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ABSTRACT: In the presence of the metalloradicak®P@)Cr(CO)* thermolysis of the radical source AIBMe
(dimethyl 2,2-azobis(isobutyrate)) gave MMA and {eh)Cr(CO)%H. A high concentration of (6Phs)Cr(CO)®
discouraged chain growth when AIBMe was heated in MMA, making the monomeric MMA radical (i.e.,

methylisobutyryl) the dominant organic radical and

enabling us to measure ‘the$fer rate constant,

ky(monomer), from the methylisobutyryl radical tosf@x)Cr(CO)". The result, 5.2« 10° M~1 s 1 at 70°C, is
smaller than the chain transfer rate constant previously determined for chain-carrying radicals during MMA

polymerizations (1.4< 106 M~1 s71 at 70°C).

Introduction

carrying radicall and the vinyl-terminated polyméx.> How-

The past 20 years have seen major achievements, in botrfVer: there are ambiguous reports in the early literature on the
academic and industrial labs, in the catalysis of chain transfer '©Ngth dependence of the chain transfer constabésfor the

during free radical polymerizations. As shown for the polym-
erization of methyl methacrylate (MMA) in egs 1 and 2, such
catalysis is believédto involve removal of M from the
propagating radical chaird), giving a vinyl-terminated polymer
(2) and a metal hydride (eq 1), followed by transfer of that H
to a monomer to start a new chain (eq 2).

o + M MH + (1)
CO,CH3 CO,CHs

1 2

ktr

—
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kreinit Me + . (2)
CO,CH;

3

CO,CHs Reinitiation

The Mayo equatioh(eq 3) is generally used to determine
the chain transfer rate constd@t The chain transfer constant,
Cs = kulko, is obtained by plotting 1/DPvs the ratio of the
concentration of the chain transfer agent (CTA) to that of the
monomer (M). (DR and DRy are the number-average degree
of polymerization with and without the chain transfer agégt;
is the rate constant for propagation of the growing polymer
chain.) However, the derivation of eq 3 involves a long-chain
approximation that is not valid when short oligomers are being
prepared. Gridnev and co-workéfshave shown that eq 4 is
more appropriate for highly active chain transfer catalysts which
make DR of the resulting polymer small<10).

1 1, kICTA]
DP, DPy ' k[M] )
_ koM
DP,=2+ K[CTA (4)

During a free radical polymerization the rate constants for
propagation and termination are chain length depentkris.

widely used cobalt(ll) catalysts. Smirnfofound that, during
MMA polymerization, theCs of cobalt tetramethoxyhematopor-
phyrin 1X (CoPor) increased as chain length increased when
DP, was<6. In contrast, O'Driscoll and co-workerseported
that, during a cobaloxime-catalyzed chain transfer polymeriza-
tion of MMA, Cs decreased as chain length increased when
DP, < 50. With a different chain transfer catalyst (cobaloxime
boron fluoride (COBF)), the same gréfpund thatCs decreas-
ed slightly (26-30%) as chain length increased from 3to 7. In
all cases(Cs did not vary with chain length when Qvas large.
Since the chain transfer consta@g is the ratio of chain
transfer rate constant to propagation rate constafity, it is
more appropriate to discuss the chain length dependenie of
than ofCs. For longer chains (hundreds of monomer uni¢s)
increases slightly as the chain length decreases, while it increases
rapidly as the chain becomes very sto@ridnev and Ittel?
reported thatky; (the rate constant for the addition of a
monomeric radicaB to the monomer, eq 5) for MMA is 14 000
M~1s tat60°C, about 20 times larger thadg for the addition
of a high molecular weight chain-carrying radical (84001
at 60°C).1 For the addition of the dimeric MMA radica to
MMA monomer, kg, proved to be 3600 M st at 60°C.20

