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ABSTRACT:

In the radical polymerization of methyl methacrylate at 20°C where transfer

predominates, termination rates were estimated over a wide range of conversion and discussed on
the basis of the entanglement and reptation theories. The critical chain length can be expressed by
n.occ”2 (c, volume fraction of polymer), where the rate of termination between radicals with chain
length shorter than n, is independent of chain length. This equation was confirmed using data
already reported. The final conversion is discussed experimentally and theoretically.
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Since the autoacceleration of polymeri-
zation rate was discovered by Tromsdorff,!
many workers have attempted theoretical ex-
planations for it. Because the rate is acceler-
ated more at higher rates of initiation, many
studies have been focused on polymerization
at such rates. However, at a high rate, the
molecular weight distribution of polymers is
very complex.?® This complexity should be
correlated to the fact that termination rate
depends on chain length.#®* To estimate this
dependency, there are two theories, the en-
tanglement® and reptation theories,’ the latter
being based on the assumption that a polymer
shows snake-like movement. Cardenas and
O’Driscoll® used the entanglement theory, but
did not consider the dependency of the termi-
nation rate on chain length. Ito® used the
reptation theory, and stated the possibility of
the dependence of the propagation rate con-
stant on conversion above 509,. Recently,
Ebihara et al.'° revealed that the specific rate
of propagation does not depend on conversion
below 80%. Other treatments!! ~13 have one or
both of these weak points, so that autoac-

celeration still cannot be correlated to the
basic physical theories.

In the present paper, the author has attem-
pted to gain a basic understanding of autoac-
celeration. Methyl methacrylate (MMA) was
polymerized when transfer predominated. The
respective molecular weight is quite simple,
and the data obtained should be easy to ex-
amine on basic physical grounds.

Theory

Some rate equations used previously>-®-14:15

for termination between polymer radicals with
n and s may be generallized as

ki ns=k(la+E) 0]
{,=n"* at n<n, 2)
La=nl"n"% at n>n, (3)
Mo =M€ " ’ : 4

An average termination rate is written as®4

k,=2kk )

761



K. Ito

E= 3 n (NN

093 n H[N,J/IN]) ©
:L"“n'“([Nn]/[N)]dn

+npe f " (N, T/INTdn )

The chain length distribution of polymer radi-
cals is expressed by eq8 when transfer
predominates.

[N,J/[N]=C,,exp (- C,n) ®)

When a=0,>!> as shown in Appendix, an
average k is given by

k~[1+1/(b—1)]C,n, ©)

When a=1/2,°'* one also obtains (see
Appendix),
k~[2+1/(b-1)]C,n1"? (10)

y was reported to be 1,6 1.25,'7 or 2.8 To find
the best value for y, eq 11 may be used in view
of eq 5, 9, and 10.

kyocke™®

(1

If k£ is evaluated using the free volume
theory,*>912:1% the following linear relation-
ship between (k,c’) and v; ™! is obtained:®

In (k%) = const — y*v* v, (12)
where?°
b= {[25+0.48(T— T,))[(1—c)
+[25-+T—T,,]c}/1000 (13)

EXPERIMENTAL

Commercial MMA was washed three times
with 5% sodium hydroxide solution and twice
with water. It was dried over anhydrous mag-
nesium sulfate and distilled. After pre-
polymerization in the absence of initiator, it
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was again distilled fractionally under reduced
pressure (bp=45.5—46.0°C/100 mmHg).
Commercial 2,2’-azobisisobutyronitrile
(AIBN) was recrystallized three times from
ethanol. Pure diisopropyl dicarbonate
(DIPDC) was supplied by Nippon Oils and
Fats Co., Ltd.

The initiator and monomer in an ampoule
(diameter=4mm) were degassed by a suc-
cessive freezing and melting procedure, and
the ampoule was sealed under a vacuum of
about 1073 mmHg. The bulk polymerization
was carried out by maintaining the ampoule at
20.0+0.02 °C for a given time. The contents in
the ampoule were diluted with tetrahydrofuran
containning 0.006%, of hydroquinone.
Methanol was poured into the solution very
slowly to precipitate the.polymers gradually.
This process for purification of the polymers
was repeated twice. The polymers purified
were isolated, dried, and weighed. The weight
average molecular weight was measured by the
light scattering method, using a Toyosoda LS
8 and HLC-802A and tetrahydrofuran as the
solvent.

