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ABSTRACT: In this work the effects of conversion on the
apparent catalyst activity in the catalytic chain transfer po-
lymerization of methyl methacrylate are reported. Several
mechanisms are discussed that may explain the experimen-
tal observations. The discussion is supported with computer
simulations using Predici software. It is shown that the
experimental decrease in weight average molecular weight
with conversion is smaller than the decrease obtained in
simulations. The most likely cause for this discrepancy is
slow catalyst deactivation. The half-life of CoBF under the
reported conditions was determined to be about 10 h. Fur-

thermore, the effect of acetic acid (HAc) and benzoyl perox-
ide (BPO) on the evolution of the molecular weight distri-
bution is investigated. Both HAc and BPO enhance catalyst
deactivation. For HAc, catalyst deactivation scales with the
square root of its concentration. BPO- enhanced deactivation
depends linearly on its concentration. © 2003 Wiley Periodicals,
Inc. J Appl Polym Sci 91: 1375–1388, 2004

Key words: radical polymerization; macromonomers; cata-
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INTRODUCTION

In the past two decades catalytic chain transfer (CCT)
has emerged as a useful, industrial applicable tech-
nique to prepare low molecular weight macromono-
mers.1–3 The catalyst is usually a low-spin Co(II) spe-
cies able to catalyze the chain transfer to monomer
reaction in the free-radical homopolymerization4–6 of
methacrylates, �-methylstyrene, and styrenes, and in
the copolymerization with other monomers like acry-
lates.7 Cobaloxime boron fluoride (CoBF), presented
in Figure 1, is a typical example of a highly active CCT
catalyst that is frequently used in academic studies.
The generally accepted mechanism for CCT consists of
two consecutive reactions as shown for methyl
methacrylate (MMA) in Figure 2. In the first step the
Co(II) species abstracts hydrogen from the growing
polymer chain resulting in the formation of a cobalt
hydride and a macromonomer. In the second step the
cobalt hydride reacts with monomer to reinitiate a
new growing chain, thereby regenerating the initial
Co(II) species. The Mayo equation can be used to
determine the chain transfer constant (CT) for this
process:
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Pn
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Pn0
� CT

�Co�II��
�M�

(1)

in which Pn is the number average degree of polymer-
ization, Pn0 is the number average degree of polymer-
ization without transfer agent present, [Co(II)] and
[M] are the concentrations of cobalt- species and
monomer, respectively. CT is the ratio of ktr and kp,
which are the rate coefficients of transfer and propa-
gation, respectively. In four reviews many aspects of
CCT have been discussed.8–11

Most kinetic studies on catalytic chain transfer po-
lymerization are focused on low-conversion polymer-
izations. For practical applications, on the other hand,
it is very important and interesting to study these
polymerizations up to high conversions. From litera-
ture, some studies aiming at the production of larger
amounts of macromers are known. Suddaby et al.12

described a continuous process for the production of
macromers in a tubular reactor. A similar setup was
applied by Grady.13 However, steady state conversion
only reached 14% and mean residence times were
below 25 min. So, although continuous operation can
be a good alternative, it does not resemble high-con-
version batch reactions and cannot be used as a point
of reference. Some other studies were mainly focused
on the production of dimer at high catalyst concentra-
tions and subsequent copolymerization with other
monomers.14,15 Most kinetic studies were carried out
in the group of Davis and Heuts.16–22 For nearly all
studies molecular weight distributions did not or
hardly change with conversion, whereas a decrease,
which would be expected according to the Mayo equa-
tion (1), was only observed experimentally by Kowol-
lik et al.20 Several explanations have been suggested
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like catalyst deactivation and catalyst–solvent interac-
tions that change with conversion and compensate for
a decrease in monomer concentration. In this article
various mechanisms will be discussed and related to
new experiments as well as Predici simulations in
order to find an explanation for the discrepancy be-
tween the predictions according to the Mayo equation
and most experimental results. Furthermore, it will be
investigated whether added contaminants like acetic
acid and benzoyl peroxide affect the evolution of the
molecular weight distribution in high-conversion po-
lymerizations.

All investigations in this work are based on obser-
vations of the polymerization kinetics combined with
Predici computer simulations. An alternative or com-
plementary approach could be to directly monitor the
Co(II) concentration. Although some reports are
known in which the concentration of cobalt catalyst
was followed by electron spin resonance (ESR) mea-
surements,17 it is very difficult to measure Co(II) con-
centration in a polymerizing system by ESR or any
other technique, due to the very small amounts of
cobalt complex present. Therefore, it was chosen to
focus on polymerization kinetics in the investigation
of CCT polymerizations up to high conversion.

EXPERIMENTAL

Materials

Methyl methacrylate (MMA, Merck, 99%) (The Neth-
erlands) was distilled under vacuum, and stored at
�10°C. Prior to use, MMA was passed over a column,
containing inhibitor remover and basic alumina. Tol-
uene (Biosolve, AR) (The Netherlands) was purified
using a Grubbs solvent setup,23 purged with argon for

at least 3 h, and stored over molsieves in a glovebox.
Azobis(methylisobutyrate) (AIBMe, Wako Chemicals,
Germany) was recrystallized once from methanol and
stored in a glovebox. Benzoyl peroxide (Aldrich, 97%)
(The Netherlands) and acetic acid (Merck, 99%) were
used as received.

CoBF [bis(aqua)bis((difluoroboryl)dimethylglyoxi-
mato)cobalt(II)] was prepared according to a proce-
dure of Bakac and Espenson.24 One batch was used
throughout all experiments. It was analyzed using
ultraviolet-visible (UV-Vis) spectroscopy and elemen-
tal analysis (experimental: C: 22.9%, H: 3.79%, N:
13.2%; calculated for C8H12N4O4B2F4Co � (H2O)2: C:
22.8%, H: 3.83%, N: 13.3%).

