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sSummary

Radical polymerizations of methyl methacrylate (MMA) and styrene (St) in
benzene up to high conversions were carried out in the presence of 2.5
and 2.0 mol% of methyl 2-bromomethylacrylate (MBMA) relative to the mono-
mers, respectively. Number average molecular weight (M) of poly(MMA)
was reduced by chain transfer with MBMA to ca. 3000, and polydispersity
(_/“’M/_/V"\) remained at 1.55-1.71 throughout the polymerization. M and
Ma/ My of poly(MMA) obtained in the absence of MBMA were ca. 200000 and
1.74-2.16, respectively, depending on conversion. The 2-carbomethoxyallyl
group formed by fragmentation of MBMA radical was quantitatively intro—
duced at the w-end of the polymer. Chain transfer which is much less
affected by an increase in viscosity of the polymerization system than
bimolecular termination of the polymer radical primarily limited M of the
poly (MMA). While M of poly(St) was lowered by MBMA, increases in M
and M./M» with conversion were observed. Although the carbomethoxyal-
lyl end-group was almost inactive toward poly(MMA) radical, addition of
poly(St) radical to the allyl end group occurred to enhance M and
M/ M.

Introduction

Radical polymerization is a typical chain reaction consisting of elementary
reactions. ESR studies of radical polymerizations of methyl methacrylate
(MMA) [1-3] and styrene (St) in bulk [4] have revealed that the absolute
values of the rate constants for the elementary reactions except for propa-
gation rate constant (k) of St change with conversion to different ex—
tents. Proceeding of bulk polymerization of MMA resulted in considerable
changes in termination rate constant (4) from the initial stage of the

polymerization and Ap at ca. 80% conversion or above [1-3]. Molecular
weight and polydispersity (M«/M) of poly(MMA) increased significantly
with conversion [5,6]. Although the dependence of the individual rate

constants for the elementary reactions on conversion is considered to
affect the chain transfer constant (Gr) ([7], radical polymerization invoiv-
ing unimolecular reactions with respect to polymer radical such as chain
transfer and primary radical termination as the dominant chain stopping
events may bring about much less increases in M and My/My up to high
conversions.

Recently, some 2-(substituted methyi)acrylic esters such as methy! 2-
alkylthiomethylacrylate and methyl 2-bromomethylacrylate (MBMA) as well as
a—(substituted methyl)styrenes and acrylonitriles have been drawn atten-—
tion as efficient chain transfer agents through the addition-fragmentation
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mechanism in radical polymerization [8-13]. wWe have shown that the
bromo and 2-carbomethoxyallyl end-groups are quantitatively introduced at
the a- and w-terminuses of poly(MMA) and poly(St) prepared by the
polymerizations in the presence of MBMA and that contribution of bimolecu—
lar termination as chain stopping process becomes extremely small [13].
As emphasized by Meijs ef al [8], chain transfer through the addition-
fragmentation mechanism allows to introduce functional groups at the a-
and w-terminuses, although hydrogen or halogen may be bound to the w-
end of polymer by chain transfer to mercaptan or polyhaiomethane.

To control the molecular weight and end groups simuitaneously with
the chain transfer over a wide conversion range, Gr should be close to
unity otherwise concentration ratio of monomer to chain transfer agent
would be changed with conversion [8]. The Gr’'s of MBMA for MMA, St,
and methyl acrylate (MA) polymerizations have been obtained as 0.93, 2.34,
and 2.93, respectively [13]. However, Meijs et al. [9] have reported 1.45
and 2.33 as the Gr's of ethyl 2-bromomethylacrylate in the polymerizations
of MMA and MA. These values were determined by the Mayo equation [14]
at low conversions, and an advantage of the bromomethylacrylate as the
chain transfer agent of which the Gr is close to unity has not been
exemplified over a wide conversion range.

Considering the efficient chain transfer to MBMA, we intended to ad-
just the molecular weight of the polymer throughout the polymerization of
MMA under the conditions where the chain transfer is of primary impor—
tance for chain stopping. For comparison, St polymerization in the pre—
sence of MBMA was examined. Because the addition of a propagating
radical to MBMA can be a chemical step-controlled reaction over a wide
conversion range as well as propagation, the contribution of a slower dif-
fusion—controlled termination may diminish further as the conversion in-—
creases. The molecular weight and the content of the end group of the
resultant polymer were measured at different conversions. To avoid a
considerable influence arising from the change in the physical state of the
polymerization mixtures on the rate constants, solution polymerizations of
MMA and St in the presence of MBMA were carried out.