Kot
C02Me Cone M602C COZME
3 4

The CoPor experiments by SmirrfogaveCs values of 500
for the dimeric MMA radical4 and 2100 for the long-chain
radicals1 at 60 °C. Multiplying by the established, values
(3600 Mt s71 for dimeric MMA radical® and 840 M! s71
for high molecular weight chain-carrying radicE)sgives a
value ofky (1.8 x 10° M1 s71) that appears independent of
chain length. This result is consistent with a more recent
investigation of the CoPor-catalyzed chain transfer polymeri-
zation of MMA by Gridnev and Ittel’ who reported a negligible

reasonable to expect that the rate constant for chain transferdecrease ii, from the dimeric radicad to long-chain radicals

(eq 1) will also be affected by the chain length of the chain-
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1(2.8 x 1¢f and 2.4x 10° M~! s71, respectively). However,

in the COBF case O'Driscdllreportedk; values €& ky,Cs) for

DP, = 3—7 that decreased as chain length increased even after
the chain length dependencelgfwas taken into account.

© 2006 American Chemical Society

Published on Web 10/25/2006

Ccbv



Macromolecules, Vol. 39, No. 24, 2006 H* Abstraction from Methylisobutyryl Radical8237

Scheme 1
kreini
(CsPhs)CHCOXH + :( ~—— = (C,Phy)Cr(CO)y + —<
5 CO,CH3  ky(monomer) 6 3 CO,CH;
¢ —o
\ '[ COZCH3}
Bimolecular Termination
Products
We have found that treating MMA with @Bhs)Cr(CO%H Table 1. Estimated Values ofi¢"* between Two Methylisobutyryl
(5) slowly establishes the equilibrium in Schemé?2iThe Radicals'
concentration of the metalloradical @hs)Cr(CQO)* (6) in- t(°C) Kt (M5
creases as termination reactions deplete the methylisobutyryl 50 125% 10°
radical 3. Measurement okeint and simulation of the growth 60 1.29% 10°
of the metalloradicalé in Scheme 1 have allowed us to 70 1.33x 1¢°
determine the value dfy(monomer) iteratively as 9.& 10* 80 1.37x 10°

M~1 s at 50°C1? In contrast, we have determined by the aMore details see Table S1 in the Supporting Information.
Mayo method the apparent chain transfer rate constanfor

long-chain radicals to be 1.6 106 M1 s™% at 60°C for an ~Scheme 2
AIBN-initiated chain transfer polymerization of MMA in the AlBMe bimolecular termination products
presence of the metalloradical314 N‘f V
From our previous measurements lfini,}2 we have the Ku(monomer) £Hs
(CsPhs)Cr(CO)z e + ° T————— " (CsPh5)Cr(CO)3H +
reverse rate constant for eq 6. Now we have fdfllat the e _<3020H3 Keeinit (CoPrsICr(COls =<COZCH3
reaction between the metalloradiéénd the methylisobutyryl 6 3 5

radical 3 (generated from the radical source AIBMe) enables

us to observe eq 6 in the forward direction, resulting in the estimate a more accurakg than eq 7 does. Using egs 8 and
hydride5 and MMA. In the present paper we report measure- 9, we have estimated (for details see the Supporting Information)
ments of the rate constaki(monomer), which allows us to  the values of' in Table 1 for MMA at different tempera-
assess the dependence of the chain transfer rate constant on chajores.

length. The calculations in Table 1 estimate thatincreases by a

) e, (monomer) factor of 38 wheri decreases from #@o 1, in good agreement

4&) ™ (CsPhs)Cr(CO); * k‘—‘ ot (CsPhs)Cr(CORH  (6) with a suggestion by Sticklét that k should increase by 50
,Me reinit Me

from long chain-carrying radicals to the monomeric radical.
More importantly, these results are very closekt]té between
Results and Discussion two cyanoisopropyl radicals, which can be calculated from the
well-established equatidh(2k-" = 10118 15700RT) a5 0.91x
thylisobutyryl Radicals. Obtainingk, from eq 6 requires a 1C°, 1.09x 1P, 1.29x 10f, and 1.50x 10° M~* s * at 50, 60,
reliable value for the bimolecular termination rate constat (/0> @nd 80°C, respectively. Gridnev and Ittell have argued that
between two methylisobutyryl radicals. Unfortunately, this rate the bimolecular termination rate CO”_StddT _between two
constant has never been directly measured. In principle, it could Methylisobutyryl radicals should not differ significantly from
be deduced from the chain length dependence of the terminationfhat between two cyanoisopropy! radicls.