General polymerization procedure

Monomer and solvent were purged with argon for at
least 3 h prior to transfer into a glovebox. All reaction
mixtures were prepared inside a glovebox. Stock so-
lutions of CoBF in monomer or solvent were prepared
and stored for a longer period of time. AIBMe solu-
tions in monomer were prepared immediately prior to
the experiment. Reaction mixtures were made of the
CoBF solution, monomer, toluene, and an AIBMe so-
lution to a total volume of about 50 mL in a three-
necked round-bottom flask. Polymerizations were car-
ried out in a sand bath at a constant temperature of
60°C (�1.5°C). A thermocouple was immersed into
the reaction mixture for optimal control. The mixtures
were stirred with a magnetic stirrer. Polymerizations
were carried out inside a glovebox to prevent oxygen
from entering the reaction mixture during sampling.
Samples were withdrawn by syringe to monitor con-
version and molecular weight distribution. Reactions
were stopped by addition of hydroquinone and cool-
ing. Monomer was evaporated at room temperature
and the polymer dried under vacuum at 60°C. Con-
version was determined gravimetrically. An overview
of experimental conditions for all eight experiments is
presented in Table I.

Analyses

Size exclusion chromatography (SEC) was carried out
using tetrahydrofuran (THF) as an eluent at a flow
rate of 1 mL�min�1. Two Polymer Laboratories PLgel

Figure 1 Structure of CoBF.

Figure 2 Mechanism of catalytic chain transfer steps in the
polymerization of MMA.
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5 �m Mixed-C columns (300 � 7.5 mm) and PLgel 5
�m guard column (50 � 7.5 mm) were used and
calibrated with Polymer Laboratories narrow MWD
polystyrene standards. The Mark–Houwink parame-
ters used in universal calibration are: KMMA � 9.44
� 10�5dL� g�1, aMMA � 0.719, KS � 1.14 � 10�4 dL�
g�1, aS � 0.716.25

Computer simulations

Polymerization kinetics were modeled using the
Predici software package, version 5.21.2. This software
is especially designed to model polymerizations. The
simulations were run on a 233 MHz Intel Pentium
computer equipped with 32 MB of RAM and a Win-
dows 98 operating system. Standard simulation set-
tings are chosen and the relative integrator accuracy is
set to 0.01. Unless otherwise stated simulations are run
in moments mode. The standard set of reactions taken
into account in the simulations is shown in Figure 3.
The corresponding rate coefficients are either taken
from literature26–28,35 or estimated and presented in
Table II.

RESULTS AND DISCUSSION

High-conversion CCT polymerizations in bulk and
solution

As mentioned in the introduction in most papers pub-
lished so far about CCT most polymerizations are run
up to conversions less than about 5%. At higher con-
versions and longer reaction times, other factors come
into play. Depending on solvent concentration and
polymer molecular weight, viscosity increases with
conversion. Although the occurrence of diffusion con-
trol at low conversions is still debated, it may very
well be present at high conversion. Furthermore, as
the reactions are carried out over a longer time span,
the effects of catalyst deactivation, if present, are more
likely to be observable. Another aspect that has to be
taken into consideration is that the resulting macro-
mers can, in principle, take part in subsequent reaction

steps. In order to get a general idea about the effects of
conversion, first two typical high conversion polymer-
izations will be discussed.

The first experiment (I) is a bulk polymerization of
MMA, whereas the second (II) is a solution polymer-
ization in toluene at 41.5% of MMA. At regular time
intervals samples were withdrawn and analyzed for
conversion and molecular weight distribution. First-
order kinetic plots for both polymerizations are shown
in Figures 4 and 5. In Figure 6 a typical example of a
MWD is presented, in which the areas under the
curves are proportional to the conversions determined
for the corresponding samples are presented. In Fig-
ure 7 the evolution of Mw can be found. Mw is pre-
ferred over Mn as it is less sensitive to SEC artifacts.

The first-order kinetic plots shown in Figure 4 and 5
are straight up to high conversions, which means that
the radical concentration remains constant. Theoreti-
cally the linear fits are expected to go through the
origin, but this is not observed. This can be explained
by temperature effects, viz. a slight temperature over-
shoot for experiment I and too slow heating for exper-
iment II.

As can be seen from Figure 7 for both polymeriza-
tions, when looking at the whole conversion range, the
MWD shifts to lower molecular weights in spite of a
slight increase at lower conversions. In a polymeriza-
tion similar to experiment II, Kukulj et al.16 obtained
slightly increasing molecular weights. Heuts et al.22

recently also reported a slight decrease in molecular

Figure 3 All reaction steps taken into account in Predici
simulations.

TABLE I
Overview of Experimental Conditions for High-

Conversion CCT Polymerizations

Experiment
wMMA

(—)
[CoBF]

(10�6 mol � L�1) Additive
[Add.]

(mol � L�1)

I 1 9.1 — —
II 0.42 3.0 — —
III 0.42 1.0 — —
IV 0.17 1.0 — —
V 0.42 3.0 HAc 0.10
VI 0.42 3.0 HAc 1.0
VII 0.42 3.0 BPO 1.0 � 10�3

VIII 0.42 3.0 BPO 4.0 � 10�3
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weight in the terpolymerization of styrene, MMA, and
2-hydroxyethyl methacrylate, but it is very hard to
interpret these data in a straightforward way, as the
presence of three monomers considerably complicates
the system. Kowollik et al.20 reported an experimen-
tally determined decrease of 45% in Mw going from 10
to 100% conversion. Simulations showed that such a
decrease corresponds to what is expected when the
Co(II) concentration remains unchanged and mono-
mer is consumed.20 The decrease in Mw in the exper-
iments presented here is only about 20%. So, it seems
that the effect of monomer consumption on Mw is in
some way counteracted.

