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CATALYTIC CHAIN-TRANSFER IN POLYMERIZATION OF
METHYL METHACRYLATE. |. CHAIN-LENGTH DEPENDENCE
OF CHAIN-TRANSFER COEFFICIENT

R. AMIN SANAYEI and K. F. O'DRISCOLL*

Department of Chemical Engineering
University of Waterloo
Waterloo, Ontario, Canada

ABSTRACT

Free-radical polymerization of methyl methacrylate has been conducted
in the presence of a new catalytic chain-transfer agent at different tem-
peratures. The new catalyst exhibits a strong chain transfer character-
istic, and the chain-transfer coefficient varies from 2.8 X 10* t0 6.6 X
10* and depends on chain length and temperature. The chain-transfer
coefficients decrease with increasing chain length but reach a limiting
value for chains more than 8 units in length. The activation energy for
the chain transfer coefficient is -10.1 kJ/mol for this catalyst.

INTRODUCTION

In recent years interest in making oligomers has been rising rapidly. Al-
though much work has been devoted to the production of oligomers via free
radical polymerization, very little kinetic information has been reported.
Cobalt(II) complexes are extremely efficient catalytic chain transfer agents
(CCTA) in free-radical polymerizations [1-3]. The new Co(Il) catalyst which
is the subject of this study is somewhat similar to reported Co(II) chelates
[4]. The catalytic behavior of chain-transfer agents is simplified in the follow-
ing sequence of reactions:
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k
Propagation: R,° +M —% R, ¢
. ° ktr o
Chain transfer: R,°+8§ —Q, + SH°, )
s aga g o kri o
Reinitiation: SH" +M ——= R;° +8S. 3)

CCTA acts as an intermediate reagent (S) to transfer the radical in the form
of a hydrogen atom (H°) from the propagating radical (R,,°) to the monomer
(M) to reinitiate a new chain (R;°). In the free-radical polymerization of
methyl methacrylate (MMA), where initiation of chains is dominated by
catalytic reinitiation reactions, the product polymer (Q,,) will have an w-
unsaturated structure (Fig. 1); note that Q, is identical to the monomer.

In contrast to poly(methyl methacrylate), which shows a weak UV absorp-
tion, the w-unsaturated oligo(methyl methacrylate) exhibits a strong UV ab-
sorption due to the conjugated terminal double bond.

EXPERIMENTAL

Cobaloxime boron fluoride (COBF) was made by a modification of the
procedure of Bakac and Espenson [5]. The synthesis is illustrated by the
following reaction sequence :

Co(CH3C00), +4H, 0 + 2dmgH, —= Co(dmgH), -2H,0

+ 2HCH; COO + 2H,0
Co(dmgH)2 '2H2O + 2BF3 °Et20——> Co(dmgBF2)2 '2H2O
+ 2HF + 2H,0
QCH3
| /CHZ
H——CHo— C—) CHp— g
| n-t
c “,
0]
0 CHs
CHy

FIG. 1. Structure of oligomer of methyl methacrylate.
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FIG. 2. Structure of cobaloxime boron fluoride.

A 250-mL round-bottomed flask, equipped with a magnetic stirring bar
and condenser, is filled with 100 mL dry methanol. Dimethylglyoxime (1.9 g)
(dmgH, ) is dissolved in the methanol and 2.0 g Co(1l)acetate is added to the
solution. The flask is closed and the solution stirred for 1.5 h. The orange-
brown crystalline product is collected on a Buchner funnel and dried under a
vacuum at room temperature. To the suspension of Co(dmgH), +2H, 0 in
100 mL Et, O in the round-bottomed flask, 10 mL of BF;-Et, 0 isadded and
is stirred for 20 h.

The resulting crystalline brownish powder is filtered, the solid is washed
with ice-cold deionized water, and then recrystallized twice from 75 mL
methanol. The final product is dried under a vacuum at room temperature.
The COBF ligand structure is displayed in Fig. 2.

MMA was washed three times with 10% aqueous sodium hydroxide and
three times with water to remove the inhibitor; it was stored at -10°C after
drying over calcium chloride. It was freshly distilled under reduced pressure
before use. AIBN was recrystallized twice from absolute methanol below
40°C.