Experimental

MMA, ethyl methacrylate (EMA), and St were commercially obtained and
were distilled under reduced pressure before use. 2,2’-Azobisisobutyroni-
trile (AIBN) was recrystallized from methanol. MBMA was synthesized by
bromination of methyl 2-hydroxymethylacrytate with tribromophosphine [15].
Dimethy! 4-methyl-1-pentene-2,4-dicarboxylate (MMAD) was synthesized by
a catalytic chain transfer of MMA as described in the literature [16] using
benzylbis(dimethylgtyoximato) (pyridine)cobalt(III) [17] instead of a porphi-
line complex of cobalt(III). MMAD was isolated from the reaction mixture
by passing a silica gel column using benzene as eluent and was distilled
under reduced pressure. Structure of MMAD was verified by H NMR
spectroscopy.

The polymerizations of MMA and St were run in the presence and
absence of MBMA in benzene at 60°C. For isolation of poly(MMA) and
poly(St), n—hexane and methanol were used as precipitants, respectively.
The polymerizations of EMA and St in the presence of MMAD were also
carried out similarly. Number- and weight-average molecular weights (M
and M.) was measured by a TOSOH high performance liguid chromatograph
equipped with columns for gel permeation chromatography (GPC). GPC
curves of instantaneously formed polymers in narrow conversion ranges
were obtained as differences between the curves for different conversions
[18]. H NMR spectra were taken by a JEOL GX 400 spectrometer, and
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deuterochloroform was used as a solvent.

Results and Discussion

MMA Polymerization

The polymerization of MMA in the absence and presence of a small amount
of MBMA proceeded at almost the same initial rate, and a considerable de-
crease in M was induced by coexistence of MBMA as shown in Table 1.
The first order Kinetic plot in Fig. 1 shows acceleration of the polymeriza-
tion by the gel effect in the absence of MBMA. The polymerization in the
presence of MBMA obeys the first order kinetics with respect to MMA up

Table 1.  The polymerization of MMA in the presence and absence of MBMA
up to high conversions in benzene at 60°C

[MBMA] = 0.125 mol/L2 In the absence of MBMA2
Time
(h) Convn. Mh M/ Mn B convn. Ma M/ M
(%) (GPC) (GPC) (%) (GPC) (GPC)

1 6.0 2900 1.58 41.2 - - -

2 11.9 2900 1.61 - 16.5 212000 1.74

4 23.0 3200 1.65 - 30.4 192000 1.78

6 34.8 2900 1.68 - 42.3 166000 1.98

8 42.8 3000 1.64 - 56.4 178000 1.89

9 49.8 3100 1.65 43.4 - - -
10 58.4 3100 1.71 - 711 190000 1.98
12 64.4 3200 1.67 - 91.8 224000 2.12
14 63.8 3200 1.69 - 100.0 205000 2.16
15 70.2 3200 1.71 43.2

a2 [MMA] = 5.0 mol/L and [AIBN] = 5.0 x 1073 mol/L. ® B of poly(MMA)
determined by M NMR spectroscopy.
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Fig. 1. First-order plot for the polymerization of MMA in the absence
(@) and presence of MBMA (Q) at 60°C: [MMA] = 5.0 mol/L, [MBMA] = 0.125
mol/L, and [AIBN] = 5.0 x 10® mol/L
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Fig. 2. GPC curves of poly(MMA) Fig. 3. GPC curves of poly(MMA)
formed by the polymerization in the formed in the conversion ranges
presence of MBMA in the conversion of 0-16.5 (A), 16.5-30.4 (B), 30.4-
ranges of 0-11.9 (A), 11.9-34.8 (B), 42.3 (C), 56.4-71.1 (D), and 71.1-
34.8-42.8 (C), 42.8-58.4 (D), and 100% (E)

58.4-70.2% (E)

to high conversions, and no gel effect was observed.

While the bulk polymerization of MMA is suppressed at ca. 80% con-
version by solidification of the polymerization mixture [1-3], the polymeri-
zation in benzene attained almost 100% conversion. Table 1 also shows M
of the polymers isolated at different conversions. During the polymeriza-
tion in the absence of MBMA, a slight decrease in M, induced by a de-
crease in monomer concentration at 30-70% conversions was followed by a
subsequent gradual increase in M. It is expedient to estimate contri-
bution of the gel effect on M from the GPC elution curves of the instan-
taneously formed polymers in narrow conversion ranges [18]. Figs. 2 and
3 show the GPC curves of the poly(MMA) obtained in various conversion
ranges as differences between the pairs of the GPC curves from which the
cumulative M could be obtained.