Simulations, similar to those of Kowollik et al,.20

were performed using the model presented in Figure
3 and Table II to see the effect of conversion on mo-
lecular weight. The chain transfer constants for both
simulations were calculated from the second sample
of the corresponding experiments. In this calculation
the term in the Mayo equation expressing the contri-
bution of polymer formed in the absence of chain
transfer agent is neglected. This results in CT � 40.8
� 103 for the bulk polymerization and CT � 46.1 � 103

for the solution polymerization. Considering that both
are determined from a single point the results are in

quite good agreement and compare well with results
obtained from low conversion polymerizations.29

The simulation results are shown in Figure 7 as well.
For the bulk polymerization the general trend in the
experimental data and the simulation data is the same.
For the solution polymerization at about 25% conver-
sion the experimental data start to deviate from the
simulation results. So, the molecular weights pro-
duced experimentally do not decrease as much as
predicted by model simulations. There can be several
general explanations for the discrepancy between the
experimental results presented here, on the one hand,
and the experimental results of Kowollik et al.20 and
our Predici computer simulations, on the other hand.
This can be due to (1) a decrease in intrinsic activity of
the catalyst due to changing reaction conditions, (2) a
decrease in the concentration of the active form of the
catalyst, and (3) additional growth of polymer chains
formed at lower conversions. In the next sections all
three possibilities will be considered.

Changes in catalyst activity

Kukulj et al.16 suggested that the continuously chang-
ing ratio of monomer to solvent may be a possible

Figure 5 First-order kinetic plot of the CCT polymerization
of MMA in toluene at 60°C. In the insert the first-order
kinetic plot at short reaction times is shown.

TABLE II
Rate Coefficients for the CCT Polymerization of MMA at 60°C Used in Predici Simulations

Rate
constant Value Remarks

kd 9.7 � 10�6 s�1 Taken from ref. 34. Initiator efficiency is set to 1
ki 2530 L � mol�1 � s�1 Recalculated from ref. 26 assuming equal activation energies for initiation and propagation
kp 833 L � mol�1 � s�1 Taken from ref. 27
ktc, ktd 5 � 107 L � mol�1 � s�1 Recalculated from ref. 28
ktc1, ktd1 1.5 � 108 L � mol�1 � s�1 Estimated
ktr 3.3 � 107 L � mol�1 � s�1 Calculated using CT � 39.6 � 103

krein 1 � 103 L � mol�1 � s�1 Estimated

Figure 4 First-order kinetic plot of the CCT polymerization
of MMA in bulk at 60°C.
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explanation for decreasing catalyst activity. However,
Heuts et al.18 tested this hypothesis by determining
the chain transfer coefficients from experiments at
constant catalyst concentrations and varying mono-
mer concentrations and did not obtain any evidence in
support of this hypothesis. Results on solvent effects,
in which CT proved to be independent of toluene
concentration, as discussed in a previous article29

point in the same direction. So the explanation that
changes in the ratio of monomer concentration and
solvent concentration affect CT can be discarded.

A second possibility is that due to the formation
of polymer, the viscosity of the reaction mixture
increases. Although in our opinion diffusion control
is not expected to play a role at lower conversions,
it may affect the catalytic chain transfer step at
higher conversions. The molecular weights, how-
ever, are not that high and therefore no excessive
viscosity increase is expected. When viscosity
would affect the chain transfer rate constant, it
would most probably also affect the termination
rate constants. In that case the first-order kinetic
curves shown in Figures 4 and 5 would show an
upward deviation from linearity. This is not ob-
served. Furthermore, Heuts30 reported that adding
polymer to a catalytic chain transfer polymerization
in order to increase viscosity did not affect the ob-
tained chain transfer coefficients. Therefore, it is
expected that at least in these experiments restricted
diffusion cannot explain the limited molecular
weight shift. In conclusion, the explanation for the
development of the MWDs in the CCT polymeriza-
tions presented here cannot be found in changes in
intrinsic catalytic activity of the chain transfer agent.

Catalyst deactivation

Catalyst deactivation can proceed via various path-
ways. Most likely these are spontaneous temperature-
or acid-induced decomposition of the catalyst
complex, oxidation by oxygen or oxygen-centered
radicals, or the formation of thermodynamically or
kinetically stable Co(III)-R compounds. However,
other deactivation pathways cannot be ruled out at
this stage. In order to be able to model deactivation it
is useful to obtain experimental plots of the change in
concentration of active Co(II) in time. Kukulj et al.16

carried out similar calculations to calculate the change
in CT. Assuming CT is constant, it is possible to calcu-
late the fraction of active cobalt(II). Kukulj et al. chose
to do this via subtraction of the scaled molecular
weight distributions. This results in scattered data
caused by errors in the subtraction of the low molec-
ular weight tails of the molecular weight distribution.
Therefore, it was decided to calculate the fraction of
cobalt(II) via the instantaneous weight average molec-
ular weight, Mw,in, which can be calculated from the
cumulative weight average molecular weight, Mw,cum.
The Mw of a polymer formed in a time period 	t is
defined as

Mw,	t �
¥ Wi,	tMi,	t

¥ Wi,	t
(2)

in which Wi,	 t is the mass of polymer chains with
chain length i formed in time period 	t and Mi,	 t is the
molecular weight of a chain with length i. The nomi-
nator can be rewritten as the difference of the sum at
time t
	t and the sum at time t, whereas the denom-

Figure 6 Typical molecular weight distributions measured
at increasing conversions for the CCT polymerization of
MMA in toluene at 60°C; wMMA � 0.419. The relative areas
under the plots correspond to the monomer conversions.
Conversions range from 0.6 to 100%.

