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ABSTRACT: Cobalt-catalyzed chain transfer in methyl methacrylate (MMA) or methacrylonitrile (MAN)
polymerizations employing very high concentrations of catalyst allows the detailed investigation of the
reaction of primary radicals with monomers. The enabling reaction is the transfer of a hydrogen atom
from a Co(III)-H species to monomer to generate the monomer radicals (H-MMA• and H-MAN•,
respectively). These radicals react with additional monomer yielding the dimer radicals, H-MMA2

• and
H-MAN2

•, respectively, or with the cobalt catalyst to yield the starting monomer. These reactions generate
the respective dimers relatively free of higher oligomers. This approach has allowed the determination
of the rates of reaction of the monomer radical (kp1) and dimer radical (kp2) with monomer. H-MAN•

reacts with methacrylonitrile at a rate (kp1 ) 340 ( 40 M-1 s-1 at 60 °C) which is considerably faster
than does a high polymer radical (literature: kp∞ ≡ kp ) 55 M-1 s-1 for MAN at 60 °C). For H-MMA• at
60 °C, kp1 ) 14 000 ( 1500 M-1 s-1 and for H-MMA2

•, kp2 ) 3600 M-1 s-1, relative to the literature value
for H-MMA∞

•, kp ) 843 M-1 s-1. It was also possible to determine the rate constants of catalytic chain
transfer by the cobalt catalysts; in MMA free-radical polymerization at 60 °C, ks2 ) 2.3 × 106 M-1 s-1 for
the tetramethyl ether of [hematoporphyrinato IX]cobalt(II) and 2.8 × 106 M-1 s-1 for [tetra(p-
methoxyphenyl)porphyrinato]cobalt(II).

Introduction
The fundamental reactions of radical species impact

both polymer chemistry and organometallic chemistry.
These transformations include the reactions of primary
radicals derived from initiators with monomers as well
as reactions of their derivative oligomeric or polymeric
radicals with additional monomers. In addition, there
is growing interest in the reactions of these species with
organometallic complexes, either in chain transfer
catalysis1 or living radical polymerizations.2
It is generally accepted that the values of propagation

rate constants for free-radical polymerization change as
a function of radical length at low degrees of polymer-
ization but that the propagation rate constants become
constant after the number degree of polymerization
reaches some value where the radical center is no longer
influenced by the other chain end.3 It is this constant
value that is referred to as the rate of propagation.
Several publications support the notion that small
radicals add to double bonds 1-3 orders of magnitude
faster than high-polymeric radicals.5 There are numer-
ous publications which demonstrate that relative rate
constants for addition are sensitive to substituents on
both the radical center and on the olefin undergoing
addition.6 It is therefore evident that results obtained
with model systems should be applied to polymerization
systems with caution.
Actual experimental observation of the dependence

of propagation rate constants on the length of the radical
has been limited.7 The major limitation in measuring
propagation rate constants for short radicals has been
the difficulty of specifically generating radicals of a
particular length, N, while minimizing propagation of
the (N + 1) radical. Computer simulation of the
experimental molecular weight distribution partially
overcomes this problem8 but leads to new uncertainties
inherent in that method.
With the discovery of catalytic methods for the control

of molecular weight in free-radical polymerizations,9 the

dependence of the propagation and termination rate
constants on radical length is becoming of practical
importance. Because chain transfer catalysis (CTC)
allows one to obtain polymers and oligomers with
molecular weights of a few hundred, the effects of chain
ends are a substantial factorsthe extremely high ef-
ficiency of CTC shifts the polymerization into this
underinvestigated but fertile area of rate constant
dependence on radical length.
In this paper, we will discuss the direct experimental

observation of radical-length-dependent rate constants
made possible by applying techniques that have become
available recently. The approach is based upon chain
transfer catalysis (CTC) employing cobalt organome-
tallics. It provides a direct method for dramatically
limiting the degree of polymerization from high polymer
to dimer, without substantial alteration of the other
reactions of polymerization. CTC is normally a conve-
nient synthetic method, but in the limit, it can become
a useful analytical tool. Smirnov was the first to
recognize the new opportunities for kinetic measure-
ments under CTC conditions,7b having found that the
chain transfer constants, Cs (Cs ) ks/kp), change in the
sequence R>5 g R4 > R3 > R2. This conclusion was
drawn from the analysis of the relative concentrations
of each oligomer in the CTC product. Because Cs is a
ratio of the chain transfer and propagation rate con-
stants, it was impossible to ascertain which of these two
factors played the greater role in the observed trend or
whether these two factors varied in parallel or opposite
directions. Simultaneous change of both ks and kp could
possibly lead to invariant Cs.
Free-radical polymerization of a single monomer

under conditions of chain transfer catalysis can be
described by Scheme 1. The first three equations
present a simplified version of the basic reactions of free-
radical polymerizationsinitiation, propagation, and ter-
mination. In (1), the initiator decomposes to yield free
radicals capable of initiating polymer chains. In (2),
radical species containing n monomers grow by one
monomer. In (3), two radical species encounter oneX Abstract published in Advance ACS Abstracts, July 15, 1996.
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another to terminate the radical chains. In the example
given, this occurs by radical-radical combination, form-
ing a polymer chain n + mmonomers long. Bimolecular
disproportionation to form a saturated polymer chain
and an unsaturated polymer chain is another important
termination step, but in this work, it is only the fact of
termination and not the method by which it occurs
which matters. Reactions 4 and 5 describe chain
transfer catalysis. The polymeric radical Rn reacts with
the cobalt(II) catalyst (Co), usually a cobalt(II) chelate
like cobalt porphyrin, cobalt phthalocyanin, or co-
baloxime, yielding a cobalt(III) hydride and a polymer
molecule Pn. In the particular case of methyl meth-
acrylate polymers or oligomers, the molecule, Pn, con-
sists of exactly nmolecules of methyl methacrylate and
has a terminal double bond, as shown in 1. The cobalt

hydride reacts with additional monomer to yield R1,
regenerating the Co(II) catalyst. According to eqs 1-5
the chain transfer catalyst could be considered to be only
a device for the transfer of hydrogen atoms from radicals
to monomers. It does not influence any other reactions
of the free-radical polymerization. Another important
feature of CTC is the unique structural homogeneity of
the radicals and polymers formed. Even the smallest
polymeric molecules, dimers, consist exactly of two
monomer units; at high turnovers, there is no trace of
the initiator radicals. No other method produces small
radicals of such a uniformity.

Method
Generally, the reduction of polymer molecular weight by

CTC does not change the molecular weight distribution of the
products which remains close to 2.9a-c The number average
degree of polymerization, DP, under CTC conditions depends
upon the concentration of the chain transferring agent accord-
ing to the Mayo equation (6)

where DP∞ is a number average degree of polymerization
obtained in the absence of a chain transfer agent, S, and [M]
is the concentration of the monomer if DP > 20. The
situation begins to change as DP is reduced to less than 20
units; the DP decreases more slowly than predicted by the
increase in [S]. Because the traditional form of the Mayo
equation (6) is based upon the assumption of long chains, it
cannot be utilized to explain the observed deviations from the
expected dependence of the degree of polymerization on the
concentration of a chain transfer agent.7b A high concentration

of catalyst will lead to intensive chain transfer and conse-
quently short polymer chains. It has been reported9f that
under these conditions, the Mayo equation reduces to

