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Introduetion

It is well known that the ratio of the
propagation coastant to the termiination
constant k;/k for vinyl polymerization
increases with the increase of the degree
of conversion'™?. Apparently this is a
result of the increasing bulk viscosity of
the reaction system causing the mobility
of monomer M and radical M,* to slow
down. However, no experiment to meas-
ure both k,/k: and the bulk viscosity »
to obtain the relation between these values
has been conducted and only M.F.
Vaughan’s theory® for the thermal poly-
merization of styrene is related to the
subject.

The author therefore measured those
two wvalues by using a special reaction
vessel, which could function as a viscosi-
meter, compared the results of measure-
ments with the values of k., and % of
vinyl acetate given in the 4th paper? of
this series, and obtained the general
formula which gives the relation between
v and &, or k.

Theoretical

The theoretical formula, postulated by
E. Rabinowitch®, expresses the effect of
the bulk viscosity on the rate constant in
the liquid reaction. If liquid can be
assumed to possess a quasicrystalline
structure, the rate constant ¢ (l.mole-
cule™'.sec™) for a second-order reaction
between two molecules of the same size
as the solvent molecules, is
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c=nvexp(—E/RT)|N,
[1+a*Yvexp(—E/RT)[2D] 1y

where D=D,+Dy, D4 and D, are the
diffusion constants of the two molecules,
FEis the activation energy, « is the shortest
distance between lattice points, #z is the
co-ordination number of the lattice, v is
the frequency factor, N, is the number of
lattice points and Y is constant (ca. 2).
From this equation Vaughan® derived the
following approximate formula for the
velocity constant k(1 mole.”!sec™) of the
polymerization of styrene.

k=vexp(—E[RT)/
[1+a*vexp(—E/RT)[D]
=ko/ (1+Q/D) 2y
where ko=vexp(—E/RT) and Q=a%k,.

By the application of this formula to the
reaction between monomer M and radical
M,*, the propagation process of polymeri-
zation was explained and by its application
to the reaction between radicals, the
termination process was explained. The
equation (2) equals, the following equation

kolk=14+Q/D 3)

If the functional relation between D and
7 be put as

1/D=£(y) 4>
then
kol k=14+Qf (7)) (5)

Although Vaughan used the Einstein-
Stokes’ relation as the relation (4), it is
doubtful that Einstein-Stokes’ relation is
applicable for a complex system such as
the system of polymerization. Moreover,
the validity of the application of the equa-
tion (1) seems doubtful because in the
propagation and termination process of
polymerization, one or both of two react-
ing molecules is larger in size than the
solvent molecules (monomers).

When the reacting molecules are larger
than the solvent molecules, the following
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relation postulated by M. von Smolu-
chowski™ is applicable :

4Z 5 =2x(Ds+Dg) (ra+7s) N/1000
=2x N(r4+75)D/1000 (6)

where 4Z5 (1.mole~'.sec™) is the collision
number between two molecules A and B,
when the concentrations of two molecules
are a unit, 4 and 7z are diameters of
each molecules and N is Avogadro’s
number. If it is assumed that only the
factor 4Zz of k varies with the wvariation
of the bulk viscosity, then the following
relation can be derived

ko/k=Do|D=Dof (1) @

Experimental

By obtaining experimentally the relation
‘between 5 and kp/k:, it is possible to ascertain
‘whether (5) or (7) is applicable for vinyl poly-
merization. Details of this experiment are as
follows:

Fig. 1. Reaction vessel.
A; Joint
B, C; Viscosimeter
D; Thermistor
E; Thermistor’s lead wires
P; To vacuum

The reaction vessel, shown in Fig. 1, made of
soft glass and equipped with a thermistor, is ca.
19 cc. in capacity. Its inside diameter is 40 mm.
and the inside depth is 15 mm. This vessel can be
connected to the vacuum system at P. The lead
wires of the thermistor are covered by very
thin soft glass tubing which is sealed at the
upper end of joint A. The glass bulb B is ca.
SHec. in capacity. At its both ends two lines
are marked. The capillary C is 10 cm in length
and 2.5 mm. in diameter. Using this vessel, the
values of ky/k: can be measured by the method
described in the previous papers!, and at the

7) M. von Smoluchowski, Z. Physik. Chem., 92, 129
(1918). :
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same time, the bulk viscosity is obtainable by
turning the vessel upside down to transfer the
sample into the bulb B, then righting the vessel
and measuring the time for the sample to pass
between the two marks.