Figure 7 Evolution of Mw for the CCT polymerization of
MMA at 60°C. Solid squares: bulk MMA; solid circles: solu-
tion in toluene with wMMA � 0.415. The curves are predic-
tions from computer simulations using Predici. The model
in Figure 2 was used; ktr was calculated from the second
experimental data point. The dashed line represents the
solution polymerization, the solid line the bulk polymeriza-
tion.
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inator can be rewritten as the amount of monomer
converted into polymer during time period 	t, result-
ing in

Mw,	t �
¥ Wi,t
	tMi,t
	t � ¥ Wi,tMi,t

m0	X (3)

in which m0 is the initial amount of monomer and 	X
is the conversion in time period 	t, i.e., 	X � Xt
	 t

� Xt. Both terms in the nominator of eq. (3) can be
rewritten as the product of conversion and Mw at their
specific times giving

Mw,	t �
m0Xt
	tMw,t
	t � m0XtMw,t

m0	X (4)

For a time period 	t corresponding to relatively small
changes in conversion, Mw,	 t will approximate Mw,in
which can be used in the Mayo equation. So

Mw,in �
	�XMw,cum�

	X (5)

Now, it is possible to relate the cobalt(II) concentration
at time t2 to the cobalt(II) concentration at time t1 via
the respective Mayo equations at those times.

�Co�II��t2

�Co�II��t1

�

� 1
Pn,t2

�
1

Pn,o,t2
� �M�t2

CT

� 1
Pn,t1

�
1

Pn,o,t1
� �M�t1

CT

(6)

Neglecting the contributions of the inverse degree of
polymerization in absence of catalyst and assuming
that for the first sample, taken relatively shortly after

the start of reaction, the amount of Co(II) still equals
the initial amount, this results in

fCo �
�1 � Xt2�Pn,t1

�1 � Xt1�Pn,t2

(7)

In this way the fraction of Co(II) available for chain
transfer, fCo, can be estimated from the experimental
results. In these calculations average times and con-
version are used. In Figures 8 and 9 the results of these
calculations are shown for experiments I and II, re-
spectively. As can be seen in Figure 8 especially, the
data for fCo still show some scatter. This is most prob-
ably the reason that in some cases fCo is larger than
one, which is of course physically unrealistic, unless
the initially added cobalt complex was not completely
present as Co(II) and is regenerated during polymer-
ization. So during the first few hours of the reaction
the amount of Co(II) is fairly constant, after which
deactivation sets in. For the solution polymerization,
less than 10% of the initially added amount is still
active after about 35 h. A similar trend can be seen in
the work of Kukulj et al.16

In the beginning of this section a few possible causes
for deactivation were mentioned. Oxidation by oxy-
gen is unlikely as all solvents and monomers were
freed from oxygen and taken into a glovebox having a
nitrogen atmosphere containing less than 1 ppm of
oxygen. Furthermore, both reaction mixture prepara-
tion and polymerization are performed inside a glove-
box. As was shown before,31 small amounts of oxygen
that may still be present in spite of all precautions
taken do hardly influence the polymerization. So ox-
ygen is most probably not causing deactivation. The
second pathway, spontaneous or acid induced decom-
position cannot be excluded beforehand. The third
pathway, formation of Co(III)-R compounds, could in

Figure 8 The evolution of the fraction of cobalt present as
Co(II) in the CCT polymerization of MMA in bulk at 60°C
(experiment I).

Figure 9 The evolution of the fraction of cobalt present as
Co(II) in the CCT polymerization of MMA in toluene solu-
tion at 60°C (experiment II).
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principle proceed via chain transfer to solvent as
shown for toluene in Figure 10. Transfer to solvent
results in a radical that can reinitiate or terminate
polymerization, but which can also combine with
Co(II). This may cause, depending on the rate of trans-
fer to solvent and the dissociation rate of the Co(III)-R
compound, a substantial buildup of Co(III), thereby
reducing the amount of Co(II). Both spontaneous de-
composition and deactivation via solvent-derived rad-
icals will be modeled using Predici. The model pre-
sented above is extended with these reactions (see also
Fig. 10). Spontaneous decomposition will be assumed
to be a first-order process. Reaction rate constants are
estimated or taken from literature24,26,32 and shown in
Table III.

The simulation results for deactivation via transfer-
derived radicals are shown in Figure 11 together with
experimental data for experiment II. Two simulated
curves are shown. The solid line represents simulation
results according to the data in Table III. The dashed
line shows results for stronger Co(III)–benzyl forma-
tion, originating from either (1) an increased transfer
to toluene rate constant or (2) an increased Co(II)–
benzyl combination rate constant or (3) a decreased
rate constant for addition of benzyl radicals to MMA.
It can be clearly seen that the experimental data and

the simulation results do not agree in either case. This
does not necessarily mean Co(III)– benzyl formation
does not take place but it is clearly not the major or
only mechanism responsible for the experimental ob-
servations.

In Figure 12 the simulation results for a first order
decomposition of the Co(II) complex are shown. Bakac
and Espenson24 report a first order deactivation rate
constant of 6.9 � 10�4 s�1 in a 0.1M aqueous solution
of HClO4, most probably at ambient temperature. Al-
though the polymerization reaction conditions differ
widely from those described in Bakac and Espenson’s
experiment, a first-order deactivation process with a
rate constant of 1 � 10�4 s�1 seems a good starting
point. It can be seen in Figure 12 that a spontaneous
decomposition process can provide a better fit to the
experimental data than deactivation via transfer de-
rived radicals. Unfortunately, this does not result in
any concrete information regarding the mechanism of
decomposition.

In summary, it can be said that if catalyst deactiva-
tion is the reason for the deviations in Mw between
simulations and experiments, spontaneous deactiva-
tion is more likely to occur than oxidation by oxygen
or formation of stable Co(III)–R compounds.

Figure 10 Co(II) deactivation via solvent-derived radicals.