RESULTS AND DISCUSSION

Polymerization below 70%, Conversions
Time—conversion curves are shown in
Figure 1. The curve obtained at [AIBN]=
0.308 mol dm~3 is very close to that at
[DIPDC]=0.0069 before the final stage. There
is no difference between the curves obtained at
[AIBN]=0.0256 and [DIPDC]=0.00086 be-
low 709 conversion (x<0.7). This indicates
that the difference in the decomposition pro-
cesses of AIBN?!+22 and DIPDC,22:23 as shown
in eq 14 and 15, scarcely reflects the time—
conversion curves prior to the final stage.

AIBN-2(CH;),CCN +N, (14
DIPDC-2(CH,),CHOCOO-
B-scission 2(CH,),CHO- +2C0, (15)

To estimate C,, for the monomer and k,/k? at
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time hrs
Figure 1. Time-conversion curves when [DIPDC]=
0.207 moldm™3 (Q), 0.0069 (@), 0.00086 (o) and
[AIBN]=0.308 (©), 0.0385 (D), 0.0256 (@).
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Figure 2. Relationship between j,, and R, in the pre-
sence of DIPDC (Q) and AIBN (@) when x<0.05.

the initial stage (x <0.05), a conventional re-
lationship between 1/, and R,/[M]* was ob-
tained, as shown in Figure 2. The C,, value was
found to be 1.0x 1073 from the intercept,
which is nearly equal to 1.28 x107° at 0°C
and 1.17x 1075 at 30°C.>* The k/k,* value
was found to be 432mol s/dm ™2 which is in
good agreement with 529 at 20 °C?® and 300—
322at22.5°C at R;=8.36 x 107°—2.83x 1078
mol dm ~3 s 71,33 The initiator efficiencies were
calculated to be f;pn=0.50 and fpppc=0.93,
using k_,/kp2 =432, R,=6.0x 10 "5[AIBN]*/2
and 2.8 x 10™* [DIPDC]!? mol dm~3 s~ ! at
x<0.05, and k;=1.78x 1078 s~! (AIBN)*®
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Figure 3. Relationship between R, and R; at each
conversion.

and 1.86x 1077 s~ (DIPDC).?? In some pa-
pers,®>27-28 it was stated that the initiator ef-
ficiency hardly depends on conversion prior to
the final stage. This independence is consistent
with the fact that the time—conversion curve is
independent of the differences between re-
actions (14) and (15) below 709, conversion.
When the termination rate depends on chain
length and polymers are produced by termi-
nation, the relationship between R, and [C]
deviates from the conventional equation,
R,oc[C]'2.4% This is evident in Figure 3 when
R;>3x10"° mol dm~3 s~ ! and has also been
reported before when R;=8.36x107°—
2.83x 107833  However, when polymers are
produced by transfer, there is no deviation
from the conventional equation, even if the
termination rate depends on chain length.*2°
This is also the case when R; <3 x 10~? (Figure
3). These findings were confirmed by the data
on the molecular weight. The instantaneous
weight average degree of polymerization can
be estimated from?*®
p,=d(xP,)/dx (16)
The relationship between xP, and x is shown
in Figure 4. When [DIPDC]=0.207 mol dm 3,
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Figure 4. Estimation of j,, at each conversion when
[DIPDC]=0.207 moldm 2 (e), 0.0069 (o), 0.00086 (@)
and [AIBN]=0.0256 (O).

Table I. Kinetic data of the polymerization
when [AIBN]=0.0127 moldm 2 and
[DIPDC]=0.00086 moldm ~3

M] 10°R, 104k, *
x c
moldm 3 moldm3s™! dm3mol~!s~!