Other experimental procedures and the method
of purification of sample and sensitizer are the
same as in the previous papers?. But the
effect of the direct irradiation of light on the
thermistor was not observed, because the vessel
is made of soft glass and has larger loss in
transmission of light than the quartz vessel used
in the first paper?®.

Results

The measurement was accomplished on methyl
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Fig. 2. The variation of rate and lifetime
with time for the polymerization of
methyl methacrylate.
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Fig. 3. The variation of bulk viscosity
with time for the polymerization of
methyl methacrylate.
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methacrylate and vinyl acetate at 30°C by using
1,1'-azo-biscyclohexanecarbonitrile as a photosen-
sitizer, the concentration of which was 0.013
mole/l in methyl methacrylate and 0.002 mole/1
in vinyl acetate.

The variation of the velocity V and the life-
time r for the polymerization of methyl methacry-
late during continuous polymerization are shown
in Fig. 2. The variation of the bulk viscosity
7 (the time measured by viscosimeter) is shown
in Fig. 3. By calculating the degree of conver-
sion ¢ (%) and the values of k,/k: as described
in the 3rd paper!? of this series, Table I was
obtained.

TABLE I
THE VARIATION OF 7 AND ky/k WITH
CONVERSION FOR THE POLYMERIZATION OF
METHYL METHACRYLATE

Conversion 7(sec.) (kp/ke) x 108
0 1.3 0.99
0.6 4.1 1.01
1.1 11.5 1.12
1.7 33.0 1.23
2.0 53.8 1.30
2.3 99.4 1.33
2.7 185.1 1.40
2.8 286.5 1.48
3.0 365.2 1.54
3.7 1456.1 1.80
4.4 4030.0 2.22
5.2 2.60
6.2 3.34
7.2 4.04
8.2 5.22
9.4 7.21
10.8 12.1
12.4 18.1
14.3 32.0
16.6 53.6
19.2 85.5

22.1 121.0

The value of kp/k: over 229, conversion was not
obtainable, because the lifetime was very long
and the measurement was impossible. As shown
in this table, the increase of k;/k with the
degree of conversion is more remarkable than
those for other monomers. This result coincides
with the results obtained by other methods3%.
The increase in the bulk viscosity is more
remarkable than the increase of kp/k;, but the
measurement of the viscosity over conversion
449, was impossible, because it took a long
time and was not reproducible.

Because details of measurements on the vinyl
acetate have already been described in the third
paper!), these are omitted and only their results
are shown in Table 2. The measurement of the
viscosity over 16.1 ¢, was impossible.

TABLE II
THE VARIATION OF % AND Fkp/ky WITH
CONVERSION FOR THE POLYMERIZATION OF
VINYL ACETATE

Conversion(%) y(sec.) (kp/kt) x 107
0 1.0 1.20
1.2 1.4 1.22
2.4 2.1 1.26
3.6 7.5 1.31
4.9 16.9 1.37
6.2 32.7 1.43
7.5 65.0 1.49
8.9 116.5 1.53

10.3 183.1 1.56
10.7 343.5 1.64
13.1 707.7 1.72
14.6 976.1 1.88
16.1 1734.0 2.10
20.8 2.63
28.8 3.50
37.3 4.89
45.5 6.15
53.2 11.0
60.0 . 18.2
68.1 35.8
Discussion

Let the ratio of the viscosity » at any
conversion to 7 at 0 conversion and the
same ratio of k,/k; be x and y respectively,.
i. e.

x=7[7 } )
y=(kp/ke) | (Rp/Rt)o

Although the measurement of the viscosity

was - impossible at high conversion, the

following relations were observed between.
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Fig. 4. The variation of x=7/7, with

conversion ¢.
O Methyl Methacrylate
@ Vinyl Hatate
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z and ¢ at low conversion of polymeriza-
tion as shown in Fig. 4, i. e. on methyl
methacrylate,

log x=2.68+"¢ —2.17 (9
and on vinyl acetate
log x=1.11~"¢ —1.22 (10)

‘These relations are in good agreement
with the relation suggested by R. S.
Spencer and J.L. Williams®, in which the
bulk viscosity is proportional to exp /W,
where W is the weight fraction of
polymer. Then the values of the bulk
viscosity at high conversion, though not
measurable, can be calculated by using
(9 and (10). In Table 3, the wvalues of
x and y are tabulated.