This form of the equation is based upon the assumption that
kp and ks are independent of the length of the radical chain.
We will demonstrate that these assumptions are incorrect, but
nonetheless, eq 7 provides a better description of the products
obtained under high catalyst concentrations than does eq 6.
Mathematical derivations for these conditions9f together with
supporting experimental data,7b indicate that when DP is
less than or equal to about 10, the polydispersity should begin
to decrease from 2, reaching a value of 1 for DP ) 2. This
occurs solely for kinetic reasons and the definitions utilized.
At very high levels of catalyst, all of the radicals in the
polymerization mixture are either R1 or R2. Addition of more
catalyst lowers the concentration of dimer radicals, R2, and
other higher radicals and increases the concentration of
monomeric radicals, R1. Essentially, the radicals become
nonproductive and polymerization is inhibited. Due to the
high efficiency of cobalt-catalyzed CTC, the concentrations of
cobalt required to make almost exclusively R1 radicals in the
reaction mixture are easily achieved. The primary product of
CTC under such conditions is P1, the monomeric product,
which is indistinguishable from an unreacted monomer except
through isotopic exchange studies.
Calculations from an earlier paper10 indicate that the total

concentration of radical species in the reaction mixture should
remain relatively constant even as the concentrations of
individual species change. For a given rate of radical produc-
tion, the termination rate constants determine the radical
concentration by the well-known dependence V ) kti[Ri]2,
where V is the rate of reaction 1. It is generally accepted that
the value of kti depends mostly on the rate of diffusion of the
radicals Ri and the rate of diffusion is controlled by radical
size.11 We choose conditions for our experiments to give
predominantly only radicals from R1 to R4. Radical R1 remains
the radical species of highest concentration. Under such
conditions, the main termination reaction for all other radicals
is a recombination with R1. Because R1 is the most rapidly
diffusing species, we can expect that the rate constant of the
termination for all radicals is equal to kt1. Therefore, in this
system the sum of all radical species should be essentially
constant at each value of V.
As the rate of chain transfer catalysis increases, the steady-

state partial concentrations of R1 should increase until R1

would be virtually the only radical species in the reaction
solution. Further increase of the catalyst concentration should
not influence the concentration of R1 which is determined only
by kt1. In a preceding paper12 it was shown that at very high
cobalt concentrations, the concentration of Co(III)-R1 in-
creases with an increase of overall concentration of cobalt
chelate while the concentration of the monomer radical is
independent of cobalt concentration.
R1 is the only radical species of any appreciable concentra-

tion and its primary reaction is â-hydrogen elimination by
means of pathway (4). Nonetheless, there remains a possibil-
ity that R1 will react with additional monomer to form R2.
Hence, under intensive CTC the R2 radical should be produced
at a constant rate dependent only on the concentration of
radical and monomer:

In eq 8, kp1 is the propagation rate constant for the radical R1.
The high concentration of CTC catalyst would cause the radical
R2 to be immediately converted to P2 by reaction 4. The rate
of dimerization would be therefore limited not by the chain
transfer reaction but by the propagation reaction of R1.

Scheme 1

1

DP
) 1

DP∞

+
ks[S]

kp[M]
(6)

DP ) 2 +
kp[M]

ks[S]
(7)

R1 + M98
kp1

R2 (8)
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Equation 9 allows the calculation of kp1. The concentration of
radicals R1 can be obtained from eq 10.

The constant, kt1, is the bimolecular termination rate constant
for radical R1and V is rate of reaction 1, which is easily
measured by trapping the initiating radicals with stable free
radicals.13 Therefore we can obtain kp1 through measurement
of kt1.
If we decrease the concentration of the catalyst incremen-

tally, the rate of CTC will decrease until the radical R2 reaches
concentrations where it will be able to propagate the chain
further to yield radical R3 but not R4. Under such conditions,
essentially only dimers and trimers will be formed as products.
Then the steady-state concentration of the radical R2 is given
by (11).

For these defined conditions, the rate of dimer formation,W2,
and the rate of trimer formation, W3, are

and

Therefore eq 11 could be rewritten as

As noted above, CTC does not change the overall concentration
of radicals. Assuming that the concentration of R3 radicals is
negligible relative to that of R2, we can postulate

Substituting eq 15 into eq 14 gives

Substituting eq 16 into eq 12, we obtain

where W*2 ) kp1[R]o[M] is the rate of dimerization obtained
under conditions of higher catalyst concentration so that the
dimer is the only product and [R]o ) [R1] as described by eq 9.
Dividing eq 12 by eq 13, we obtain the value of the CTC rate
constant for radical R2:

If we further decrease the rate of the CTC relative to the rate
of the monomer addition, tetramer starts to form. If the
concentration of the pentamer is negligible, then the steady-
state concentrations are defined by the following equations:

or

We can choose conditions for

and

or

Applying eq 23 to eq 21, we will have

or

Substituting the concentrations of radicals R2 with eq 19, and
then applying (20)-(22) will finally transform eq 24 into (25)

A further change in the ratio between the propagation rate
and the CTC rate will give rise to pentamer formation but not
hexamer. Then hexamer will form, but not heptamer, etc. For
each such situation we can determine kpN and ksN.
Applying the same approach as shown above, we obtain

general equations

where

and

Equation 26 can be represented for each oligomer formation
rate as

[R1] )
kp2[M] + ks2[Co]

kp1[M]
[R2] (19)

d[R3]
dt

) kp2[R2][M] - kp3[R3][M] - ks3[R3][Co] ≈ 0 (20)

W4 ) kp3[R3][M] (21)

W3 ) ks3[R3][Co] (22)

[R]o ) [R1] + [R2] + [R3]

[R3] ) [R]o - [R1] - [R2] (23)

kp3 )
W4

[R3][M]
)

W4

[R]o[M] - [R1][M] - [R2][M]

kp1
kp1

kp3 ) kp1
W4

kp1[R]o[M] -
kp1
kp2

kp2([R1][M] + [R2][M])
(24)

kp3 ) kp1
W4

W*2 - (W3 + W4)
kp1
kp2(1 +

kp2[M] + ks2[Co]

kp1[M] )
(25)

kpN ) kp1
WN+1

W*2 - (WN + WN+1)
kp1

kp(N-1)

{1 - ∑
m)1

N-2

(∑
q)m

N-2

âq)m}

(26)

âq )
kp(q+1)[M] + ks(q+1)[Co]

kpq[M]
(27)

ksN ) kpN
WN[M]

WN+1[Co]
(28)

d[P2]
dt

) W2 ) kp1[M][R1] (9)

[R1] )x V
2kt1

(10)

d[R2]
dt

) kp1[R1][M] - kp2[R2][M] - ks2[R2][Co] ≈ 0 (11)

W3 ) kp2[R2][M] (12)

W2 ) ks2[R2][Co] (13)

[R1] )
W2 + W3

kp1[M]
(14)

[R1] ) [R]o - [R2] (15)

[R2] ) [R]o -
W2 + W3

kp1[M]
(16)

kp2 ) kp1
W3

W*2 - (W2 + W3)
(17)

ks2 ) kp2
[M]W2

[Co]W3
(18)

d[R2]
dt

) kp1[R1][M] - kp2[R2][M] - ks2[R2][Co] ≈ 0
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where N > 2 and the (N + 1)-mer is the highest molecular
weight product formed in the experiment. Therefore, slowly
reducing the concentration of the catalyst and measuring the
rates of each oligomer formation one could find kp1, then kp2,
then ks2, then kp3, then ks3, etc.
Unfortunately, available analytical techniques begin to

present a limitation to the technique. NMR spectroscopy does
not allow differentiation of the tetramer signal from that of
higher oligomers. GPC or HPLC should give more flexibility
in the determination of rates by the method described here,
but it should be noted that chromatographic quantification of
low oligomers requires special calibrations because there are
changes in both the refractive indices and UV extinction
coefficients with the molecular weight of the oligomers.14a
Modern mass spectroscopic methods of polymers like MALDI
and K+IDS14b-d also could be considered.