TABLE III
Additional Rate Coefficients to Be Used in Computer Simulations Using Predici Software

Description
Rate

constant Value Reference/Remarks

Transfer to toluene ktr,tol 2.1 � 10�2 L � mol�1 � s�1 Taken from ref. 32
Initiation of MMA by benzyl radical ki,ben 8 � 103 L � mol�1 � s�1 Extrapolated from ref. 26
Termination by benzyl radical kt,ben 1.5 � 108 L � mol�1 � s�1 Estimated
Benzyl–Co(III) formation kcom,ben 6 � 108 L � mol�1 � s�1 Extrapolated from ref. 24
Benzyl–Co(III) dissociation kdis,ben 1.4 � 10�3 s�1 Extrapolated from ref. 24
Spontaneous decomposition kdec 1 � 10�4 to 1 � 10�6 s�1 Estimated
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Additional growth of polymer chains

Polymer chains can be reinitiated in various ways. In
CCT polymerization the growing radical chains can
add to macromonomer resulting in transfer of the
radical to the macromonomer. Furthermore, Cacioli et
al.33 have shown that copolymerization of methacry-
late and macromer does not occur. Kowollik et al.20

included the mechanism for transfer to macromer in
their simulations and found hardly any effects on the
MWD. This can be explained from the low concentra-
tion of macromer with respect to monomer in combi-

nation with a low chain transfer constant for macro-
mer of about 0.2.34

A second possibility for additional growth of poly-
mer chains is intermolecular chain transfer to poly-
mer. For PMMA, chain transfer to polymer mainly
occurs to the double bond originating from dispropor-
tionation.35 This is a process analogous to chain trans-
fer to macromonomer. As no reports on chain transfer
to the polymer backbone were found, it is assumed to
be negligible for MMA. A third option is reinitiation of
macromonomer by cobalt hydride as suggested by
Gridnev.36 In Figure 13 the results are shown for sim-
ulations incorporating macromonomer reinitiation.
The macromonomer reinitiation rate constant kmacro is
set at 1 � 103 L � mol�1 � s�1, equal to reinitiation of
monomer and at 1 � 104 L � mol�1 � s�1, which is an
order of magnitude larger. In the latter case a quite
reasonable fit with the experimentally observed values
of Mw is obtained. However, there is no reason to
expect reinitiation of macromonomer to proceed that
much faster than reinitiation of monomer. Further-
more, macromer reinitiation can not occur in our sys-
tem only. If it would occur, the experimental decrease
in Mw observed by Kowollik et al.20 would have been
smaller as well.

In the previous three sections some possible mech-
anisms have been discussed that may explain the evo-
lution of molecular weight during a high conversion
catalytic chain transfer polymerization. Though it is
hard to pinpoint the right mechanism or mechanisms,
some can be excluded or described as unlikely.
Changes in intrinsic catalyst activity due to changes in
composition or viscosity do not seem to play an im-
portant role. Additional growth of macromonomer

Figure 11 Simulation results and experimental data for the
CCT polymerization of MMA in toluene at 60°C. In the
simulations deactivation is assumed to occur via transfer to
solvent derived radicals. Rate constants are given in Tables
II and III except for ki,ben � 8 � 103 L � mol�1�s�1 (solid
curve); ki,ben � 8 � 102 L � mol�1 � s�1 (dashed curve).

Figure 12 Simulation results and experimental data for the
CCT polymerization of MMA in toluene at 60°C. In the
simulations deactivation is assumed to occur spontaneously.
Rate constants are given in Table II except for kdec � 1
� 10�6 s�1 (solid curve); kdec � 1 � 10�5 s�1 (dashed curve);
kdec � 1 � 10�4 s�1 (dotted curve).

Figure 13 Experimental and simulation results for the CCT
polymerization of MMA in toluene at 60°C. Solid line: sim-
ulation according to the mechanism shown if Figure 2;
dashed line: similar including macromonomer reinitiation
with kmacro � 1 � 103 L � mol�1�s�1; dotted line: similar
including macromonomer reinitiation with kmacro � 1 � 104

L � mol�1 � s�1.
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can also be excluded, as this would contradict the
experimental results of Kowollik et al.,20 although in
principle a model including reinitiation of mac-
romonomer by cobalt hydride could explain the ex-
perimental observations reported in this work. Deac-
tivation of cobalt(II) by solvent-derived radicals is un-
likely as well, but it may occur in other solvents. This
leaves decomposition of the Co(II) complex to be most
probably responsible for the fact that the decrease in
molecular weight with conversion is less than ex-
pected. So far, it is not clear what induces this decom-
position.

Effects of catalyst and solvent concentration

Two additional experiments were carried out to see
whether the catalyst concentration and the solvent
concentration affect the previous experimental obser-
vations. For comparison, the experimental data for the
previous and the present experiments are gathered in
Table IV.

The chain transfer coefficients for all experiments,
determined from the second sample, are similar. The
evolution of Mw with conversion for experiments II–IV
is shown in Figure 14. Although the fractional de-
crease in Mw in percentage terms over the complete
conversion range in experiments III and IV approxi-
mates the theoretical predictions of Kowollik et al., 20

the experimentally observed decrease predominantly
occurs during the first stage of the polymerization,
whereas theory predicts a nearly linear decrease (see
Fig. 7).

The radical concentrations are all in the same range.
Although the molecular weights for experiments II
and III differ by a factor of 3, the radical concentra-
tions differ only 7%, which is somewhat less than
predicted by a combination of eq. (8),

�P•� � �fkd�I�
�kt�

�1/2

(8)

and the following expression,

�kt� � Pn
�a (9)

in which the average termination rate coefficient is
related to the number average degree of polymeriza-
tion and some coefficient �. Suddaby et al.36 and
Kukulj et al.16 predict values in the range 0.12 to 0.19
for �, resulting in about a 15 % decrease in Mw. Heuts
et al.17 recently showed an even larger increase in
radical concentration. However, the experiments of
Heuts et al.17 were carried out at catalyst concentra-
tions resulting in polymers having Mws less than one
thousand, which may very well result in a change in
the chain-length dependence of �kt� with respect to the
chain-length dependence of �kt� for higher molecular
weight polymers.38