TaBLE III
THE VALUES OF x AND y FOR THE POLY-
MERIZATION OF METHYL METHACRYLATE
AND VINYL ACETATE

Methyl Methacrylate Vinyl Acetate

PR — — - -

~

24D Y xad }’
1.0 1.00 1.0 1.00
3.2 1.02 1.4 1.02
8.3 1.13 2.1 1.05
25.4 1.24 7.5 1.09
41.4 1.31 16.9 1.14
76.3 1.39 32.7 1.19
142.8 1.41 65.0 1.24
221.0 1.49 116.5 1.28
281.5 1.56 183.1 1.30
1121.0 1.82 343.5 1.37
3100.0 2.24 707.7 1.44
103.98 2.62 976.1 1.57
104-50 3.37 1734.0 1.75
104-92 4.08 104-08 2.19
103-81 5.27 104-74 2.92
10s8-0% 7.29 105-57 4.07
10s-63 12.2 108.28 5.12
10725 18.3 10s-%0 9.17
10s-00 32.4 10742 15.2
10372 54.2 107-94 29.2
1Gs-6t 86.5
1010-65  122.2

a) In this Table exponential figures are
calculated by equations (9) or (10).

Because k&, is constant at the initial
stage (until ¢=30—40%) of polymerization
and the increase of & /k: with the degree
of conversion depends mainly upon the
.decrease of k'™, y» in equation (8) at
this stage equals to (k). k:, i. e.,

y=C(k)ol k.

8) R. S. Spencer and J. L. Williams, J. Colloid Sci.,
2, 117 (1947).

an
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As shown in Figs. 5 and 6, the following
relations at the initial stage of polymeriza-
tion, for methyl methacrylate may be
derived :

Tog(y—0.83)

0 5 10
logx
Fig. 5. The variation of y with x for
the polymerization of methyl metha-

crylate.
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Fig. 6. The variation of y and 2 with x
for the polymerization of vinyl
acetate.

O, y=(kp/ke) [ (kp/ %) 03
@, y=(k)o/k:
D, z=(kp)o/kp

¥=0.8340.17x"%
and for vinyl acetate
¥=0.764-0.24x"-2° (13)

Because k. is not constant at the later
stage of polymerization and (k:)o/%: is not
equal to (ky/k:) [ (kplki)e, it is necessary to
consider k2, and k% separately. Using the
values of the viscosity in this report, it
is possible to obtain the relation between
the bulk viscosity and k, or &, which was
presented on vinyl acetate in the 3rd
paper® of this series. Since these values

(12)
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of k, and k: were measured at 20°C, these
were corrected to 30°C by using the values
of the activation energies E; and E; given
in the 4th paper?. Although the variation
of ¥y with x ‘at the initial stage obeys the
equation (13) as shown in Fig. 6, it is
replaced by the relation yocx!*® at the later
stage. The following equation therefore
is applicable throughout the total process
of polymerization.

y=0.764+0.24 (£"-2°4-10~8x1-5) (14)
Let the ratio of (&), to &, be z, i. e.
z=(kp)o/ k> (15)

Then the following equation is obtainable
from Fig. 6 throughout the total process
of polymerization,

2=1+4+0.65x10"%x (16)
As shown in Table IV, there is a good
agreement between the calculated values
of y or z by using equation (14) or (16)
and the experimental values.

TABLE IV
THE COMPARISON OF CALCULATED VALUES
WITH EXPERIMENTAL VALUES ON ¥ AND z
FOR THE POLYMERIZATION OF VINYL

ACETATE

Co_nver- 2 z
szgg) x  y(exp.) y(calc.) (exp.) (calc.)
0 1 1.00 1.00 1.00 1.00
28.15 10468 2.64 2.85 1.14 1.03
39.00 1051 4.82 4.33 1.50 1.33
49.80 10861 23.8 26.2 3.38 3.64
59.30 10%.3 337 248 14.9 14.9
66.40 107 1250 966 35.5 35.9
71.10 10815 3780 3991 91.8 92.8

From the comparison of (14) with (7),
the following equation is obtained:

(Bt)o/ k= (Dgr)o/Dg
=0.76+0.24(x"2°+107351+5%)  (17)

And from the comparison of (16) with
N,

(Bp)o/kp=(Dux)o/Dy=1+0.65x10"%x (18)

where Dy and Di are the diffusion con-
stants of monomer M and radical M,*
respectively. There is no direct measure-
ment of the diffusion constant of monomer,
but Melville et al.® estimated its value by
measuring the diffusion velocity of a,a'-
diphenylpicrylhydrazil in the various con-
versions of vinyl acetate. Comparison of

9) Although D=D ut+Dg in the propagation process,
it seems reasonable to assume D=D,, because D, »>Dp.
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these values of (Dy)o/Dy with the values
of 7/7 of this report is shown in Fig. 7.
Here it is apparent that the measured
values of (Dux)o/Dy obey the relation (18).
This result shows that the application of
(7) is reasonable. At the same time, the

4 o i

@
o]

log(Do/D)

-

log x
Fig. 7. The variation of Dy/D with x
y Do/D=1+0.65x10=6%;
II, Dy/D=0.76+0.24 (x0-20 4 10 =3x1-50) ;
111, Dy/D=zx;
O, The measured values of D,/D

el

relation (17) is shown in Fig. 7 and the
shape of this curve is similiar to the
curve (18), except that (Dz)./Dr increases
with the increase in the bulk viscosity
at rather low viscosity. It seems probable
that the effect of the bulk viscosity is
more remarkable on the diffusion constant
of the radical than on that of the monomer.

If the Einstein-stoke’s relation adopted
by Vaughan is applicable, (Dy)o/Dy may
be expressed in a different form from
(18), i.e.

(Dy)o/Du=x (19)

The measured values of (Dy)o/Dx deviate
greatly from this relation. On the other
hand, if a=3x10"%¢m.?, ky=5x10°" and
Dy=10"°cm?.sec™'® are wused in the
Vaughan’s equation (3), the values of @
becomes ca. 5x107** and from the com-
parison of (3) with (16), (Duy)./Dy equals
ca. 10°x.

(D,!.r) nfD,u =10%x (20)

This result (20) is more unsatisfactory
than the equation (19) for the measured
values of (Dy)o/Dy. Therefore the
application of (5), (3) and (1) is not
considered reasonable. The reason why
Vaughan’s qualitative application of the
equation (1) for the polymerization of
styrene gave apparently valid results may
be his rather arbitrary selection of the
values of the diffusion constants and the
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use of an assumed relation 1/Docy.

From the above discussion, it seems
that the application of (7) and (6) is more
reasonable than (5) and (1) for the pro-
pagation and termination process of poly-
merization, in which the reacting mole-
cules are far larger than the solvent
molecules. But to prove this conclusion
absolutely, it is necessary to measure the
bulk viscosity at high conversion and the
diffusion constants of monomer and
radicals, though they are not measurable
in this study.

Summary

The author measured the ratio of the
propagation constant to the termination
constant % [k and the bulk viscosity 7 of
the reaction system for the polymerization
of methyl methacrylate and vinyl acetate
by using the thermistor method and a
special reaction vessel, which could be
used as a viscosimeter, then compared
the results of these measurements with
the values %k, and %k of vinyl acetate
presented in the previous paper?, and thus
obtained the general formula for the rela-
tion between the bulk viscosity and %, or
k. The obtained results are summarized
as follows;

1) Throughout the total procss for the
polymerization of vinyl acetate the rela-
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tion between the termination constant k
and 7 is expressed as follows,

(B1) o/ ke=0.7640.24[ (/70) *-2°+107%(n/ 95) *-5°]

In case of methyl methacrylate, the
following formula is recommended which
holds up to 229 conversion.

(R1)of/ k. =0.8340.17 (n/n,) *-2*

Where (k), and 7 are the values of k
and » at conversion 0.

2) The propagation constant %, and 7
in the polymerization of vinyl acetate are
expressed as follows.

(kp) u){k =1 +0-65 X 10_6(7)]‘ ’?o)

3) These results can be explained by
the assumption that k2 and %, are propor-
tional to the diffusion constants of reacting
molecules. TUsing the theory of Rabi-
nowitch-Vaughan, we find some difficulties
to explain our experimental results.
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