0 9.40 0 1.09 3320
0.1 8.42 0.082 1.30 2010
0.15 8.30 0.123 2.04 743
0.2 7.90 0.166 3.06 298
0.25 7.49 0.210 3.93 161
0.3 7.07 0.255 4.99 90.2
0.35 6.64 0.302 6.16 52.3
04 6.20 0.346 7.21 33.2
0.45 5.75 0.394 9.59 16.0
0.5 5.28 0.443 11.7 7.42
0.55 4.81 0.493 18.3 3.11
0.6 4.33 0.544 27.6 1.11

* Calculated by setting up k,=277.2

P, is 4030 at x<0.05 and increases with in-
creasing conversion, the polymerization rate
deviating from R,oc[C]'2. When [DIPDC]=
0.0069, p,, increases from 13200 (x<0.05) to
108000 at x~0.3, the rate slightly deviating
from R,~[C]'? (Figure 3). When [DIPDC]=
0.00086 and [AIBN]=0.0256, p,, starts from
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Figure 5. Examination of the linearity of the relation-
ship between In (c’%,) and v, ™'

32000, reaches 108000 at x~0.15, and remains
at 108000. No deviation was observed in this
case. It is concluded that eq 12 is applicable to
the kinetic data obtained when [DIPDC]=
0.00086 and [AIBN]=0.0256. Free volume is
calculated by setting 7,,=114°C and T,,=
—106°C.2° Equation 12 was applied to the
data shown in Table I (Figure 5). From the
linearity over a wide range of conversion, § =
1.25 and 2fit the data, and 6 =2 is somewhat
better. If a=0, § is equal to y. Thus y=2. This
corresponds to the previous result,?’” obtained
from the efféct of the surrounding polymers of
a polymer radical on the termination rate.
Thus, n,occ™? is used hereinafter, where
y*v*=0.37 is estimated from the slope. Here, if
a=1/2, y=2 cannot be obtained from =2, as
evident from eq 4 and 10. Accordingly, a=0
should be better with y as 2. This means that
the termination rate between polymers with
n<ng hardly depends on the chain length. The

diffusion-controlled rate is given by®3%3!
k, =4nDR a7n

1/2

t,ns

This shows that equations such as Docn™
(Stokes’ law) and Rocn'”? (random flight)3?
may be applicable; i.e., the rate becomes inde-
pendent of chain length. The data®? are exam-
ined by setting ., =300.%27 The values of 2k

Polymer J., Vol. 16, No. 10, 1984
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Table II. Analysis of kinetic data
at 22.5°C*
2k/10*
x 10°R/R, 7, k _
dm*mol ~!s™!
0.1* 19.7 45731 1* 2730*
1** 2730%*
0.2 8.67 11019 0.889* 817*
0.898%* 808**
0.3 3.30 4650 0.315* 451*
0.331%* 429**
0.4 2.11 2506 0.1327* 673*
0.1412** 633**
0.5 1.964 1536 0.0805* 501*
0.0860** 469**
0.6 2.64 1017 0.0617* 80.7*
0.0660** 75.4%*
0.7 3.53 712 0.0596* 9.47*
0.0638** 8.84**
0.1° 12.6 45731 1* 3600*
0.2 4.75 11019 0.738* 677*
0.3 1.667 4650 0.207* 426*
0.1¢ 10.5 45731 1* 2640*
0.2 3.52 11019 0.632* 664*
0.3 1.26 4650 0.1757* 356*
0.4 0.849 2506 0.0805* 604*
0.5 0.900 1536 0.0508* 313*
0.6 1.21 1017 0.0182* 149*
0.7 2.24 712 0.0442* 17.8*
* R,=2.83x10"8moldm3s™".
® 1.20x 1078,
¢ 8.36x107°.

* b=34, **b=209.

and £ are calculated by a modification of the
previous method® for a~0 and »=2.9 or 3.4
and the results are shown in Table II. A line
with a slope of y*v*=0.37 is shown in Figure
6. This line is apparently consistent with the
data in Table II. However, the difference be-
tween b=2.9 and 3.4 is not pronounced, so
that DR~const when n<n, cannot be de-
termined from the data in Table II. Boots
stated that the change in b slightly reflects the
calculated values when (b—a)>1.1* This is
also important to the present discussion.

