25 X 10" to 5 X 10'! per gram of monomer, independent of
initiator concentration; the latter number remains constant during

the subsequent stage of polymerization. An informatory calculation
will show that the radical/particle ratio, which is probably less

than unity before the discontinuity, will be of the order of 5 after-
wards [9]. The coincidence of rate and particle number change
therefore strongly indicates that the polymerization system passes
from emulsion polymerization-like characteristics to a system where
the polymer particles may be treated as a “'pseudo-continuous" phase,
As a consequence, all considerations and kinetic deductions in some
way making use of this pseudo-continuous character of the polymer
particle phase can be applied to the later stage of the vinyl chloride
polymerization only (above ca. 1% conversion). On the contrary,
measurements carried out at conversions lower than 0.5% refer to a
fully different kinetic system and can cast no light at all on the
kinetic behavior at higher conversions.

In the course of a careful analysis of the conversion-time curves
of the bulk polymerization of vinyl chloride (and a large number of
other polymerization systems with vinyl chloride as the monomer
showing the characteristics of precipitation polymerization) at a
polymerization temperature of 50°C [9, 10] we have invariably found
that the instantaneous change of conversion with time is a linear func-
tion of the square root of conversion, i.e,,

dU/dt = const + k VU (2)

& being a constant for each run. This law which held from conver-
sions of 0.5-1% (after the critical conversion mentioned above has
been passed) up to conversions of at least 20-30%, clearly differs
from the predictions of the simple Talamini scheme [ Eq. (1)].

In order to cope with our findings, [ Eq. (2)], a reaction scheme
has been established [ 9] which allows for a rapid transport of the
growing chains originating from the decay of initiator outside the
monomer swollen particles into the particles so that-apart from a
short time lag ror these radicals, which finally leads to the conversion-
independent term in Eq. (2)-essentially all the initiator decaying in the
system, irrespective of whether the decomposition takes place inside
or outside the polymer particles, will contribute to the initiation of
polymerization within the particles. Under these conditions, the
volume growth of the particles with conversion (the degree of swelling
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being independent of conversion) in view of the bimolecular termina-
tion will lead to a continuous increase in kinetic chain length. This
may be regarded as the genuine reason for the so-called autoacceler-
ation observed at this temperature. Clearly enough, on these grounds
the rate of polymerization must be governed by the conditions pre-
vailing in the interior of the polymer particles swollen with monomer.
According to this concept, the physical meaning of the quantity «
is

- 1/2 1/2 ¥ 1/2
where kp, kt are rate constants for chain propagation and bimolecular

chain termination, respectively, within the particles; ko is the first-

order rate constant of initiator decomposition; f is initiator efficiency;
cq is the overall initiator concentration; ¢M’ qbp are volume fractions

of monomer and polymer, respectively, within the monomer swollen
polymer particles; and Py pP are monomer and polymer density,

respectively. Equation (3) offers direct access to the most interesting
quantity kp(f/kt)” 2 =K, which with respect to kp and kt refers to the

conditions of polymerization within the particles. As ko, pM, and pP

usually are known with sufficient accuracy, aside from careful rate
measurements necessary for the determination of « itself, the
crucial quantities for the evaluation of k will be ¢>M and ¢P' A short

description of a method of obtaining ¢,, and ¢_ from swelling measure-
M P

ments has already been given [ 11],

Apart from the fundamental importance of the quantity K mainly
relative to the corresponding value for the homogeneous (solution)
polymerization of vinyl chloride, a more detailed insight into the
reaction scheme is expected if, in addition to evaluating the charac-
teristic ratio K for a single temperature (50°C), its temperature de-
pendence is also estimated. This, however, necessitates a check of
the validity of Eq. (2) for temperatures other than 50°C.

EXPERIMENTAL

Kinetic Measurements

Kinetic measurements were carried out dilatometrically with
purified, prepolymerized, and degassed vinyl chloride monomer



08:58 25 January 2011

Downl oaded At:

ESTIMATION OF CHARACTERISTIC RATIO 1323

(Halvic) by use of sealed vessels with a high surface/volume ratio to
ensure rapid transport of the heat of polymerization evolved to the
thermostat bath. Readings were taken with the aid of a cathetometer
with an accuracy of 0,02 mm. The dilatometric curves were con-
verted into conversion-time curves by using the appropriate contrac-
tion factors. Differentiation of the conversion time curves was
carried out graphically with the help of a modified mirror ruler.
The slopes obtained by this procedure in many cases were checked
by numerical differentiation. No significant deviations could be
detected.