Polymerizations were carried out in bulk monomer using AIBN as initiator
and COBF (0.1 to 20 ppm) as CCTA at 60, 70, 80, and 90°C. All polymeriza-
tions were performed in sealed glass ampules after degassing the colutions by
three successive freeze-pump-thaw cycles. After 4 half.lives of the initiator,
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the polymer was isolated by evaporation of the residual monomer under
aspirator vacuum at 40°C.

Molecular weight distributions (MWD) were measured with a Waters 590-C
GPC, equipped with a DRI detector and a UV detector with a 245-nm cut-off
filter. Data acquisition was accomplished with an Apple-Il microcomputer.
Stabilized THF was used as the eluent through a set of PLgel columns (Poly-
mer Laboratories, Shropshire, U.K.) with pore sizes of 10*, 10®, and 10 A.
In this arrangement the elution times for monomer, dimer, trimer, tetramer,
pentamer, and hexamer are distinct. Therefore, MWD’s are precisely measure-
able for very low molecular weight polymers.

The NMR spectra were taken with a high-precision 250-MHz FT-NMR
spectrometer at 130°C with o-dichlorobenzene-d, as solvent (= 10% w/v solu-
tion) and 0.1% w/v tetramethylsilane as internal reference.

RESULTS

The GPC is equipped with UV and DRI detectors. The DRI detects the
MWD based on weight fraction of the oligomers, and the UV detects the MWD
based on mole fraction (concentration) of the products. However, the result
from either detector is convertible to that from the other (Table 1). A typical
GPC trace is shown in Fig. 3, and results from both detectors are tabulated in
Table 1. In Fig. 3, it should be noted that the right-hand peaks are due to low
molecular weight impurities, perhaps CCTA fragments,

The ! H-NMR shifts of oligomers appear as shown in Fig. 4 at §6.12 and
5.40 (olefinic CH, ), 3.55-3.63 (ester methyl —OCH3), 2.54-2.64 (allylic
—CH,), 2.00-2.16 (§ methylene CH,), and 1.1-1.35 (o methyl —CHj;).

Each oligomer has one unsaturated double bond at the end. Therefore,
M, from the NMR spectrum is two-thirds of the ratio of the area under the
ester methyl peak to the area under olefinic peaks. The resulting average
molecular weights are in good agreement with GPC results, as can be seen in
Table 1.

The average chain-transfer coefficients C; (= ker/kp) were estimated by
the Mayo equation for individual runs and tabulated on the assumption that
1/Py,° was negligible (P,° ~ 10*). The plot of the Mayo equation is shown
in Fig. 5.

1 1 — LSJ
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FIG. 3. GPC traces:
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FIG. 4. NMR spectrum of sample with 2.103 ppm COBF at 90°C.
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FIG. 5. Plot of 1/P, against [S]/[M] for different temperatures.
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OLIGOMER CHAIN-TRANSFER COEFFICIENT

When the oligomer products cannot reenter the growth step, the product
distribution is determined by the rate of chain transfer relative to chain growth.
In other words, the radical R,°, may either undergo chain transfer to catalyst
to yield Q, or react with M to give Ry+1 (Egs. 2 and 3). The mole fraction
of dimer in the product is given by [6]

rate of formation of dimer
F, = &)

" rate of formation of all oligomers

ker2[S][R2°]

= 5 5 (6)
ker2[S1[R2°] + kp2[M] [R27]
(S]
) CsZ[—ﬁ]
=1 (7
[S]
1+Cs2 —
M]

The mole fraction of Q, has the same relation to all higher oligomers as
the mole fraction of dimer to all higher oligomers. Therefore, a new fraction
distribution is calculated for each chain-transfer coefficient by successively
leaving out lower oligomer populations:

) [Qn] + i [Qi]

i=n+1

Fy'

Csn "[_S_]
M
[sI

1+ Csn—[—M—]

(9)