Experimental Section
Materials. Methacrylonitrile, MAN, and methyl methacry-

late, MMA (both from Aldrich), were purified by multiple
vacuum distillation immediately prior to use. Deuteriochlo-
roform (Aldrich) was used as a solvent without additional
purification. [Tetrakis(p-methoxyphenyl)porphyrinato]cobalt-
(II) or [tetraanisylporphyrinato]cobalt(II), (TAP)Co (Aldrich),
was recrystallized twice from chloroform-heptane. The tet-
ramethyl ether of [hematoporphyrinato IX]cobalt(II), HPCo,
and [tetramesitylporphyrinato]cobalt(II), TMPCo, were syn-
thesized according to published procedures.15,16 AIBN (2,2′-
azobis(isobutyronitrile)) (Eastman Kodak) was purified by
crystallization from chloroform and then ethanol at temper-
atures below room temperature.
Kinetic Measurements. All reagents were mixed in air

and transferred to an ampule or NMR tube adapted for
vacuum. After three freeze-pump-thaw cycles (10-3 Torr
vacuum) the ampules were sealed. After sealing, the NMR
tubes were immersed in an isothermal circulating bath at 60
( 0.1 °C. The degree of dimerization in this was monitored
by NMR spectroscopy using a 300 MHz GE spectrometer.
NMR measurements were carried out at room temperature.
The concentrations of the MAN oligomers were determined
by comparison of their vinylic proton signals to that of the
monomer. This method, requiring multiple measurements to
obtain a single kinetic curve, confirmed the approach but was
found to be slow and less accurate than a calorimetric
approach.
MMA oligomerization was also studied by isothermal cal-

orimetry. In this case, the prepared ampules were placed in
a C-80 (Setaram) isothermal microcalorimeter at 60 °C. The
course of the reaction was determined by the exotherm
associated with the dimerization reaction. A typical thermo-
gram is shown in Figure 1. After about 1-2 h (conversions of
10% to as high as 40% in cases where high concentrations of
the initiator was employed) the ampules were removed, chilled,
and opened. The oligomer composition of the reaction mixture
was analyzed by proton NMR. Concentrations of monomer
and each oligomer were determined by their vinylic proton
signals. For oligo-MMA, chemical shifts were taken from the
literature.17 The MAN oligomers were found to have the
following vinylic chemical shifts: 5.77 and 5.68 (monomer),
6.12 and 5.95 (dimer), 6.18 and 6.01 (trimer) in chloroform,
which correlate well with literature values.18
Kinetic Calculations. The initial rate of polymerization,

Wst, was used as a basic value for all kinetic calculations. In
the MAN oligomerization, the rate of formation of all of the
oligomers were measured directly by NMR. The value of Wst

was obtained by extrapolation of the dimerization kinetic curve
to the time zero intersection with the y-axis. In MMA
oligomerization the value ofWst was obtained by extrapolation

of the heat flow signal to time zero. The reaction conditions
applied in this work were chosen to provide low rates of
polymerization so that the heat flow over the first hour
decreased linearly with time, facilitating the Wst determina-
tion.
The heat flow at the beginning of the reaction was then

converted to the rate of the MMA dimerization by utilizing
the assumption that the heat of dimerization is exactly half
that of the heat of polymerization. This assumption is justified
because the dimerization process converts the two π-bonds of
two monomers into one π-bond and one σ-bond while, in
polymerization, each of the π-bonds is converted to a σ-bond.
In this case, the heat of MMA dimerization was assumed to
be 28.7 kJ/mol (the heat of MMA polymerization was taken
as 57.5 kJ/mol).19 The conversions of several calorimetric runs
were checked by NMR after completion, and it was found that
agreement was within 10%.
As predicted by eq 7, it was very difficult to obtain the pure

dimer as the only product because some trimer forms even
when concentration of the chain transfer agent is relatively
large in comparison with the concentration of monomer. NMR
spectroscopy was able to differentiate between monomer and
the individual oligomers up to tetramers. The NMR signals
of vinylic protons of pentamers and higher oligomers were not
sufficiently separated from the tetramer signal for reliable
quantification. We therefore utilized only experimental points
with a relatively low concentration of the tetramer to avoid
the errors rising from uncertain concentrations of the pen-
tamer and higher oligomers.
The heat of oligomerization is clearly going to be different

from that of dimerization or polymerization. Thus, the heat
of trimerization will be two-thirds that of polymerization, and
the heat of tetramerization will be three-fourths of that of the
polymerization. Though the concentrations of these higher
oligomers were several times smaller than the concentration
of the dimer, they affect the kinetic results obtained by
calorimetry because of its superior sensitivity. This effect was
corrected by multiplication of the observed initial rate of the
polymerization, Wst, by the coefficient R defined as

The term W2 is the initial rate of dimer formation, Pi is an
i-oligomer, and (i - 1) is a coefficient which indicates the
number of double bonds converted into single bonds during
polymerization in the presence of these chain transfer cata-
lysts. Equation 31 allows us to extract the heat (i.e. rate) of
the dimerization from the combined heat flow. The denomina-
tor in eq 31 shows how many total monomer π-bonds in the
reaction mixture convert into σ-bonds, while the numerator
shows how many such events are attributed to the formation
of dimer only. The rates of formation of the other oligomers
were obtained from W2 by comparison of their vinylic proton

kpN ) kp1
WN+1

W*2 - W2 - ∑
q)1

N-2{Wq+2∑
i)1

q+1(kp1kpi)i}q

- WN+1∑
i)1

N-1(kp1kpi)i
(29)

Figure 1. Thermogram of MMA dimerization in a chloroform
solution: [MMA] ) 0.94 M, 60 °C, [HPCo] ) 7.5 × 10-3 M,
[AIBN] ) 0.0133 M.

W2 ) RWst (30)

R )

∑
i)2

i)4

[Pi]

∑
i)2

i)4

[(i - 1)Pi]

(31)
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NMR signals with those of the dimer. It is important to note
that trimer and higher oligomers do not originate from reaction
of dimer in these reactions which are run at low conversion.
Rather, they come from reaction of monomer radicals sequen-
tially with two monomers before interception of the oligomer-
ization process by the cobalt catalyst. Their rate of formation
is essentially constant over the course of the reaction.
According to calculations made in an earlier paper,12 the

overall concentration of all radicals, [R]o, during CTC should
be an essentially constant value if their termination rate
constants do not differ significantly:

We were unable to find references on kt1 for methacrylates,
but the termination rate constant for the 2-cyano-2-propyl
radical (R1 for MAN) was evaluated by Sustmann et al.11b We
applied this data to our previous calculations12 and found the
results to be entirely consistent with our assumptions. If kt1
depends only on diffusion, as is widely believed, then kt1 for
MMA should not differ significantly from that of methacrylo-
nitrile, and kt1 ≈ kt2 ≈ kt3.
According to eq 7, pure dimer free of higher oligomers will

be obtained only when the concentration of the catalyst is
infinite, and then only at infinitesimally slow rates. Nonethe-
less, it is relatively simple to obtain dimer with only traces of
higher oligomers. Because the ratio of dimer to higher
products is determined by the competition of monomer and
catalyst for the radical species present, increasing the con-
centration of catalyst or decreasing the concentration of
monomer will give the same result. The lower the concentra-
tion of monomer, the more difficult it is to measure the rate
of polymerization, especially when the rate of initiation is
maintained at low levels to reduce the error in the measure-
ment of Wst, so it is preferable to raise the concentration of
catalyst. Nonetheless, limitations in the solubility of the
catalyst will sometimes dictate the approach. In the example
of MMA, propagation rate constants are not limiting, but
potential catalyst concentrations are limited by solubility. In
particular, TMPCo was found to have low solubility in
chloroform, the preferred solvent for porphyrins. By varying
both parameters it was possible to obtain sequentially (a)
almost pure dimer with less than 5% trimer, (b) dimer with
an appreciable concentration of trimer, and (c) dimer with
combined concentrations of trimer and tetramer of more than
30% (see Figure 2, correspondingly, a, b, and c). The propaga-
tion rate constants of MAN are low compared to MMA and it
was found to be easier to tune the experimental conditions to
yield essentially pure dimer.
When the concentrations of higher oligomers are less than

≈30%, the experiments on the dimerization are close enough

to the conditions described mathematically above that useful
information can be obtained. To provide the reader some idea
how far each experimental point is from the “ideal”, we provide
all plots with an additional y-axis, which indicates the partial
dimer concentration in the reaction products, [P2]/∑[Pi].

Results

The rate of the dimerization was found to be propor-
tional to the square root of the concentration of the
initiator (Figures 3 and 4) and to increase linearly with
the concentration of the monomer (Figures 5 and 6).
Both of these findings fit the experimental model of
dimerization by free-radical polymerization interrupted

Figure 2. NMR spectra of the MMA-oligomerization reaction
products. chloroform solution, [AIBN] ) 0.0133 M, [MMA] )
0.94 M, 60 °C. Concentration of HPCo: (a) 10 mM; (b) 3 mM;
(c) 0.9 mM.

∑
i)1

∞

[Ri] ≡ [R]o ≈x V

2kt1
(32)

Figure 3. Dependence of the initial rate of MAN dimerization
on the square root of the concentration of the initiator: 60 °C,
chloroform solution, [TAPCo] ) 0.007 M, [MAN] ) 1.49 M.