2,2'-Azobisisobutyronitrile (AIBN) was used as initiator in the
35 and 50°C experiments, while 1,1'-azobis(1-cyanocyclohexane)
(ACHN) was chosen in the 60°C experiments because of its compara-
tively low rate of decomposition. k_ values of 2.6 X 10"" and 2.6 x10°°

sec”! for AIBN at 35 and 50°C, respectively, have been inserted into
the calculations [ 12, 13] while for k of ACHN at 60°C a value of

4.75x 107 sec™ based on the equation [ 14] of Olaj has been
chosen.

Evaluation of ¢M and ¢>P

Cylindrical polymer rods with sharp boundaries, prepared from
solid annealed extruded poly(vinyl chloride), were used. Care had
been taken that the polymer contained a minimum of additives only.
The rods were placed vertically into monomer in sealed vessels
and their increase in length followed by means of a cathetometer
until a final equilibrium value characteristic for the temperature of
the experiment had heen reached. Assuming isotropic swelling be-
havior, the increase in volume due to swelling was calculated
according to

V/Vy=(2/0,F =1+ 8 (4)

where V, £ are equilibrium volume or length, respectively, of the rod
after swelling, VO’ ) o are initial volume or length, respectively, of

the rod, and 3 is the relative increase in volume due to swelling, Two
different samples were used: sample A, having [7] = 116 ecm®/g in
cyclohexanone at 25°C, and sample B, with [ 7] = 68 cm®/g in cyclo-
hexanone at 25°C). Actually, sample B, probably as a consequence

of the difficult extruding conditions due to its extremely low content
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FIG. 1. Plot of dU/dt vs. yv/e [according to Eq. (2)] for the AIBN-
initiated bulk polymerization of vinyl chloride at 50°C.

of lubricant, showed a slight deviation from isotropic swelling for
which an appropriate correction has been made. Assuming additivity
of volume in the swelling process (only a negligible volume change

of the overall system occurred during the swelling procedure), ¢
and ¢P may be equated to 8/(1 + 8) and 1/(1 + B), respectively.

Values of 1,26, 1.283,
of the ratio of polymer and monomer densities, (pp/pM)‘/Z, at 35, 50

and 1.30 have been used for the square root

and 60°C, respectively.

RESULTS AND DISCUSSION

Equation (2), which had been already proved to apply for a polym-
erization temperature of 50°C [ 9, 10], now is shown to be valid over
a broader range of temperature (35-60°C). Figures 1-3 show the
perfectly straight lines which are obtained when dU/dt is plotted
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r (dU/eity/ 10 min’
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01 02

FIG. 2. Plot of dU/dt vs. U*/? [according to Eq. (2)] for the AIBN-
initiated bulk polymerization of vinyl chloride at 35°C.

(dU/dt)/ 10 min”

VU

i |

o1 02

FIG. 3. Plot of dU/dt vs U'/? [according to Eq. (2)] for the bulk
polymerization of vinyl chloride at 60°C initiated by 0,012 mole/dm?®
ACHN,
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1 b (dydt)/ 10" min™

FIG. 4. Plot of dU/dt vs. U [ according to Eq. (1)] for the run with
the highest AIBN-concentration shown in Fig. 1. Cg = 2.05 x 1072
mole/dm®.

against U2, m Fig. 4, for comparison, a plot of dU/dt versus U,
corresponding to the predictions of the simple Talamini scheme
[ Eq. (1)], is shown for one of these runs. No straight line can be
drawn in this case, the points showing a significant and systematic
deviation from linearity, especially in the lower conversion range.
Thus the Talamini scheme in its basic form is incompatible with
these experimental findings. However, there exists a more compli-
cated version [ 15], which contains additional parameters and which
would lead to a rate equation of the form

- 1/2 1/2 1/2
R, kpcMO R, [(flvl/ktl) +(f2v2/kt2) (cM/cMo)] (5)

where Rp is the overall rate of polymerization; R, is the overall rate

i

of initiation; v Vo denote the volume fraction of the phase poor in

1’
polymer (1) and rich in polymer (2), respectively; £y f2 denote the

fraction of radicals produced by decay of initiator going into phase 1
and 2, respectively; kp is the rate constant of chain propagation in
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either phase (1 and 2); ktl’ ktz denote the rate constant of chain termi-
nation in phases 1 and 2, respectively; cMO is the "overall" monomer
is the monomer concentration in phase 2, Usually f 1
9 = v2). As v2 under the conditions of the
bulk polymerization of vinyl chloride will be proportional to conver-
sion as long as there is enough monomer left to ensure equilibrium
swelling of the polymer particles, this will lead to a relationship
between rate and conversion of the form of Eq.(1). Purely formally, if
we put f2 = 1 [ in analogy to the assumptions inherent in our deriva-

concentration; cM

is assumed to equal v L (and f

tion of Eq. (2)], independent of conversion for conversions exceeding
1%, an equation of the type of Eq. (2) could be obtained, too. The
difference between our concept and that of Talamini, then, would be
mainly reduced to the divergent interpretation of the conversion-
independent term of Eq. (2).