Figure 6 shows variation of Cj, with chain length; C;,, is the limiting value
for C5;, when n > 10. Cso, is estimated from Eq. (4) by linear regression on
the assumption that 1/P,° = 0 and n > 10.
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DISCUSSION

In free-radical polymerization, if the termination step is dominated by
chain transfer or by disproportionation, the polydispersity (M,,/M,,) for
the ideal case is 2, and when termination is purely by combination poly-
dispersity, it is 1.5. In the presence of CCTA, the polydispersity is ex-
pected to be two, but the results in Table 1 show the polydispersity of
the products (particularly for shorter polymers) is significantly less than
two. This deviation is the result of two effects:

1) The Schulz-Flory distribution [7] describes the polydispersity as

M,,
polydispersity = i =1+, (10)

n

where v is the probability of growth by addition of monomer to the growing
chain,

Ry

PE (1n
Ry + Ry + Ry
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and Ry, Ryy, and R, the rates of propagation, chain transfer, and termination,
respectively, and defined as

R, =k, [M] [R°] (12)
Ry, = k4 [S] [RO] (13)
R;=k:[R°] [R°]. (14)

In our case Rp + Ry >> Ry, thus,

1

M]

(15)

Therefore, increasing the CCTA concentration will decrease the polydispersity,
e.g., to a limiting value of 1.66 (when P, = 2).

2) In the chain-transfer step (Eq. 2), when n = 1, the polymer product is
identical to the monomer, as can be seen in Fig. 1. Thus, the fraction of
product with a chain length of one is excluded from MWD, Since the MWD
does not include the fraction of Q in the product, the polydispersity will be
less than two. An increase in the concentration of CCTA leads to an increase
in the production of Q;, which reduces the polydispersity.

Since the UV detector of the GPC shows the MWD based on mole fraction,
the individual mole fraction of each oligomer is proportional to the area under
the corresponding peak. Chain-transfer constants are calculated for dimer,
trimer, tetramer, pentamer, and hexamer by Eq. (8) and the GP chromato-
grams. The estimated chain-transfer coefficient for dimer is slightly lower
than that for the other oligomers, possibly because some dimer was lost in
the isolation of the products.

As shown in Fig. 6, the chain-transfer coefficients decrease with chain
length but reach a limiting value. Since the chain-transfer coefficient is the
ratio of the chain transfer rate constant to the propagation rate constant, the
factors which affect either rate constant may change its value, and it is not
presently possible to explain the observed chain length dependence.

If the rate constants for chain transfer and growth were written in terms
of Arrhenius parameters, the limiting chain-transfer coefficient may be ex-
pressed as a function of temperature:
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ky A Ey -E
Cs=~tr =2 exp -(———" 2 , (16)
kp Ap RT

where Ay, and 4p are frequency factors, and Ey, and £ are activation ener-
gies for chain transfer and chain growth, respectively. Through a nonlinear re-
gression, Asy/Ap, and (Ey, - Ep) were estimated as 1.054 X 10* and -10.10
kJ/mol, respectively. Although the Arrhenijus plot (Fig. 7) of the limiting
values for the chain-transfer coefficients shows some scatter, it may be repre-
sented by

~(10.10 + 1.08)j|, an

C:=(1.054+03)X 10® X ¢ -
s = ( ) XP[ RT

where RT is in kJ/mol. For MMA, the temperature dependence of the propa-
gation rate constant can be represented [8] by

s (18.21)
kp =4.92 X 10° X exp | - : (18)

RT

Therefore, the catalytic transfer rate constant is given by

CS/10000
\

2xI0P | ! | [ ! |
268 274 28B0 286 292 298 304 3l10

1/ TEMP. x 1000

FIG. 7. Arrhenius plot for chain-transfer coefficients.
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(19)

. (8.11 + 1.08)
Kur,s = (5.188 £0.2) X 10° X exp | - ————— |.

At 60°C, for example, kyy ¢ = 2.77 X 107, which may be compared with
the termination rate constant, k;, for MMA, which at 60°C is 3.4 X 107 [8]
and is known to be diffusion controlled. Perhaps the chain-transfer process
is also diffusion controlled for COBF.
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