The changes in the fraction of active cobalt(II) cal-
culated according to eq. (7) are shown in Figure 15.
The first aspect to be noticed is the 40% increase in
active CoBF during the first 7% of conversion in ex-
periment IV, the one having the lower monomer con-
tent. It is unlikely that this increase can be attributed to
scatter only. If the chain transfer coefficient would be
calculated from the fourth point in stead of the second,
this would give a value around 59 � 103, which is in
agreement with the results for low conversion poly-
merizations at high toluene concentrations as shown

TABLE IV
Experimental Results for the High Conversion CCT Polymerization of MMA in Bulk and Toluene at 60°C

Exp.
wMMA

(—)
[CoBF]

(10�6 mol � L�1)
�	Mw/Mw

a

(—)
[P•]

(10�8 mol � L�1)
CT

(103 —)

I 1 9.1 0.17 2.3 40.8
II 0.42 3.0 0.18 2.7 46.1
III 0.42 1.0 0.37 2.9 42.7
IV 0.17 1.0 0.45 2.5 43.7

a Fractional decrease in Mw over the complete conversion range.

Figure 14 The evolution of Mw with conversion in the CCT
polymerization of MMA in toluene at 60°C. Squares: exper-
iment II, wMMA � 0.419, [CoBF] � 3.0 � 10�6 mol � L�1;
circles: experiment III, wMMA � 0.419, [CoBF] � 1.0 � 10�6

mol � L�1; triangles: exp. IV, wMMA � 0.170, [CoBF] � 1.0
� 10�6 mol � L�1.
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in a previous article,29 although conversions were in
between 2.4 and 3.6% in the latter case. The origin of
the increase in CT at high concentrations of toluene,
however, remains unclear.

In experiment IV, the fraction of active cobalt (II)
starts decreasing after it has reached its peak after one
hour. In experiments II and III, during the first 4–5 h
of polymerization the fraction of active catalyst de-
creases only slowly after which a faster decomposition
or deactivation sets in. In experiment III, in which the
highest molecular weights are produced, the fastest
deactivation also occurs. For longer reaction times the
radical concentration in experiment III, determined
from the slope of a first-order kinetic plot, increases
with time. As can be seen in eq. (8), an increase in
radical concentration may very well originate from a
decrease in �kt�. A decrease in �kt� is more likely to be
observed in experiment III than in experiments II and
IV, as the Mw in experiment III is a factor of 3 larger
than in the other experiments. This results in a stron-
ger increase in viscosity in experiment III and thus a
larger decrease in �kt� with respect to experiments II
and IV. When �kt� is controlled by diffusion, depend-
ing on conversion and molecular weight, ktr may also

become partially diffusion controlled. In the calcula-
tion of fCo no distinction can be made between a
decrease in CT and a decrease in catalyst concentra-
tion. Therefore, a decrease in ktr would appear as
enhanced deactivation. The fact that it is not possible
to distinguish between changes in CT and [Co(II)]
further complicates analysis. Disregarding all compli-
cations, calculating a first order deactivation rate con-
stant over the part where faster deactivation or de-
composition takes place would yield kdec � 1.4 � 2.5
� 10�5 s�1 for the experimental conditions used in
these experiments. This corresponds to a half-life
around 10 h at 60°C, which explains why this deacti-
vation is not observed in short, low conversion, exper-
iments. Unfortunately these experiments only show
more complicating features and give no clear informa-
tion about the origin of the effects, whether it is in
solvent or monomer purity, in catalyst concentration
or any other aspect of the experimental design. Al-
though Kowollik and Davis20 recently showed that,
under presumably well-chosen conditions, the de-
crease in Mw predicted theoretically may be achieved
experimentally, the question still remains what causes
the deviations observed in the present work and in the
work reported by other authors. Further research is
required to resolve these problems.

The effects of acid and peroxides on catalyst
deactivation

In previous work39 it was shown that, to our surprise,
both BPO at a concentration of 1 � 10�3mol � L�1 and
acetic acid at a concentration of 1 mol � L�1 do not
affect the CCT polymerization of MMA at low conver-
sions in contrast to literature reports.40–44 Therefore, it
was decided to perform a set of high conversion po-
lymerizations with benzoyl peroxide and acetic acid
as additives to see the effects of longer reaction times.

For both benzoyl peroxide and acetic acid two po-
lymerizations were carried out at different additive
concentrations. All experiments were performed at
wMMA � 0.42 and [CoBF] � 3.0 � 10�6 mol � L�1. In
Table V the other experimental conditions and some
results are given. The radical concentrations are deter-
mined from the slope in the first 5–6 h of a first-order
kinetic plot. The chain transfer coefficients are ob-

Figure 15 Changes in the fraction of active catalyst in time
for the CCT polymerization of MMA in toluene at 60°C.
Squares: experiment II, wMMA � 0.419, [CoBF] � 3.0 � 10�6

mol � L�1; circles: experiment III, wMMA � 0.419, [CoBF]
� 1.0 � 10�6 mol � L�1; triangles: experiment IV, wMMA
� 0.170, [CoBF] � 1.0� 10�6 mol � L�1.

TABLE V
Experimental Data and Results for the CCT Polymerization of MMA in Toluene at 60°C

Exp. Additive
[Add.]

(mol � L�1)
[P•]

(10�8 mol � L�1)
CT

(103 —)
Mw at end

(103 g � mol�1)

V HAc 0.10 2.6 43.7 7.1
VI HAc 1.0 2.9 51.6 15.7
VII BPO 1.0 � 10�3 2.9 39.2 18.1
VIII BPO 4.0 � 10�3 3.8 19.3 79.6
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tained from the second sample as explained above.
The evolution of the molecular weight distributions
with conversion is shown in Figure 16(a–d).