Figure 4. Dependence of the initial rate of the MMA dimer-
ization on the square root of the concentration of the initia-
tor: 60 °C, chloroform solutions, [TAPCo] ) 0.0047 M, [MMA]
) 0.94 M.

Figure 5. Dependence of the initial rate of the MAN dimer-
ization on concentration of the monomer: [TAPCo] ) 0.007
M, 60 °C, chloroform solution, [AIBN] ) 0.32 M.

Figure 6. Dependence of the initial rate of MMA dimerization
on the concentration of the monomer: [TAPCo] ) 0.007 M, 60
°C, chloroform solution, [AIBN] ) 0.0133 M.
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by catalytic chain transfer indicated by eq 9. The rate
of dimerization is independent of the concentration of
the cobalt porphyrin catalyst (Figures 7 and 8), as it
was supposed to be when dimer accounts for at least
≈80% of the reaction products. When the partial
concentrations of dimer fall below ≈80%, the conditions
of the reaction begin to deviate from the model, indicat-
ing that the simplifying assumptions that R1 is es-
sentially the only radical species present in the reaction
mixture, and that ∑[Ri] ) [R1] are leading to unaccept-
ably large errors in the calculations (see Figure 8 at [P2]/
∑[Pi] e 0.7).
Assuming that the cobalt is equally effective in

trapping radicals of different sizes, the resulting partial
concentration of radical Rj is proportional to the partial
concentration of the Pj+1, Figure 9 has been composed
by dividingW2 by the partial concentration of the dimer.
The resulting normalized (adjusted) W2 is relatively
independent of the concentration of the catalyst for the
lower partial concentrations of the dimer. The deviation
from linearity indicates, as can be derived from eqs 26
and 27, that kp and ks change with radical length.
All of the experimental points in Figures 3-8 can be

used to estimate kp1 but in order to obtain average
values over a range of experimental conditions, Figures
10 and 11 have been composed. The axes of Figures 10
and 11 allow the combination of all of the data into a
single plot independent of the concentrations of cata-
lysts, initiators, and monomers. The dependence of the
observed propagation rate constant on the composition

of the oligomerization products is seen to be reasonably
linear. Despite the fact that conditions where dimer
was the sole observed product could not be achieved,
an accurate value for the kp1 can be obtained by
extrapolating the experimental line to the point where
the partial concentration of the dimer is 1.0.
The data obtained above allow the calculation of the

kp1 rate constants for the monomers studied in this
paper. Applying the data from Figure 10 (for P2/∑(Pi)
) 1.0), eqs 9 and 10, and the data in ref 8b on kt1 and
V for AIBN in chloroform solutions,12 we obtain kp1 )
340 ( 40 M-1 s-1 for methacrylonitrile at 60 °C. The
intersection of the line in Figure 11 with the y-axis gives
an intrinsic kp1 for MMA. Then, by a method analogous
to that for MAN we calculate the rate constant for the
MMA free-radical propagation rate constant, kp1 )
14 000 ( 1500 M-1 s-1. Applying those data points that
fit the line in Figure 11 to minimize error, we obtain
kp2 ) 3600 M-1 s-1 for MMA at 60 °C by the eq 17. The
kp1 rate constants for both MAN and MMA are roughly
1 order of magnitude larger than the literature values
of propagation rate constants for the corresponding
macroradicals (kp ) 843 M-1 s-1 for MMA at 60 °C and
kp ) 55 M-1 s-1 for MAN at 60 °C).20
Using the data available, it is also possible to deter-

mine the chain transfer rate constants, ks. Applying eq
18, the rate constant ks2 was found to be equal to 2.3 ×
106 M-1 s-1 for HPCo and 2.8 × 106 M-1 s-1 for TAPCo
for MMA free-radical polymerization at 60 °C. Both of
these values are slightly larger than the rate constants
for the corresponding macroradicals and catalysts, 1.42
× 106 M-1 s-1 for HPCo and 2.4 × 106 M-1 s-1 for
tetraphenylporphyrin-Co, a TAPCo structure analog9b
(kp ) 843 M-1 s-1 was taken as a propagation rate
constant for MMA macroradicals at 60 °C). Therefore
the CTC rate constant is much less dependent on the

Figure 7. Dependence of the initial rate of the MAN dimer-
ization on the concentration of TAPCo catalyst: 60 °C,
chloroform solution, [MAN] ) 1.49 M, [AIBN] ) 0.32 M.

Figure 8. Dependence of the initial rate of MMA dimerization
on the concentration of HPCo catalyst: 60 °C, chloroform
solution, [MMA] ) 0.46 M, [AIBN] ) 0.0133 M.

Figure 9. Dependence of the normalized initial rate of MMA
dimerization on the concentration of the catalyst. Data are
taken from Figure 8.

Figure 10. Dependence of the observed propagation rate
constant on the partial concentration of the MAN dimer in
the CTC products: chloroform solution, 60 °C. The units on
the ordinate axis are M-0.5 s-1. Experimental data are taken
from Figures 3, 5, and 7.

Figure 11. Dependence of the observed propagation rate
constant on the partial concentration of the MMA dimer in
the CTC products: chloroform solution, 60 °C. The units on
the ordinate axis are M-0.5 s-1. Experimental data are taken
from Figures 4, 6, and 8.
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radical length than the propagation rate constant.
Perhaps the steric hindrance of the planar porphyrin
molecule is great enough to impede reactions with even
small molecules. These findings correlate well with
Smirnov’s data7b on Cs variations with radical length.

Discussion
Mechanism of Catalytic Chain Transfer. One

must consider the possibility that the dimerization and
trimerization reactions studied here occur by cobalt
catalysis rather than by means of the mechanism
involving free-radical addition interrupted by cobalt-
catalyzed chain transfer, which is illustrated in the
equations of Scheme 1. It has been suggested recently
that CTC is a coordination polymerization taking place
by the mechanism shown in Scheme 2.21
According to that scheme, a Co-H elimination can

occur at any stage of the above coordination polymeri-
zation to yield vinylidene-terminated polymer molecules
(6). Several observations in the work reported here
argue strongly against this proposal.
If the dimerization occurs via a free-radical mecha-

nism, then rate constant kp1 should be independent of
the nature of the catalyst. Though there are some stray
data points in Figure 11, essentially all of the results
lay on a straight line for all three cobalt porphyrins
utilized in this study. With the variations in steric and
electronics of these three porphyrins, it is unlikely that
they would catalyze a polymerization at the same rate.
A stronger argument against coordination polymeri-

zation is in the observation of variations in the rate of
polymerization as a function of the concentration of the
cobalt chelate. In a coordination polymerization it
would be expected that there would be a direct correla-
tion between the rate of polymerization and the con-
centration of catalyst. For example, the coordination
dimerization (33) would be described by the following
two reactions:

For the steady-state conditions we, then, will have:

The data in Figures 6 and 7 do not support the

dependence shown in eq 34. Putting RN instead of R1
in eq 34, we obtain the rate of coordination polymeri-
zation for high polymer. Available experimental data9b,c
show that the rate of the polymerization does not change
by more than 10% while the concentration of cobalt
porphyrin is varied by 2 orders of magnitude. There
is, however, a reduction of the molecular weight of the
polymer from 200 000 to several hundred. It is clear
that any contribution of coordination polymerization
into the overall polymerization in CTC is not significant
regardless of the MW of the product formed.
To complete the proof of the free-radical mechanism

for low-oligomer formation via CTC, one must consider
the possibility of monomer activation by complexation
with the chain transfer catalyst. This would be il-
lustrated by the reaction in Scheme 3. Scheme 3 leads
to the following expression for the dimerization rate:

The dependence in eq 35 is essentially the same as in
eq 34. Again, one should observe a dependence of the
dimer formation rate on the concentration of the cobalt
catalyst, which is in contrast with the experimental data
of Figures 7 and 8.
Propagation Rate Constants in Living Radical