The proportionality between « and \/'Eé required by Eq, (3) may

be checked from a plot of these quantities against each other (Fig. 5).

T x /107 i

2t 50°C

35°C

) N ) \/g /(mol dm—a)l/z
Q05 010 015

FIG. 5. Plot of x vs. cS‘/2 for the AIBN-initiated bulk polymeriza-
tion of vinyl chloride at 35 and 50°C,
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TABLE 1. Kinetic Data and Swelling Data for Two Different Poly(vinyl
Chloride) Samples A and B2

Sample A Sample B
(In] =116 em®/g ([n] =68 cm®/g)
k/cg'’? K K

Temp [(dm®/mole)'/%/ (dm®/mole- (dm*/mole-
(°c) sec] B8 sec)/? B sec)'/?
35 1.08 X 107*b 0,39 0.57 0.51 0.45
50 3.58 X 107*P  0.42  0.57 0.57 0.44
60 1.44 x 107*¢  0.44 0.52 0.61 0.40

Ak = kp(f/kt)” % has been calculated according to Eq. (3).

britiator AIBN.
Chitiator ACHN.

The slopes of these plots (corresponding to «/c sl/ %) and the results

of the swelling measurements are summarized in Table 1. Table 1
also contains the characteristic ratios kp(f/kt)” 2 = K which have

been calculated tentatively from these quantities by means of Eq. (3).
As the two samples differ in their degree of swelling, there is a
20-25% difference in the K values depending on whether the swelling
data of sample A or sample B have been used. The temperature de-
pendence of these K values in either case is nearly negligible and
hardly significant. Now, however, sample A according to its limiting
viscosity number corresponds to a bulk polymer prepared at ca. 45°C,
while on the same grounds a polymerization temperature of ca. 65°C
may be assumed for sample B. Apparently, we have to deal with a
certain dependence of the degree of swelling on molecular weight

or, due to the intimate relation between molecular weight and tem-
perature of polymerization in the polymerization of vinyl chloride,

on the temperature of polymerization. Strictly speaking, the swelling
data of sample A will therefore be appropriate for the kinetic analysis
of 45°C experiments only, while those of sample B should be used
exclusively for experiments carried out at 65°C. A correct analysis
of the data obtained for a certain temperature of polymerization,

as a consequence, should be based on the swelling behavior of a
polymer produced at exactly that temperature. Unfortunately, no
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TABLE 2, K Values Based on Swelling Data at Temperature t for
Hypothetical Poly(vinyl Chloride) Samples C Prepared at the Same
Temperature

t(°c) B K [ (dm®/mole-sec)*/? |2
35 0.30 0.72
50 0.47 0.52
60 0.57 0.42

K (= kp v f7kt) calculated from Eg. (3).

logK

-0zr

-03

i 1077/ K’

30 3 32 33

FIG. 6. Arrhenius plot of the quantity K = kp(f/kt)”z

such polymers prepared at 35, 50, and 60°C were available. In order
to overcome this lack, therefore, a linear variation of 8 with polym-
erization temperature, when measured at that temperature, has been
assumed as a reasonable approximation. The swelling behavior of
these hypothetical samples (C) is summarized in Table 2. Use of
these data for 3 leads to K values exhibiting a marked decrease with
increasing temperature (last column of Table 2).
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On assuming f to be independent of temperature, this behavior
corresponds to a difference in apparent energies of activations,
Ep - (Et/2), of ca. -4.5 kcal/mole (Fig. 6). For a normal value of

the energy of activation of chain propagation, (Ep ~ 7 keal/mole)

this would mean that the (apparent) energy of the termination step
ought to be of the order of 23 kcal/mole.

The polymer-rich phase, when considered separately, in view of
its high polymer content may be taken as equivalent to a homogeneous
polymerization system at high conversion.

Together with the high values of K, compared to the homogeneous
polymerization of vinyl chloride, where K is 0.077 (dm®/mole-sec)*/?
at 50°C [16], therefore, such high values of Et as well as the

negative values of Ep - (Et/2) are consistent with the concept of a

marked gel (Trommsdorff) effect to be operative in such a polymer-
rich reaction medium as it is constituted by the monomer-swollen
particles in the bulk polymerization of vinyl chloride [ 9]. For example,
an overall energy of activation (directly corresponding to Ep - Et/Z)

of the order calculated here (-4.5 keal/mole) has been reported for
the homogeneous photosensitized bulk polymerization of methyl
methacrylate at 22.5°C at approximately 40-50% conversion [ 17].
This may serve as further convincing proof for the polymeriza-
tion of vinyl chloride actually taking place predominantly in the
swollen polymer particles, hereby adding to the arguments for the
correctness of the reaction scheme outlined previously in [ 9].
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