Table V and Figure 16 clearly demonstrate the effect
of the additives. In all polymerizations Mw increases
with conversion, whereas a decrease in Mw in absence
of additives was observed. The Mw at the end of
polymerization for experiment II, under similar con-
ditions without additives, was 4.5 � 103 g � mol�1. The
increase in Mw with conversion is caused by deactiva-
tion of the Co(II) species, which, in contrast to the
experiments up to low conversions, is clearly observed
here. As can be seen in Figures 16 c and d, especially
for BPO, the increase in Mw and thus the deactivation
is very rapid, which even results in a decreased CT as
determined from the second sample. The rates of po-
lymerization are quite similar to those in the previous
experiments except for the experiment at [BPO] � 4
� 10�3 mol � L�1. The increased rate for the experi-
ment at [BPO] � 4 � 10�3 mol � L�1 is due both to
enhanced radical formation and to a decreased termi-
nation rate constant. In addition, all four experiments
show an increased polymerization rate at higher con-

versions due to an increase in reaction mixture viscos-
ity, resulting in a decrease in �kt� and thus an increase
in radical concentration.

Mechanism and modeling for BPO-induced
deactivation

The trends in cobalt(II) deactivation can be found in
Figure 17 for experiments with BPO. An attempt was
made to model the polymerizations using Predici. The
same set of reactions and rate constants as presented
in Figure 3 and Table II is used. Additional rate con-
stants for reactions involving BPO are taken from the
literature45 or are estimated and both are collected in
Table VI. Transfer to BPO results in termination of a
growing polymer chain and in the formation of one
benzoyloxy radical, and must therefore be taken into
account as well. It must be realized that next to deac-
tivation induced by either of these species, deactiva-
tion observed in absence of any additives will occur
simultaneously. This is accounted for by a first-order
decomposition reaction as defined in Table VI. The
simulation results are shown in Figure 17 as well.

Figure 16 Evolution of MWD with conversion in the CCT polymerization of MMA in toluene at 60°C in the presence of
acetic acid or benzoyl peroxide at wMMA � 0.419 and [CoBF] � 3.0 � 10�6 mol � L�1. (a) [HAc] � 0.1 mol � L�1, conversion
0.5–94.9%; (b) [HAc] � 1.0 mol � L�1, conversion 0.9–100%; (c) [BPO] � 1 � 10�3 mol � L�1, conversion 0.6–100%; (d) [BPO]
� 4 � 10�3 mol � L�1, conversion 1.2 –100 %. The areas under the MWDs are proportional to conversion.
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Gridnev44 used a different approach to model deacti-
vation. He considered a direct reaction between a
hydrogen-bridged cobaloxime and benzoyl peroxide
with a reaction rate constant of about 10 L mol � �1 �
s�1. For the conditions employed in this study this
would result in a half-life of the CoBF of less than 2
min. As the observed deactivation is clearly slower,
this step is not taken into account here.

The solid curve in Figure 17 results from the simu-
lations using the rate constants in Table VI. According
to the simulations, deactivation is not expected to be
as fast as observed experimentally. The slower deac-
tivation stemming from the simulations can be under-
stood when the probability of a benzoyloxy radical,
B•, combining with CoBF is calculated according to

kcom,B�Co�II���B•�

ki,B�MMA��B•� � kcom,B�Co�II���B•�
� 7.5 � 10�4 (10)

which means that less than 1 in every one thousand
benzoyloxy radicals will combine with CoBF.

Several possible explanations can be given for the
discrepancy between experimentally observed deacti-

vation and deactivation occurring in simulations. First
of all, one or more rate constants may have been
incorrectly estimated or determined. The reaction
steps affecting the deactivation rate most are combi-
nation and initiation. The combination rate constant
kcom,B seems to be well estimated for a radical–radical
combination, but could be underestimated in view of
the high reactivity of benzoyloxy radicals. The initia-
tion rate constant ki,B is not expected to be overesti-
mated by more than one order of magnitude, as it is
based on several literature resources. To obtain a bet-
ter agreement with the experimental data a change in
the ratio of combination and initiation rate constants
from 1 � 103 to 5 � 104 is required. Such a change is
quite large, though not impossible. The simulation
results for these input data are shown as the dashed
and dotted curves for [BPO] is 1 � 10�3 mol � L�1 and
4 � 10�3 mol � L�1, respectively.

A second explanation for the discrepancy between
the initial simulations and experimental results could
also be the occurrence of contaminants in BPO, as it
was not purified before use. A similar effect of impu-
rities was observed before for AIBN as described by
Vollmerhaus et al.31 These contaminants should in
that case be orders of magnitude more reactive to-
wards CoBF than the benzoyloxy radicals, which is
unlikely, but cannot be excluded at this point.

If deactivation occurs via combination of benzoy-
loxy radicals and CoBF, then the peroxide induced
deactivation rate equals

�
d�CoBF�

dt � kcom,B�CoBF��B•� (11)

Assuming a steady state in benzoyloxy radicals, its
concentration can be calculated from

d�B•�

dt � 0 � 2kd,B�BPO� � ki,B�B•��MMA�

� kcom,B�B•��CoBF� � kt�B•��P•� (12)

In expression (12) the termination term can be ne-
glected compared to the other terms, as the concentra-
tion of polymeric radicals is very small with respect to

Figure 17 The evolution of the fraction of cobalt(II) in the
CCT polymerization of MMA in toluene at 60°C in the
presence of benzoyl peroxide. Experimental: circles: 1.0
� 10�3M BPO; squares: 4.0� 10�3M BPO. Simulations: solid
curve: kcom,B/ki,B � 103; dashed curve: kcom,B/ki,B � 103 and
1 � 10�3M BPO; dotted curve: kcom,B/ki,B � 5 � 104 and 4
� 10�3M BPO.