Polymerizations. The techniques presented here
provide an interesting opportunity to measure kp for low
molecular weight radicals with monomers which form
relatively stable Co-C bonds with a cobalt chelate.
These are generally systems in which chain transfer
catalysts are less effectivesfor example, with acrylates.
The reported examples of living radical polymerization
of acrylates with cobalt chelates as a capping agent2a,e
require UV irradiation or heating to induce propagation.
This indicates that the Co-C bond cleavage could be
undertaken under well-controlled conditions. In this
case the R1 radical released via the Co-C bond homoly-
sis can react nonproductively with free Co(II) chelate
or add a monomer to form R2. Due to the persistent
radical effect,22 the primary reaction of both the R1 and
R2 radicals will be to form organometallic products Co-
R1 and Co-R2 with little self-termination by reaction
2.
Although other capping agents are well explored for

living free-radical polymerizations, cobalt porphyrins or
cobalt phthalocyanines will be preferred for the mea-
surement of propagation rate constants in the living
radical polymerization shown in Scheme 4. Because of
the expanded system of conjugated π-bonds, tetrapyr-
rolic macrocycles provide ring-current shielding of any
axial ligands of cobalt. As a result, many proton signals
of axial ligands are shifted upfield to the negative δ
region. The well-developed NMR method for identifica-
tion of axial ligands in Co(II) porphyrins23 can provide
precise quantification of Co-RN to Co-RN+1 conversion
for 1 e N e 3 with the R3 end unit proton resonances
in the δ ≈ 0 region. This range is readily extended by
either of two methods.
For monomers which have no protons with chemicals

shifts between 0 and 4 ppm (for instance, methyl or
benzyl acrylate, acrylonitrile, vinyl formate, or vinyl
chloride, but not ethyl and higher acrylates or vinyl

Scheme 2

(33)

Co + R1 98
kx
Co-R1

Co-R1 + M98
ky
Co + P2

W2 ) kxky[M][Co][R1] (34)

Scheme 3

W2 ) kzka[M][Co][R1] (35)
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acetate), the end units of oligomers greater than trimer
will lead to proton resonances in the 0-4 ppm region.
Quantification by high-resolution NMRwill be relatively
easy for oligomers of such monomers up to hexamer or
even heptamer.
Another approach applicable to essentially all mono-

mers is to initiate the metal-mediated living free-radical
polymerization with deuterated monomers. After the
degree of polymerization of the axial ligand reaches
some desired value, the polymerization is continued
with nondeuterated monomer. The next insertion of
monomer could be subject to an isotope effect, but all
subsequent insertions should be free of any isotope effect
and will reflect the propagation rate of that particular
n-mer plus the observed insertions.
The general equation for the propagation rate con-

stant calculation in these metal-mediated living radical
polymerizations is essentially the same as shown above
in eqs 9 and 10

By definition, the RN are only those radicals of N length
that freely diffuse in the reaction mixture. The value
of V is readily determined by trapping the propagating
radicals with stable free-radical traps. The positive
feature of this method is that it will provide information
on only those radicals which are freely-diffusing but not
on caged-radicals if moderate concentrations of the spin-
trap are utilized.24
The most reliable and readily available results are

obtained by this method when the starting organocobalt
chelate contains one specific n-mer as the organic axial
substituent. Although the combination of deuterated/
nondeuterated monomer allows the measurement of
propagation rates for practically any RN, the problem
of resolution increases with N number. Organocobalt
porphyrins with secondary C-Co bonds are relatively
stable, making them suitable for metal-mediated, living
radical polymerization, and they are readily handled at
room temperature in air. The bulky, planar, nonpolar,
highly chromophoric porphyrin moiety facilitates sepa-
ration and analysis of these organocobalt porphyrins by
liquid chromatography for relatively small RN. With

increasing axial size the difficulties of Co-RN quantita-
tive separation from any other Co-RN(1 also increase.
Uncertainties. One of the more important assump-

tions made in this method is that the concentration of
RN radicals is negligible relative to that of radicals RN-1
when determining kpN by eqs 26 or 29. This is adequate
as a first approximation, but for more precise measure-
ments, this assumption would lead to calculated values
of kpN smaller than actual because an additional term
of RNmust be considered in the equation describing [R]o
(for instance, R4 in the example of eq 23).
A more significant error could result from the depen-

dence of termination rate constants on radical length.
Although this rate is generally considered to be diffu-
sion-controlled, the experiments of Sustmann et al.11b
have shown that the value of 2kt for radicals as similar
as the 2-cyano-2-propyl radical and the 1-cyanoallyl
radical can differ by factors of 1.5-2. Similar differ-
ences in reactivity were observed for the cis and trans
butenyl radicals.11i The square root of these differences
(note eqs 10 and 32) could lead to variations of as much
as 20-40%. It is likely that the termination of free
radicals is subject not only to viscosity but also to the
formation of weak complexes with solvents or other
species which are stable enough to affect the rate of
termination.25 More accurate kinetic measurements
will require termination rate constants of greater ac-
curacy than those obtained according to the well-known
Smoluchowski equation.
The Penultimate Unit Effect. It would be infor-

mative to use cobalt-catalyzed reactions in the investi-
gation of copolymerizations as well as the homopoly-
merizations discussed here. For example, this approach
should allow one to study the penultimate unit effect
in a free-radical polymerization.26 The penultimate
effect has been shown to play a role in copolymerizations
either by distortion of conformational motions in the
transition state or through formation of complexes with
a free-radical center. We believe that it is also possible
that the second unit from the end of the growing chain
(penpenultimate unit) can stabilize a radical, in the
manner shown in Scheme 5.
Stabilization of radical centers by formation of cyclic

acceptor/donor complexes was proposed by Barson and
Ensor.27 These structures were necessary to explain the
increase in chain transfer constant for CBr4 with the
increasing degree of polymerization of the growing
polyMA radical. It was felt that the complex would have
a lower activation energy for chain transfer.28

Scheme 4

kpN )
WN+1

[RN][M]
)

WN+1

[M]x V
ktN

Scheme 5
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In the cases of styrene and acrylonitrile, the unit
second to the end monomer is more likely to interact
with the radical center than the penultimate unit due
to steric restrictions like those shown in Scheme 6.
Aromatic rings are known to stabilize free radicals

by forming complexes.29 Coplanar structures are be-
lieved to be important in aromatic solvent complexes
with free radicals.30 The interaction between the phen-
yls in neighboring units (structure A in (Chart 1))
requires either a prior transformation of the planar
radical center into a pyramidal one or a significant bond
angle distortion. Alternatively, the interaction between
the radical center and the third phenyl (structure B) or
1-3 phenyl substituents (structure C) with both phenyl
substituents and the radical-bearing carbon laying in
parallel planes requires little if any change in the
conformation of the radical species.

Conclusions

1. Propagation during chain transfer catalysis occurs
by a conventional free-radical mechanism. There is no
indication of any contribution to propagation through
a coordination polymerization mechanism.
2. The relatively clean generation of primary radicals

by CTC facilitates the measurement of propagation rate
constants for specific radical species. The approach
described here is specific to monomers subject to CTC,
but the approach could be extended to monomers
suitable for metal-mediated living radical polymeriza-
tions.
3. For both methyl methacrylate and methacryloni-

trile, the propagation rate constants for the primary
monomer radicals with DP ) 1 are approximately 20
times greater than those determined for high polymeric
radicals. The propagation rate constants for dimer

radicals of MMA are 4-5 times greater than those of
high polymer.