rate constant for the chain-carrying radicals formed during MMA  In our early work we estimatekf’l to be 1.65x 10° M1
polymerization. Equation 7 has been the standard way of treatings~1 at 50°C by using eq 7, and our subsequent kinetic modeling
this chain length dependence:denotes the chain length of (see Scheme 1) gave a value of 98 10" M~! st for
chain-carrying radicalk' is the termination rate constant k,(monomer}:2 With the more accurate estimate k" just
between two radicals of chain lengithk" is the termination given (1.25x 10° M~1 s71 at 50°C, Table 1), the value of

3 6 5

Estimating the Termination Rate Constant between Me-

rate constant between two monomeric radicals, arid an ky(monomer) should be revised to 2610° M1 st at 50°C.
adjustable exponent. In our previous Wé_?k/ye estimated(tl'1 Obtaining ky(Monomer) between (GPhs)Cr(CO)z* and
for MMA to be 1.65x 10° M~* s™* by using eq 7. the Methylisobutyryl Radical (3). A sufficiently high con-
. 1%-a centration of chain transfer catalyst will (as eq 4 indicates) leave
k' =k 4 (7) all the organic radicals in a radical polymerization monomeric

_or dimeric and will make the vinyl-terminated dimer the only
Russell and Heut$ have recently proposed a composite gjigomer produced. The addition of more catalyst will decrease
model for the termination rate constants over a large range of ihe concentration of the dimeric radical, leaving the radicals
chain length for MMA and styrene polymerization in dilute  generated during such a reaction almost entirely monor#ric.
solution. This model includes different power-law behavior Thus, when a high concentration 6fis preserf during the
below (eq 8) and above (eq 9) a critical chain lengttwhere AlBMe-initiated polymerization of MMA, the monomeric

&sis the scaling exponent for short-chain radicals ants that radical 3 will be dominant, and the only significant reactions
for long-chain radicals. will be those in Scheme 2.
K=k fori=<i 8) The reactions in Scheme 2 can be written in more compact
y - ¢ form as eqgs 1613, where Rdenotes the monomeric MMA
k'=k', S+ei™™ fori>i, (9) radical (the methylisobutyryl radic&8) and TP denotes the

bimolecular termination products & (MMA, methyl isobu-

The composite model of Russell and Heuts enables one totyrate, and dimethyl tetramethylsuccinate). CDV
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fkd 0.012 T T T T T T T
AlIBMe — 2R (20)
k,(monomer) [ ]
R"+6 + MMA (12) ooto g .
Kreinit o bd
5+ MMA; R+ 6 (12) o008 % )
2R —TP (13) _ %
) ) © 0006 [ .
The methylisobutyryl radical Rvas generated from AIBMe .
in the presence 06 and excess MMA, and #h;)Cr(CO)’ .
(6) and (GPhs)Cr(COX%H (5) were monitored as a function of 0004 - % 7
time (Figure 1). The concentration ®fvas determined by UV .
vis at a4 of 611 nm 6 has no absorbance at this wavelength), 0.002 ‘h—.__.““ 4
while the concentration & was determined byH NMR. As thssss s s s s
shown in Figure 1a,b, an “induction period” for the disappear-
ance of6 and the appearance Bfwas followed by a “stable 0.000 . 50'00 méun 15$00 20["00 25c||nn 30;00 35é00 .
period” for both 6 and 5; no other chromium species was
observed by IR, UV-vis, or'H NMR. (The difference between time (s)

the induction period in Figure la and that in Figure 1b is p gpg1g
probably the result of inaccurate temperature control in the-UV
vis spectrometetl)