The rate determining step of the addition—fragmentation chain trans-
fer is considered to be the addition to MBMA, because no MBMA unit is in-
corporated in the polymers [13]. Polymerizations and copolymerizations of
methy!| 2-chloromethylacrytate [19] and methy! 2-phenoxymethylacrylate [20]
yielded the polymers and copolymers bearing the 2-carbomethoxyallyl end—
group, because the slower fragmentation of the poly(2-chloromethylacry-



267

late) and poly(2-phenoxymethylacrylate) radicais than that of the MBMA
radical competes with propagation. Although a decrease in k& with con—
version is anticipated for the polymerization of MMA in the absence of
MBMA, M primarily ‘determined by competition of propagation and the
addition to MBMA could not be affected by the change in Ak value.
Although M, and M,/ M of the polymer isolated at various conversions
remained constant for the polymer in the presence of MBMA as in Table 1,
the GPC elution curve in Fig. 2 demonstrate almost constant M irrespec~
tive of conversion except for the final stage of the polymerization. The
H NMR spectra of the poly(MMA) isolated at different conversions during
the polymerization in the presence of MBMA exhibited the resonances
characteristic to the olefinic protons of the substituted allyl end-group at
5.48, 5,50, and 6.20 ppm [21] as previously studied in detail [13], and
intensity ratios of these resonances confirmed quantitative introduction of
the bromo and carbomethoxyallyl end-groups.

To inspect the reactivity of MBMA as a chain transfer agent with Gr
close to unity, number average degree of polymerization (/) of poly(MMA)
was estimated according to the Mayo equation using numerical values of
ko, ki, the rate constant for decomposition of AIBN (kq), initiation efficien—
cy (f, and the rate constant for chain transfer (Atr).

_1 _ k[M-]2 + kr[M-][MBMA] _ (At R)0-5 . kr[MBMA]
A kp[M-1[M] ko[M] kp[M]
[MBMA]
= Gy -
Pro [M]

Substitution of k = 510 + 100 L/mols [1], A& = (4.2 + 0.4) x 107
t/mols [1], Gr = 0.93 [13], and R = 27kd[AIBN] = 4.56 x 108% mol/L-s [22]
at 60°C into the Mayo equation results in A = 42.0. Actually, A is de-
termined by solely the second term of the right hand side of this equa-
tion, since the first term, 5.43 x 104, is about 1/43 of the second term,
2.33 x 102, in magnitude. As Table 1 shows, M of the poly(MMA) pre-
pared in the presence of MBMA was 2900 at 6.0% conversion. The estimate
by the Mayo equation is apparently larger than the experimental value
determined by GPC. However, we have shown that the M, of the poly-
(MMA) in the range of 2000-3000 determined by GPC was less than those
measured by vapor pressure osmometry and estimated based on the amount
of the end-group [13]. Moreover, Fh determined by the NMR spectrosco-
py coincides with the estimate of the Mayo equation as discussed later on,
and the validity and the adequacy of the numerical values are approved.

Intensity ratios of total of the resonances of the methoxy and bromo-
methy! protons to the resonances of the olefinic protons permit to estimate
B given in Table 1, and A consistent with the estimate of the Mayo equ-
ation corroborates that only an extremely small portion of the terminus was
formed by bimolecular termination. Conformity with almost the same M of
poly(MMA) irrespective of conversion, the intensity ratio of the resonances
also remained constant. It is confirmed that formation of the poly(MMA)
with constant M throughout the polymerization in the presence of a small
amount of MBMA.