References and Notes

(1) (a) Enikolopov, N. S.; Korolev, G. V.; Marchenko, A. P.;
Smirnov, B. R.; Titov, V. I. USSR Patent 664,434 (1978). (b)
Golikov, I. V.; Enikolopov, N. S.; Mironichev, V. E.; Mogi-
levitch, M. M.; Plotnikov, V. D.; Smirnov, B. R. USSR Patent
856,096 (1979). (c) Bel’govskii, I. M.; Golikov, I. V.; Enikol-
opov, N. S.; Goncharova, L. S.; Luk’yanets, E. A.; Kopranen-
kov, V. N.; Mogilevitch, M. M.; Smirnov, B. R. USSR Patent
871,378 (1979). (d) Bel’govskii, I. M.; Gridnev, A. A.; March-
enko, A. P.; Smirnov, B. R. USSR Patent 940,487 (1980). (e)
Gridnev, A. A.; Bel’govskii, I. M.; Enikolopov, N. S.; Lampeka,
Ya. D.; Yatsimirskii, K. B. USSR Patent 1,306,085 (1986).
(f) Melby, L. R.; Janowicz, A. H.; Ittel, S. D. Eur. Patent EP
199,436 (1986) and 196,783 (1986); German Patent DE
3,665,868 (1989) and DE 3,667,062 (1989) all to DuPont. (g)
Janowicz, A. H.; Melby, L. R. U.S. Patent 4,680,352 (1987)
to DuPont. (h) Janowicz, A. H. U.S. Patents 4,694,054 (1987),
4,746,713 (1988), 4,886,861 (1989), and 5,028,677 (1991) all
to DuPont. (i) Abbey, K. J. U.S. Patent 4,608,423 (1986) to
SCM. (j) Carlson, G. M.; Abbey, K. J. U.S. Patent 4,526,945
(1985) to SCM. (k) Carlson, G. M. U.S. Patent 4,547,323
(1985) to SCM. (l) Hawthorne, D. G. U.S. Patent 5,324,879
(1994) and Eur. Patent EP 249,614 (1992) both to CSIRO.
(m) Antonelli, J. A.; Scopazzi, C. U.S. Patent 5,310,807 (1994)
and 5,362,813 (1994) both to DuPont. (n) Antonelli, J. A.;
Scopazzi, C.; Doherty, M. M. U.S. Patent 5,010,140 (1991) to
DuPont. (o) Devlin, B. P.; Antonelli, J. A.; Scopazzi, C. U.S.
Patent 5,290,633 (1994) to DuPont. (p) Hazan, I.; Mitzie, K.
R. U.S. Patent 5,162,426 (1992) and 5,244,959 (1993) both
to DuPont. (q) Chu, I. C.; Fryd, M.; Lynch, L. E. U.S. Patent
5,321,131 (1993) to DuPont. (r) Berge, C. T.; Darmon, M. J.;
Antonelli, J. A. U.S. Patent 5,362,826 (1994) to DuPont. (s)
Barsotti, R. J.; Berge, C. T.; Scopazzi, C. U.S. Patent
5,412,039 (1995) to DuPont. (t) Lin, J. C.; Carlson, G. M.;
Abbey, K. J. U.S. Patent 4,621,131 (1986) to SCM. (u) Abbey,
K. J. U.S. Patent 4,608,423 (1986) to SCM.

(2) (a) Wayland, B. B.; Poszmik, G.; Mekerjee, S.; Fryd, M. J.
Am. Chem. Soc. 1994, 116, 7943. (b) Ando, T.; Kato, M.;
Kamigaito, M.; Sawamoto, M.Macromolecules 1996, 29, 1070.
(c) Gaynor, S. G.; Edelman, S.; Matyjaszewski, K.Macromol-
ecules 1996, 29, 1079. (d) Kato, M.; Kamigaito, M.; Sawamoto,
M.; Higashimura, T. Macromolecules 1995, 28, 1721. (e)
Arvanitopoulos, L. D.; Gruel, M.; Harwood, H. J. Polym.
Prepr. (Am. Chem. Soc., Div. Polym. Chem.) 1994, 35, 549.

(3) (a) Flory, P. J. Principles of Polymer Chemistry; Cornell
University Press: Ithaca, NY, 1953. (b) Eastmond, G. C. In
Comprehensive Chemical Kinetics; Bamford, C. H., Tipper,
C. F. H., Eds.; Elsevier: Amsterdam, 1976; Vol. 14a, p 104.
(c) Bevington, J. C. Radical Polymerization; Academic
Press: London, 1961. (d) Bagdasar’yan, Kh. S. Theory of Free-
Radical Polymerization; Nauka: Moscow, 1966. (e) Peebles,
L. H. Molecular Weight Distributions in Polymers; Wiley:
New York, 1971. (f) Odian, G. G. Principles of Polymerization;
Wiley: New York, 1991. (g) Yamada, B.; Kageoka, M.; Otsu,
T. Polym. Bull. 1992, 28, 75.

(4) (a) Heberger, K.; Fisher, H. Int. J. Chem. Kinet. 1993, 25,
249. (b) Newcomb, M.; Horner, J.; Filipkowski, A.; Ha, C.;
Park, S. U. J. Am. Chem. Soc. 1995, 117, 3674. (c) Caronna,
T.; Citterio, A.; Ghirardini, M.; Minisci, F. Tetrahedron 1977,
33, 793. (d) Citterio, A.; Arnoldi, A.; Minisci, F. J. Org. Chem.
1979, 44, 2674. (e) Ingold, K. U. In Free Radicals; Kochi, J.
K., Ed.; Wiley: New York, 1973; p 93. (f) Zytowski, T.;
Fischer, H. J. Am. Chem. Soc. 1996, 118, 437. (g) Baban, J.
A.; Roberts, B. P. J. Chem. Soc., Perkin Trans. 2 1981, 89.
(h) Wu, J. Q.; Beranek, I.; Fisher, H. Helv. Chim. Acta 1995,
78, 194. (i) Jent, F.; Paul, H.; Roduner, E.; Heming, M.;
Fischer, H. Int. J. Chem. Kinet. 1986, 18, 113.

(5) (a) Buback, M.; Huckestein, B.; Ludwig, B.Makromol. Chem.,
Rapid. Commun. 1992, 13, 1. (b) Buback, M.; Degener, B.;
Huckestein, B.Makromol. Chem., Rapid. Commun. 1989, 10,
311. (c) Buback, M.; Schweer, J. Z. Phys. Chem. 1989, 161,
153. (d) Davis, T. P.; O’Driscoll, K. F.; Piton, M. C.; Winnik,
M. A. Polym. Int. 1991, 24, 65. (e) Pascal, P.; Winnik, M. A.;
Napper, D. H.; Gilbert, R. G. Makromol. Chem., Rapid.
Commun. 1993, 14, 213. (f) O’Driscoll, K. F.; Mahabadi, H.
K. J. Polym. Sci., Polym. Chem. Ed. 1976, 14, 869. (g)
Mahabadi, H. K.; O’Driscoll, K. F. J. Macromol. Sci., Chem.
1977, A11, 967. (h) Buback, M.; Gilbert, R. G.; Russell, G.
T.; Hill, D. J. T.; Moad, G.; O’Driscoll, K. F.; Shen, J.;
Winnick, A. J. Polym. Sci., Part A: Polym. Chem. 1992, 30,

Scheme 6

Chart 1

5872 Gridnev and Ittel Macromolecules, Vol. 29, No. 18, 1996



851. (i) Olaj, O. F.; Bitai, I. Angew. Makromol. Chem. 1987,
155, 177. (j) Olaj, O. F.; Schnoll-Bitai, I. Eur. Polym. J. 1989,
25, 635. (k) Heberger, K.; Walbiner, M.; Fischer, H. Angew.
Chem., Int. Ed. Engl. 1992, 31, 635.