Final Conversion
The final conversion and molecular weight
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Figure 6. Relationship between 2k and v; in the poly-
merization 22.5°C.3

Table IIl. Final conversions
[C] Time
Initiator X 107M,
% h
AIBN 5.06 47—190 0.83+0.01 6.4+0.3
AIBN 2.53 95—190 0.82+0.01
AIBN 1.26 95—167 0.80+0.01
AIBN 0.63 95—190 0.80+0.01 7.3+0.5
AIBN 0.42 95—166 0.80+0.005 9.0+0.5
DIPDC 5.74 30— 96 0.87+0.03 53+0.2
DIPDC  0.191 48—240 0.80+0.01 89+0.5
DIPDC  0.024 96—240 0.80+0.01 8.6+0.5

are shown in Table III. When [C]>1Y9,, the
final conversion increased with an increase in
[C]. This resembles the increase in the final
conversion with increasing solvent fraction.3*
Perhaps, the initiators mainly serve as sol-
vents. When [C] < 1%, the final conversion was
0.80+0.01. This is in good agreement with x =
0.786 calculated from?°

T—Tym
T— Tt 0.48(T—T, )

¢p,gt= (18)
Ebihara et al.'° discussed the magnitude of the
propagation rate constant using33:3¢

kp:kckl/(k—l+kc) (19)

On evaluating %, as a diffusion-controlled
quenching rate constant, it was found to be
1.6 x10° dm® mol™! s™! at x=0, decrease
slowly with polymerization, and reach
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6.6 x 107 at x=0.89 at 20°C. These values are
so large that the propagation cannot shift to a
diffusion-controlled reaction, because k,
(=k.k,/k_)=130—750 dm3 mol~! s~! at
20°C.*® Further, the relationship between the
quenching rate constant and conversion does
not follow the free volume theory expressed by
eq 13. That is, in view of eq19, when k_,/
k.>107, the propagation rate may become
diffusion-controlled. But, in the light of the
data by Ebihara et al., k_,/k;>107 is im-
possible since k,=130—750. Essentially, the
concept of “a translational diffusion-
controlled reaction” must be defined for a
reaction when a few or more inert molecules
exist between two reactants. That is, if a
reactant is situated besides other, no trans-
lational displacement is necessary to occur a
reaction between them. In radical polymeri-
zation, about ten small molecules (solvents,
monomers, and monomer units) surround a
radical position on the polymer chain. Thus,
when x <0.9, there should exist a few or more
monomers in the vicinity of the radical po-
sition. Consequently, the concept of ‘“‘the
translational diffusion-controlled reaction” is
unnecessary for understanding the actual pro-
pagation rate when x <0.9. It is concluded that
k, is independent of conversion below that of
899 and the final conversions in Table III do
not occur when k,—0. Essentially, the final
conversion is defined as that when

—d[M]/dt=R,—0.
Here, in
R, {=Q2fky/k)*k,[CI'"*[M]} -0,

[C], [M], k,, and k, are not zero and &, de-
creases with increasing x. Thus, inevitably,
the final conversion becomes equal to that
when f—0. The final conversions in Table III
must be explained from the difference be-
tween eq 14 and 15. When a two bond initi-
ator such as AIBN is used, its efficiency is
given as f=Dg/(A+ Dg).***°~*3 Equations in
terms of efficiency for one bond initiators®*4
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such as DIPDC are more complex,®*5~47

since there are two step reactions in A-cage
and B-cage and pf-scission between them.
Pryor and Smith®® stated that a rate constant
for B-scission in the decomposition of a hy-
pothetical initiator as a peroxy compound is
estimated to be k;=3x10'® s™'. This value
corresponds to k ;~10' s~! by Ito’s theory.®
When k ;> 10" Dg (~10'° at x—0), the ini-
tiator efficiency for a two bond initiator be-
comes equal to that for a one bond initiator.3°
If the value k;~10" is acceptable at low
conversions in the decomposition of DIPDC,
the inequality & ;> 10" Dg becomes complete
at high conversions because of the decrease in
Dg. Therefore, the equation f=~Dg/(A4+ Dg)
may be also used in the polymerization ini-
tiated by DIPDC. From the experiments,
Jaen=0.50 and fLppc=0.93 at low conver-
sions, and therefore A4 is comparable to Dsq.
This means that a large decrease in Dg by 1077
is unnecessary, in order to consider the de-
crease in f at high conversions. From the time-
conversion curves when x> 0.7 (Figure 1), it is
estimated that the polymerization rate at
[DIPDC]=0.00086 mol dm~3 is higher than
that at [AIBN]=0.0256. This should be under-
stood by foppc>famn in equation Rjocf??
where Apppc/Aamny=0.06. It was formerly
stated, as the main reason for the higher final
conversion at higher [C], that the initiators
serve as solvents. However, this reason may be
insufficient to explain the result that, in spite
of [DIPDC]~[AIBN)], the final conversion in
the polymerization initiated by DIPDC was
higher than that by AIBN. Perhaps, this result
can be explained by the possibility that the
conversion at fpppc—0 is higher than that at
Sfasn—0. The final conversion calculated by
eq 18 should be real, regardless of the above
discussion, since the size of a primary radical
hardly differs from that of the monomer and
the diffusing behavior of the former resem-
bles that of the latter, according to the Stokes’
law. In a glassy state of polymers, there are
various reactions*® whose rates may be com-