St Polymerization
Resuits of the St polymerization in the presence of MBMA are summarized
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Table 2. The polymerization of St in the presence of MBMA in benzene at
60°Ca

Polymeri- Conversion Polymer

zation —

time (h) (%) M, (GPC) Ma/ M {GPC)
20 12.0 2500 1.46
30 18.6 2500 2.03
40 28.9 3300 2.92

a  [St] = 3.48 mol/L, [MBMA] = 0.07 mol/L, and [AIBN] = 6.1 x 10° mol/L
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Fig. 4. Normalized GPC elution curves of the poly(St) isolated at 12.0 (A),
18.6 (B), and 28.9% conversions (C) at 60°C: [St] = 3.48 mol/L, [MBMA] =
0.07 mol/L, and [AIBN] = 6.1 x 103 mol/L

in Table 2. Although a decrease in St concentration brought about a de-
crease in M, of the Instantaneously formed polymer [18], cumulative M of
the whole polymeric product increased with conversion simultaneously with
M./ M.  The greater Gr of MBMA for St polymerization, 2.34 [13], may
result in the increase in instantaneous M, since a faster consumption of
MBMA than St leads to a decrease in [MBMA]/[St] ratio with conversion.
Fig. 4 exhibits the GPC elution curves of the poly(St) obtained at different
stages of the polymerization, which are normalized to conversion, and an
additional GPC peak appears in a higher molecular weight range at conver-—
sions higher than 12.0%.

We have obtained GPC curves of poly(St) prepared at different con-
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versions in bulk in relation to the changes in the absolute value of kp
with M of the polymer radical [18]. No significant change in M was ob-—
served below 30% conversion consistent with the constant & and At
Formation of the higher molecular weight poly(St) during the polymeriza—
tion in the presence of MBMA seems to be rendered by a decrease in
[MBMA]/[St] as the conversion increased, because of Gr greater than
unity, 2.34. However, solely the decrease in [MBMA1/[St] is not sufficient
to predict the considerabie changes in the GPC curve in Fig. 4.

According to the Mayo equation at Gr = 2.34 using the absolute val-
ues of the rate constants [18], My = 2200 is obtained under the conditions
of [St] = 3.48 mol/L and [MBMA] = 0.07 mol/L. [St] and [MBMA] are esti—
mated to be 2.44 and 0.021 mol/L at 30% conversion, and M of the instan-
taneously formed poly(St) may be 5200. Fig. 4 shows formation of the
poly(St) of which M is higher than 10000, indicating that further addition
of the polymer radical to the carbon-carbon double bond of the end-group.

Copolymerization of EMA and St with MMAD
Results of the copolymerizations of EMA and St (M2) with MMAD (M1) as a

model of the unsaturated end-group are shown in Table 3. Slow addition
of poly(MMA) radical to MMAD and a low reactivity of the resulting MMAD
radical have been reported by Tanaka et al. [23]. Since the almost inac-

tive nature of the radical from MMAD in MMA polymerization has been
shown by a high steady state concentration of the MMAD radical which
allowed detection by ESR spectroscopy [23], MMAD could be involved in
poly (MMA) to an extremely small extent.

Tanaka et al. [23] could not obtain poly(St) by the polymerization in
the presence of 10 mol% of MMAD relative to St. This finding may indi—
cate taking place of the copolymerization of St with MMAD, and a higher
reactivity of MMAD toward poly(St) radical than poly(MMA) radical is ex-—

pected. Table 3 also shows the results of the St polymerization in the
presence of smaller amounts of MMAD, 3 and 6 mol¥%; MMAD reduced the
conversion after the polymerization for 5 h and M, of poly(St). These

findings suggest that MMAD is involved in a reaction with poly(St) radical
conformity with the n = 0.000 and r» = 0.975 for the copolymerization of
St (Mz) with MMAD (My) [24]. Probably, a low reactivity of the MMAD
radical toward St leads to the decreases in the polymerization rate and M
of the polymer. Therefore, a further reaction of the allylic end-group
from MBMA bound to poly(St) chain could result in the increases in M

Table 3. The copolymerization of MMAD (Mi1) with EMA and St (Mz2) in
benzene at 60°Ca

Mz [M1] Time Conversion M M/ M
(mol/L) (h) (%) (GPC) (GPC)
None 5.30b 20.0 0e - -
EMA 0 3.5 35.8 131000 1.90
0.15 3.5 32.2 66000 2.19
0.30 3.5 29.4 45000 2.23
0.90 3.5 20.3 29000 1.87
St ¢} 5.0 11.6 40600 1.70
0.09 5.0 4.5 15400 1.68
0.18 5.0 3.3 115600 1.54

a [M2] = 3.0 mol/L and [AIBN] = 1.0 x 102 mol/L. b Bulk polymeri-
zation. ¢ No n-hexane inscluble product.
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and My/M of the poly(St) at conversions higher than 10%.
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