(6) (a) Giese, B. Angew. Chem., Int. Ed. Engl. 1983, 22, 753. (b)
Behari, K.; Bevington, J. C.; Huckberby, T. N. Makromol.
Chem. 1987, 188, 2441. (c) Diart, V.; Roberts, B. P. J. Chem.
Soc. Perkin Trans. 2 1992, 1761. (d) Golubev, V. B.; Mun, G.
A.; Zubov, V. P. Vest. Moskovsk. Univ. Khim. (Engl. Transl.)
1987, 42, 592. (e) Giese, B.; Lachein, S. Angew. Chem., Int.
Ed. Eng. 1981, 20, 967. (f) Tedder, J. M. Angdew. Chem., Int.
Ed. Eng. 1982, 21, 401. (g) Giese, B.; Meixner, J. Chem. Ber.
1981, 114, 2138. (h) Giese, B.; Kretzschmar, G.; Meixner, J.
Chem. Ber. 1980, 113, 2787. (i) Moad, G.; Rizzardo, E.;
Solomon, D. H. Macromolecules 1982, 15, 909. (j) Moad, G.;
Rizzardo, E.; Solomon, D. H.; J. Macromol. Sci., Chem. 1982,
A17, 51. (k) Moad, G.; Rizzardo, E.; Solomon, D. H. Aust. J.
Chem. 1983, 36, 1573. (l) Tedder, J. M. In Reactivity,
Mechanism and Structure in Polymer Chemistry; Jenkins, A.
D., Ledwith, A., Eds.; Wiley: London, 1974; p 31. (m) James,
D. G. L.; Ogawa, T. Can. J. Chem. 1965, 43, 640. (n) Giese,
B.; Meister, J. Chem. Ber. 1977, 110, 2558. (o) ElSoueni, A.;
Tedder, J. M.; Walton, J. C. J. Chem. Soc., Faraday Trans. 1
1981, 89; (p) Owen, G. E.; Pearson, J. M.; Szwarc, M. J.
Chem. Soc., Faraday Trans. 1965, 61, 1722. (q) Vertommen,
L. L. T.; Tedder, J. M.; Walton, J. C. J. Chem. Res., Synop.
1977, 18. (r) Citterio, A.; Arnoldi, A.; Minisci, F. J. Org. Chem.
1979, 44, 2674. (s) Citterio, A.; Minisci, F.; Arnoldi, A.;
Pagano, R.; Parravivini, A.; Porta, O. J. Chem. Soc., Faraday
Trans. 2 1978, 519. (t) Giese, B.; He, J.; Mehl, W. Chem. Ber.
1988, 121, 2063. (u) Ghodoussi, V.; Gleicher, G. J.; Kravetz,
M. J. Org. Chem. 1986, 51, 5007. (v) Giese, B.; Meister, J.
Angew. Chem. 1977, 89, 178. (w) Szwarc, M. J. Polym. Sci.
1955, 16, 367. (x) Mayo, F. R.; Lewis, F. M.; Walling, C. J.
Am. Chem. Soc. 1948, 70, 1529. (y) Viehe, H. G.; Merenyi,
R.; Stella, L.; Janusek, Z. Angew. Chem. 1979, 91, 982. (z)
Giese, B.; Lachhein, S. Angew. Chem. 1981, 93, 1016.

(7) (a) Moad, G.; Rizzardo, E.; Solomon, D. H.; Beckwith, A. L.
J. Polym. Bull. 1992, 29, 647 (b) Smirnov, B. R.; Marchenko,
A. P.; Plotnikov, V. D.; Kuzaev, A. I.; Enikolopyan, N. S.
Polym. Sci. USSR (Engl. Transl.) 1981, 23, 1169. (c) Morri-
son, B. R.; Casey, B. S.; Lacik, I.; Leslie, G. L.; Sangster, D.
F.; Gilbert, R. G.; Napper, D. H. J. Polym. Sci., Polym. Chem.
Ed. 1994, 32, 631. (d) Deady, M.; Mau, A. W. H.; Moad, G.;
Spurling, T. H. Makromol. Chem. 1993, 194, 1691. (e)
Spurling, T. H.; Deady, M.; Krstina, J.; Moad, G.Makromol.
Chem., Macromol. Symp. 1991, 51, 127. (f) Krstina, J.; Moad,
G.; Willing, R. I.; Danek, S. K.; Kelly, D. P.; Jones, S. L.;
Solomon, D. H. Eur. Polym. J. 1993, 29, 379.

(8) (a) Deady, M.; Mau, A. W. H.; Moad, G.; Spurling, T. H.
Makromol. Chem. 1993, 194, 1691. (b) Spurling, T. H.; Deady,
M.; Krstina, J.; Moad, G.Makromol. Chem., Macromol. Symp.
1991, 51, 127. (c) Krstina, J.; Moad, G.; Willing, R. I.; Danek,
S. K.; Kelly, D. P.; Jones, S. L.; Solomon, D. H. Eur. Polym.
J. 1993, 29, 379.

(9) (a) Parshall, G. W.; Ittel, S. D. Homogeneous Catalysis;
Wiley: New York, 1992; p 85. (b) Enikolopyan, N. S.;
Smirnov, B. R.; Ponomarev, G. V.; Belgovskii, I. M. J. Polym.
Sci., Part A: Polym. Chem. 1981, 19, 879. (c) Smirnov, B. R.;
Morozova, I. S.; Marchenko, A. P.; Markevich, M. A.; Pus-
chaeva, L. M.; Enikolopyan, N. S. Dokl. Chem. (Engl. Transl.)
1980, 253, 383. (d) Gridnev, A. A. Polym. Sci. USSR (Engl.
Transl.) 1989, 31, 2369. (e) Gridnev, A. A.; Semeikin, A. S.;
Koifman, O. I. Theor. Exp. Chem. (Engl. Transl.) 1989, 25,
698. (f) Gridnev, A. A.; Belgovskii, I. M.; Enikolopyan, N. S.
Vysokomol. Soed. Ser. B 1986, 28, 85; Chem. Abstr. 1986, 105,
6846p. (g) Mironichev, V. Y.; Mogilevich, M. M.; Smirnov, B.
R.; Shapiro, Y. Y.; Golikov, I. V. Polym. Sci. USSR (Engl.
Transl.) 1986, 28, 2103.

(10) Gridnev, A. A.; Ittel, S. D.; Fryd, M.; Wayland, B. B.
Organometallics 1996, 15, 222.

(11) (a) Eastmond, G. C. In Chemical Kinetics; Bamford, C. H.,
Tipper, C. F. H., Eds.; Elsevier: New York, 1976; p 61. (b)
Korth, H. G.; Lommes, P.; Sicking, W.; Sustmann, R. Int. J.
Chem. Kinet. 1983, 15, 267. (c) Bagdasar’yan, Kh. S. Russ.
Chem. Rev. (Engl. Transl.) 1984, 53, 623. (d) Bevington, J.
C. In Comprehensive Polymer Science; Allen, G., Bevington,
J. C., Eds.; Pergamon Press: New York, 1989; p 65. (e)
Gilbert, R. G.; Smith, S. C. Theory of Unimolecular and
Recombination Reactions; Blackwell Scientific: Oxford, U.K.,
1990. (f) Scheren, P. A. G.; Russell, G. T.; Sangster, D. F.;
Gilbert, R. G.; German, A. L.Macromolecules 1995, 28, 3637.
(g) Tulig, T. J.; Tirrel, M. Macromolecules 1981, 14, 1501.
(h) Mahabadi, H. K.Macromolecules 1991, 24, 606. (i) Russell,
G. T.; Gilbert, R. G.; Napper, D. H. Macromolecules 1992,

25, 2459. (j) Bamford, C. H. Eur. Polym. J. 1989, 25, 683. (k)
Fisher, J. P.; Schulz, G. V. Ber. Bunsen-Ges. Phys. Chem.
1970, 74, 1077. (l) Hefter, H. J.; Wu, C. H.; Hammond, G. S.
J. Am. Chem. Soc. 1973, 95, 851.

(12) Wayland, B. B.; Gridnev, A. A.; Ittel, S. D.; Fryd, M. Inorg.
Chem. 1994, 33, 3830.

(13) Nitroxide radicals are best for measuring rates of a free-
radical production in the reaction media. However, one should
keep in mind that the trapping of free radicals can be
reversible at high temperatures and/or there is a steric
hindrance in the product of the trapping: (a) Kovtun, G. A.;
Aleksandrov, A. L.; Golubev, V. A. Bull. Acad. Sci. USSR.
Chem. Div. (Engl. Transl.) 1974, 23, 2115. (b) Lagunov, V.
M.; Golikov, I. V.; Smirnov, B. R.; Korolev, G. V. Polym. Sci.
USSR (Engl. Transl.) 1987, 29, 1584. (c) Solomon, D. H.;
Rizzardo, E.; Cacioli, P. U.S. Patent 4,581,429 (1986). (d)
Druliner, J. D.; Fryd, M. U.S. Patent 5,059,657 (1991). (e)
Gearges, M. K.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer,
G. K. Macromolecules 1993, 26, 2987.

(14) (a) Gridnev, A. A.; Ittel, S. D.; Fryd, M. J. Polym. Sci., Part
A: Polym. Chem. 1995, 33, 1185. (b) Simonsick, W. J.; Litty,
L. L. ACS Symp. Ser. 1993, 488, 288. (c) Montaudo, G.;
Garozzo, D.; Montaudo, M. S.; Puglisi, C.; Samperi, F.
Macromolecules 1995, 28, 7983. (d) Haddleton, D. M.; Mal-
oney, D. R.; Suddaby, K. G. Macromolecules 1996, 29, 481.