During the “stable period” the concentrationssaind6 ([5]s 0008 |- Mm@t & & & 0 s
and []s, respectively) remained sufficiently constant that the
steady-state approximation can be applied to them, resulting in .
eq 14. The monomeric radical should, as shown by calculations 0.006 L i
in the literature?? reach a steady state in the presence of a high __ .

concentration of chain transfer catalyst, resulting in eq 15. *
Similar approaches have been used to estimate the concentration go04 [* -
of monomeric radicals during measurement&gt and BDE-

(Co—C),2with high concentrations of cobalt(ll) catalyst present. r
0002 | i
_ die] _d[5] _ ‘
dt ot
o o — 0.000 1 | 1 1 1
ky(monomenpl IR = keind Sls{MMA] =0 (14) 0 5000 10000 15000 20000 25000 30000
d[R’] "2 time (3)
—— =2fk,JAIBMe] — 2k [R]°=0 15
dt ki ] kll l[ | (15) Figure 1. Appearance of (a) (§Phs)Cr(CO)* and (b) (GPhs)Cr(COxH

o ] ] when (GPhs)Cr(CO)* was treated with MMA and AlBMe: (a)
Combining egs 14 and 15 gives eq 16, which can be used todisappearance of &h;)Cr(CO)* (6) monitored by U\-vis; (b)

determinek;(monomer) from the ratio off]s; to [6]s: when6 appearance of (@h;)Cr(CO}H (5) monitored by*H NMR. 70 °C,
is heated with AIBMe and MMA. Equation 16 should be valid [6lo = 0.-01 M, [AIBMe] = 0.1 M, [MMA], = 0.08 M.
because eq 6 reaches an equilibrium during the “stable period”. ) )
M when a cell of 0.1 cm path length is used. The formation of
KeindMMAI[ S~ Keeind MMA][ 5] ) oligomeric radicals (mainlyk,;, see eq 5) could also be

k.(monomery - 6 suppressed by holding down the concentration of AIBMe or
[R][6] [f[AIBMe] MMA to decrease chain growth, but a high concentration of
1,1 st

MMA is required to minimize the error oA measurements,
while a large ratio of [AIBMej to [6]o is necessary to keep the
As shown in Figure 1,6« and Bl can be determined by ~ induction period short? _
UV—vis and'™H NMR, respectively. However, the experimental N @ typical experiment, 2630% of MMA turned into MMA
error is minimize& by obtaining the value 0f5]s/[6]« from dimer within 2 h at 70°C (hlgher ollgomers were not obser_vgd).
the absorbance (at 611 nm)@ét the beginning of the reaction If we assume that the dimeric radieghhas the same reactivity

(Ao) and during the “stable period’Ag),25 turning eq 16 into toward terminatioff and chain transfer as the methylisobutyryl
eq 17. ' radical3, while the MMA dimer has the same reactivity toward

reinitiation as MMA? this 20-30% conversion of MMA to the
Keind MMA] Ay — A, MMA dimer results in only a 16 15% loss of “total monomer”;
X a7 in practice, we have assumed that [MMA] [MMA] .
[k [AIBMe] Ast When a GDs solution with appropriate concentrations of{C
kél,l

k;(monomer)=

Phs)Cr(CO)* (6), AIBMe, and MMA was heated to 7TC, the
concentration of (6Ph;)Cr(COXH (5) (monitored by'H NMR)
The high concentration of @2h;)Cr(CO)* (6) that is required reached a steady state in lesstfiah (see Table_ 2). Therefore,
to ensure that the monomeric radical is dominant (and eq 17 is Astwas measured by U.VV'S 1.5 h after the solution was heated,
valid) causes practical difficulties. & > 1, it is difficult for ~ @nd [AIBMe]s at that time was taken from eq 18.
[6] to be determined from Beer’s law; the extinction coefficient