Polymer J., Vol. 16, No. 10, 1984
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parable to the propagation rate related to the
propagation displacements in the final stage
of polymerization.®?” Thus, to discuss the
final conversion in more detail, such reac-
tion rates must be analyzed.

APPENDIX

The first term of eq 7 is calculated as,

J\ ) Clr exp ( - Ctrn)dn = 1 - exp ( - Ctrn)
0

~C,n, when C,n <1 (A1)
f C.n~ Y2exp(—C, n)dn
0
= 2Ct1r/2J exp (—u?)du
0
=2Ctrncl/2(1 - Ctrnc/3 + )
~2C,n"*  when C,n,<3 (A2)

Calculation of the second term of eq7 is as
follows. When b=2,7%14

0
nec

n~2exp(—C,n)dn

©
— 2., 3/2
—Ctr ne J‘

Zc

= Ctrncalz[]‘/zc + In (Zc)

J‘w
Zc

To evaluate the third term of eq A3, an
inequality A4 is considered.

Jm In(z))exp(—z)dz <f

Zc

z 2exp(—2z)dz

In(z)exp(— z)dz:I (A3)

[eo]

In(z)exp(—z)dz

< fw zexp(—z)dz (A4)

When z_ <1, this is calculated as
In(z) < j

Polymer J., Vol. 16, No. 10, 1984

In(z)exp(—z)dz<z,+1 (A5)

In view of inequalities A5 and
1/z,>|In(z)|>1+2z,, only the first terms of
eq A3 is important, so that

J‘ n~2exp(—C,ndn>~n'"? (A6)
When b=1.5, 2.9, or 3.4,4615
© J 7 i=b
z bexp(—2)dz= ) —7F——
J;c p(=2) i;1 (b—=1)--(b—i)
J zi"Pexp(—2z)dz
+ Zc (A7)

(b—1)---(b-))
where, at 0<j—b <1,

@ 1
f zf_bexp(—z)dz<f exp(—z)dz

c Zc

+J zexp(—z)dz
1

Accordingly, when z, <1, eqA7 is reduced to
be,

jwz'bexp(—z)dzzzcl‘b/(b—1) (A8)

NOMENCLUTURE

Ia =average termination rate constant

Ky s =rate constant of termination be-
tween polymer radicals with chain
lengths »n and s

k =rate constant between segment
radicals

a, b,y =constants for evaluating k,

0 =7 when a=0 and y/2 when a=1/2

k, =propagation rate constant

ke, ki, k_,=constants for evaluating k,
kq =decomposition rate constant

kg, kg =rate constant of f-scission
=initiator efficiency
A =constant for evaluating f
n, =critical chain length
ng, =n, in an undiluted polymer
solution
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[N,] =concentration of polymer radical
with n
[N] =total concentration of polymer
radical
[C] =initiator concentration
R =initiation rate (=27k4[C])
R, = polymerization rate (=k,[M][N])
C, =transfer constant
D =instantaneous weight-average de-
gree of polymerization
P, =integrated weight-average degree
of polymerization
x =conversion
¢ =volume fraction of polymer
P et =c at which the system!®-2° (poly-
merization  solution) changes
from a viscous liquid to a glassy
state
g =free volume
p* =overlap factor
v* =critical free volume sufficient to
permit a segment to jump into the
place from which another seg-
ment has been displaced
T,, =glass-transition temperature of
the polymer
Ty =glass-transition temperature of
the monomer
R =reaction radius
D =diffusion constant of the polymer
D, =diffusion constant of a small
radical
= (Ctrn)l/z[uc = (Ctrnc)l/z]
=Cyn (z.=Cyn.)
Acknowledgment. The author wishes to

thank Nippon Oils and Fat Co., Ltd. for
supplying the DIPDC.
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