TABLE VI
Additional Rate Coefficients Involved in BPO- or HAc-induced Deactivation

Description
Rate

constant Value Reference/remarks

Decomposition of BPO kd,BPO 2.8 � 10�6 s�1 Ref. 45
Initiation of MMA by benzoyloxy radical ki,B 1 � 106 L � mol�1 � s�1 Lower limit estimated from ref. 34
Transfer to BPO ktr,BPO 16.7 L � mol�1 � s�1 Ref. 32
Combination of benzoyloxy radical and CoBF kcom,B 1 � 109 L � mol�1 � s�1 Estimated
Spontaneous CoBF decomposition kdec 2 � 10�5 s�1 Calculated from exp. II
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monomer concentration, which results in a linear de-
pendence of the benzoyloxy radical concentration on
benzoyl peroxide concentration. Combining this with
eq. (11) gives

�
d�CoBF�

dt �
2kcom,Bkd,B�CoBF��BPO�

ki,B�MMA� � kcom,B�CoBF�
(13)

For experiments V and VI this would mean a factor of
4 difference in initial deactivation rate. This compares
well with the 20 and 70% deactivations found exper-
imentally for the second sample as shown in Figure 17
and supports that deactivation indeed occurs via ben-
zoyloxy radicals.

Mechanism and modeling for HAc-induced
deactivation

The experimental trends in cobalt(II) deactivation for
CCT polymerizations in the presence of HAc are pre-
sented in Figure 18. In order to describe these poly-
merizations, Predici simulations were performed. The
same standard set of reaction steps and rate constants
as presented above is used. Instead of the additional
reaction steps for BPO, only two additional reactions
are considered, viz. spontaneous decomposition of
CoBF with a rate constant kdec � 2 � 10�5 s�1 and
acid-induced decomposition with a rate constant kdecH
� 10�4 �10�6 s�1. The simulation results for the ex-
periments in which acetic acid has been added to the
reaction mixture are presented in Figure 18 as well.
The rate constants for acid-induced decomposition
were not obtained from a statistical fitting procedure,
but determined by trial and error to show reasonable
agreement between experimental data and simula-
tions, as at this stage our main interest is in describing

the main trends. It is clear that with the rate constants
chosen from the range 10�4 � 10�6 s�1 the experimen-
tal data can be in good agreement with the simula-
tions. However, it is important to see whether it is
possible to relate the rate constants for decomposition
1 � 10�5 s�1 and 4 � 10�5 s�1 to their respective acetic
acid concentrations 0.10 and 1.0M. Similar to Bakac
and Espenson24 the overall decomposition of CoBF is
described as a first-order process, but in order to relate
rate constants to acid concentrations, a more complete
description of the actual mechanism is needed. It is not
unlikely that an acid–base equilibrium sets in between
CoBF and acetic acid and that protonated CoBF
(CoBF-H
) can subsequently decompose (see Fig. 19).
A similar mechanism was suggested by Gridnev for
the less stable proton-bridged cobaloximes.44 As CoBF
is expected to be a very weak base, the acid–base
equilibrium will be on the left-hand side.

The acid- induced decomposition rate can be ex-
pressed as

�
d�CoBF�

dt � k
decH�CoBF � H
� (14)

Using a charge balance and mass balances for both
CoBF and acetic acid and the expression for the acid–
base equilibrium shown in Figure 19, it can be derived
that the decomposition rate equals

�
d�CoBF�

dt � k
decHKH
1/2�CoBF�0

1/2�HAc�0
1/2 (15)

in which [CoBF]0 and [HAc]0 are the initial concentra-
tions of CoBF and HAc. This expression is valid pro-
vided that only a small part of CoBF is protonated.
According to this equation a factor of 10 change in
acid concentration results in a factor of 101/2 � 3.16
change in decomposition rate. This is in good agree-
ment with the factor of 4 change in the estimated
overall rate constants for acid induced decomposition.

The trends and expressions shown here may also be
useful in modeling CCT (co)polymerization with
methacrylic acid, in which CoBF decomposition is
known to take place.41

CONCLUSIONS

In this work the evolution of molecular weight in the
high-conversion CCT polymerization of MMA in tol-

Figure 19 Mechanism for acid-induced decomposition of
CoBF.

Figure 18 The evolution of the fraction of cobalt(II) in the
CCT polymerization of MMA in toluene at 60°C in the
presence of acetic acid. Experimental: circles: 0.10M HAc;
squares: 1.0M HAc. Simulations: solid curve: kdec,H � 1
� 105 s�1; kdec,H � 4 � 10�5 s�1.
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uene has been investigated both by experiments and
simulations. In contrast to most other reports in liter-
ature, recent results reported by Kowollik et al.20 dem-
onstrating that under appropriate conditions the mo-
lecular weight decreases with conversion, have now
been confirmed. Simulations predict a nearly linear
decrease in Mw if the CoBF concentration remains
unchanged. However, in most experiments this de-
crease was less than expected or was reached in a
nonlinear way.

Simulations on various mechanisms that may ex-
plain experimental results have been performed. In
general, mechanisms based on changes in intrinsic
catalyst activity or on additional growth of polymer
chains can be excluded. Only in experiments were a
strong increase in Mw is found, diffusion control may
result in an additional decrease in catalyst activity
leading to a further increase in Mw. Simulations dem-
onstrated that catalyst deactivation via solvent-de-
rived radicals is unlikely as well. Thus, in spite of
purification of all reaction components and perform-
ing the reactions inside a glovebox, catalyst deactiva-
tion is the most likely cause for the discrepancy be-
tween experimental and theoretical results. The origin
of the deactivation reaction pathway remains unclear.

Under the conditions of the experiments described in
this chapter a half-life for CoBF of about 10 h at 60°C was
determined. This is in agreement with the results from
short, low-conversion experiments where, under similar
conditions, no deactivation is observed. Finally, it can be
concluded that both acetic acid and benzoyl peroxide
enhance catalyst deactivation. For benzoyl peroxide the
initial deactivation rate is proportional to the benzoyl
peroxide concentration. For acetic acid, on the other
hand, the deactivation rate is proportional to the square
root of the acid concentration. This relation can also be
useful in predictions of CoBF activity in the polymeriza-
tion of acidic monomers.
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