(720+ 80 M~ cm™Y) of 6 indicates a maximumg|o of 0.014 [AIBMe] = [AIBMe]  exp(—fkjt) (18) CDV
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Table 2. Data for the Measurements ok (Monomer)

induction kir(monomer)
temp €C) [AIBMe]o (M) [MMA] ¢ (M) [6]o (M) time (s) [AIBMe]st (M) (Ao — As)/Ast (M~1shb
60 0.0966 0.856 0.006 84 4800 0.0899 3.50 3.80°
70 0.0842 0.772 0.006 07 1800 0.0678 3.72 4. 50P
70 0.0480 0.804 0.006 26 2300 0.0387 2.90 A4.80°
70 0.0471 0.903 0.005 71 1800 0.0380 3.39 6.40°
80 0.0328 0.978 0.003 76 360 0.0229 3.64 9.60°

a Calculated using eq 18.Calculated using eq 17.

The induction period increased significantly as the temperature
decreased (see Table 2);was measured 2.5 h after the solution
was heated to 69C, while it was measutkl h after the solution
was heated to 80C; again, [AIBMe]; was taken from eq 18.
The values of £ — As)/Ast and [AIBMe]; calculated from
our observations under different experimental conditions are
listed in Table 2. Values of,(monomer) calculated from eq
17, and of the rate constarftky,28 keeini,2? andk:* (from Table
1), are also shown in Table 2. The average valug@honomer)
(three experiments) is (52 1.0) x 10° M~1 s at 70°C.
Theky(monomer) values in Table 2 are consistent with those
we obtained from kinetic modeling of reactions betw&eand
MMA (see revised value above, 26 10° M~1 s71 at 50°C).
The 70°C value ofk;(monomer) for the methylisobutyryl radical
3in Table 2 is smaller than that at the same temperature for
the chain-carrying radical in an MMA polymerizatiok, (=
1.4 x 1 M1 s with AIBMe as an initiatot®); i.e., ky
decreases significantly as we go from a monomeric to a
polymer-chain-carrying radical.

Experimental Section

General. All manipulations were carried out using Schlenk, high-
vacuum, or inert-atmosphere-box techniqdesNMR spectra were
recorded on a Bruker 300 or 400 MHz instrument.t\Xs spectra
were recorded on a Hewlett-Packard 8543 diode array-Uy
spectrometer equipped with a Peltier temperature controller.

Materials. Hexamethylcyclotrisiloxane was purified by vacuum
transfer. GDg was distilled under Bifrom Na/benzophenone. MMA
was purified as in our previous wotR AIBMe was prepared by a
literature proceduf@ and stored at-30°C. (GPhs)Cr(COXH (5)3t
and (GPhs)Cr(CO) (6)32 were prepared by the procedures cited.

Measurements ofk, (Monomer). In a typical experiment, 22.1
mg of AIBMe, 10 mg of6, and 161.0 mg of MMA were weighed
into a 2 mLvolumetric flask in an inert atmosphere box. A0
solution (100uL) of hexamethylcyclotrisiloxane (as an internal
standard, 0.005 57 M) was then added, followed by enougih C
added to bring the total volume to 2.0 mL.

An appropriate volume (0.5 mL) of this stock solution was placed
in a J. Young tube. The NMR probe was equilibrated to 7.0
0.2 °C (calibrated by ethylene glyc8) and tuned with another J.
Young tube before the sample was inserted. The induction period
was determined by monitoring the increase in the height (relative
to that of the internal standard) of the hydride resonafdce3.98).

The rest of the stock solution was put into a Schlenk cell (quartz,
path length= 0.1 cm}$*in an inert atmosphere box, and ig at

611 nm was measured in the UV spectrometer at room temperature.

The solution was then transferred to another Schlenk cell (quartz,
path length= 0.5 cm) in the inert atmosphere box. The new cell
was placed in a constant-temperature bath regulated to470.Q
°C. After 1.5 h, the absorbance 6fat 611 nm was measured and
divided by 5 to giveAs. The value ok;(monomer) was calculated
from eq 17.

Similar procedures were repeated three times at@.0At 60
°C the stock solution was heated for 2.5 h before measuking
while at 80°C it was heated flol h before measurings.
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