(15) Kirillova, G. V.; Yashunskii, V. G.; Babushkina, T. A.;
Ponomarev, G. V. Russ. Pat. 857138 (1981).

(16) Lindsey, J. S.; Wagner, R. W. J. Org. Chem. 1989, 54, 828.
(17) McCord, E. F.; Anton, W. L.; Wilczek, L.; Ittel, S. D.; Nelson,

L. T. J.; Raffel, K. D. Macromol. Symp. 1994, 86, 47.
(18) Yamada, B.; Tagashira, S.; Aoki, S. J. Polym. Sci., Part A:

Polym. Chem. 1994, 32, 2745.
(19) Ivin, K. J. In Polymer Handbook; Brandrup, J., Immergut,

E. H., Eds.; Wiley: New York, 1978; p II-425.
(20) (a) Carswell, T. G.; Hill, D. J. T.; Londero, J. H.; O’Donnell,

J. H.; Pomery, P. J.; Winzor, C. L. Polymer 1992, 33, 137. (b)
Flory, P. J. Principles of Polymer Chemistry; Cornell Univer-
sity Press: Ithaca, NY, 1953; p 158. (c) Hutchinson, R. A.;
Aronson, M. T.; Richards, J. R. Macromolecules 1993, 26,
6410. (d) Shipp, D. A.; Smith, T. A.; Solomon, D. H.; Moad,
G. Makromol. Chem., Rapid. Commun. 1995, 16, 837. (e)
Hutchinson, R. A.; Paquet, D. A.; McMinn, J. H.; Beuermann,
S.; Fuller, R. E.; Jackson, C. DECHEMA 1995, 131, 467. (f)
Bergert, U.; Beuermann, S.; Buback, M.; Kurz, C. H.; Russell,
G. T.; Schmaltz, C.Makromol. Chem., Rapid. Commun. 1995,
16, 425.

(21) (a) Davis, T. P.; Haddleton, D. M.; Richards, S. N. J.
Macromol. Sci., Rev. Macromol. Chem. Phys. 1994, C23, 243.
(b) Bandaranayake, W. M.; Pattenden, G. J. Chem. Soc.,
Chem. Commun. 1988, 1179 (c) Pattenden, G. Chem. Soc.
Rev. 1988, 17, 361. (d) Kijima, M.; Miyamori, K.; Sato, T. J.
Org. Chem. 1986, 52, 706.

(22) (a) Fisher, H. J. Am. Chem. Soc. 1986, 108, 3925. (b) Daikh,
B. E.; Finke, R. G. J. Am. Chem. Soc. 1992, 114, 2938. (c)
Branchaud, B. P.; Yu, G. X. Organometallics 1993, 12, 4262.
(d) Smirnov, B. R. Polym. Sci. USSR (Engl. Transl.) 1990,
32, 524.

(23) (a) Gridnev, A. A.; Ittel, S. D.; Fryd, M.; Wayland, B. B.
Organometallics 1993, 12, 4871. (b) Perree-Fauvet, M.;
Gaudemer, A.; Boucly, P.; Devynck, J. J. Organomet. Chem.
1976, 120, 439. (c) Ogoshi, H.; Watanabe, N.; Koketsu, N.;
Yoshida, Z. Bull. Chem. Soc. Jpn. 1976, 49, 2529. (d) Johnson,
A. W.; Grigg, R.; Clarke, D. A. J. Chem. Soc., Chem. Commun.
1966, 208.

(24) Garr, C. D.; Finke, R. G. Inorg. Chem. 1993, 32, 4414.
(25) (a) Tanaka, H. Prog. Polym. Sci. 1992, 17, 1107. (b) Canizal,

G.; Burillo, G.; Munoz, E.; Gleson, R.; Ogawa, T. J. Polym.
Sci., Part A: Polym. Chem. 1994, 32, 3147. (c) Ogawa, T.;
Gallegos, J.; Inoue, M. Eur. Polym. J. 1978, 14, 825. (d)
Hammond, G.; Weiner, S. A. J. Am. Chem. Soc. 1969, 91,
986. (e) Russell, G. A. J. Am. Chem. Soc. 1958, 80, 4987.

(26) (a) Fukuda, T.; Kubo, K.; Ma, Y. D. Prog. Polym. Sci. 1992,
17, 875. (b) Jenkins, A. D.; O’Driscoll, K. F. J. Polym. Sci.,
Part. A: Polym. Chem. 1995, 33, 1189. (c) Mertz, E.; Alfrey,
T., Jr.; Goldfinger, G. J. Polym. Sci. 1946, 1, 75. (d) Ono, K.;
Teramachi, S. Polym. J. 1995, 27, 790. (e) Ma, Y. D.; Won,
Y. C.; Kubo, K.; Fukuda, T. Macromolecules 1993, 26, 6766.
(f) Ma, Y. D.; Kim, P. S.; Kubo, K.; Fukuda, T. Polymer 1994,
35, 1375. (g) Fukuda, T.; Kubo, K.; Ma, Y. D.; Inagaki, H.
Polym. J. 1987, 19, 523. (h) Fukuda, T.; Kubo, K.; Ma, Y. D.;
Inagaki, H. Polym. J. 1989, 21, 1003. (i) Jones, S. A.;
Prementine, G. S.; Tirrell, D. A. J. Am. Chem. Soc. 1985, 107,
5275. (j) Fukuda, T.; Ma, Y. D.; Inagaki, H. Macromolecules
1985, 18, 17.

Macromolecules, Vol. 29, No. 18, 1996 Free-Radical Propagation Rate Constants 5873



(27) (a) Barson, C. A.; Ensor, R. Eur. Polym. J. 1977, 13, 53. (b)
Barson, C. A.; Ensor, R. Eur. Polym. J. 1977, 13, 113.

(28) This conclusion was based upon comparison of the partial
concentrations of telomeric products in the reaction mixture.
The authors used standard GPC procedures which can lead
to erroneous results when the polymeric product has a degree
of polymerization less than 10.14 This limitation in quanti-
fication can be so significant that it cannot be ruled out that
the real dependence is actually reversedsthat the chain
transfer constant to CBr4 could actually decrease with radical
length.

(29) (a) Huyser, E. S. Advances in Free-Radical Reactions; Aca-
demic Press: New York, 1965; p 77. (b) Hey, D. H.; Perkins,
M. J.; Williams, G. H. J. Chem. Soc. 1964, 3412. (c) Bartlett,
P. D.; Nozaki, K. J. Am. Chem. Soc. 1947, 69, 2299. (d) Cass,
W. E. J. Am. Chem. Soc. 1946, 68, 1976. (e) Barnet, B.;

Vaughan, W. E. J. Phys. Colloid Chem. 1947, 51, 942. (f)
Swain, C. G.; Schaad, L. J.; Kresge, A. J. J. Am. Chem. Soc.
1958, 80, 5313. (g) Strong, R. L.; Perano, J. J. Am. Chem.
Soc. 1961, 83, 2843. (h) Martin, M. M.; Gleicher, G. J. J. Am.
Chem. Soc. 1964, 86, 238. (i) Anderson, D. B.; Burnett, G.
M.; Gowan, A. C. J. Polym. Sci., Polym. Chem. Ed. 1963,
1465. (j) Burnett, G. M.; Dailey, W. S.; Pearson, J. Trans.
Fraday Soc. 1965, 61, 1216. (k) Henrici-Olive, G.; Olive, S.
Macromol. Chem. 1966, 96, 221. (l) Kalashnikova, L. A.;
Neiman, M. B.; Buchachenko, A. L. Russ. Phys. Chem. (Engl.
Transl.) 1968, 42, 598. (m) Kamachi, M.; Liaw, D. J.;
Nozakura, S. Polym. J. 1978, 10, 641.

(30) (a) Mulliken, R. S. J. Am. Chem. Soc. 1952, 74, 811. (b) Fukui,
K. Theory of Orientation and Stereoselection; Springer-
Verlag: New York, 1975.

MA960422M

5874 Gridnev and Ittel Macromolecules, Vol. 29, No. 18, 1996


