
DOI: 10.1002/chem.200800371

Cobalt-Mediated Radical Polymerization of Acrylonitrile: Kinetics
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Introduction

Since the discovery of the controlled radical polymerization
(CRP) concept,[1] a variety of techniques has emerged and
pushed back the bounds of possibility in terms of the control
of vinyl monomer polymerization.[2–5] Thus, in the last
decade, CRP has established itself as one of the most power-

ful techniques for the synthesis of novel (co)polymers with
complex but well-defined architectures.
Among these CRP techniques, cobalt-mediated radical

polymerization (CMRP)[6–9] distinguished itself by its ability
to mediate the polymerization of very reactive monomers, a
typical example being vinyl acetate (VAc).[9–15] This method
involves the temporary deactivation of the growing poly-
ACHTUNGTRENNUNG(vinyl acetate) (PVAc) chains with a cobalt complex. Fol-
lowing this controlled radical pathway, PVAc with predicta-
ble molar mass and low polydispersity was prepared in bulk,
but also in aqueous media. Recently, mechanistic aspects of
the CMRP of VAc were investigated in detail using very
low-molecular-weight cobalt ACHTUNGTRENNUNG(III) adducts as CMRP initia-
tors.[16] Depending on the polymerization conditions, both
degenerative chain transfer (DT) and reversible termination
(RT) mechanisms were highlighted. Indeed, the CMRP of
VAc was mainly driven towards a DT mechanism when car-
ried out in bulk, whereas addition of molecules able to coor-
dinate the cobalt, that is, water and pyridine, switched the
mechanism towards reversible termination.[12,16]

The ability of the CMRP process to provide novel, well-
defined, PVAc-containing copolymers of interest was also
demonstrated, together with the derivatized PVOH-contain-
ing copolymers obtained under basic treatment. The key
step of the strategy was the initiation of a co-monomer
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using a [PVAc-Co ACHTUNGTRENNUNG(acac)2] macroinitiator preformed by
CMRP. Among the co-monomers used are styrene,[17,18]

octene,[19] ethylene,[19] N-vinyl pyrrolidone,[20] and more re-
cently acrylonitrile (AN).[21] In this last case, the controlled
character of AN polymerization initiated at 0 8C from the
PVAc macroinitiator was clearly established provided that
dimethylformamide (DMF) was used as the solvent. These
PVAc-b-PAN block copolymers with narrow molecular
weight distribution were then successfully derivatized into
amphiphilic PVOH-b-PAN or hydrosoluble PVOH-b-PAA
under adequate hydrolysis treatment. These well-defined co-
polymers are interesting as carbon nano-object precursors
and biocompatible pH-responsive materials, respectively.
The huge potential of well-defined PAN-based materials

justifies the efforts invested in the development and the un-
derstanding of the CRP of AN, a challenging monomer be-
cause of its high reactivity and the polymerOs low solubility.
For nitroxide-mediated radical polymerization (NMP),[22–24]

atom transfer radical polymerization (ATRP),[25–27] and radi-
cal addition fragmentation chain transfer (RAFT),[28–32] the
in-depth study of the AN homopolymerization was crucial
for the engineering of well-defined PAN-based copolymers.
As reported recently, it was possible to control the radical
polymerization of AN by CMRP initiated from a preformed
[PVAc-CoACHTUNGTRENNUNG(acac)2] macroinitiator at 0 8C in DMF, leading to
well-defined PVAc-b-PAN copolymers.[21] However, these
optimized experimental conditions could not be extrapolat-
ed to the homopolymerization of AN. Furthermore, the
mechanism, particularly the crucial role of the solvent, was
not clear.
This paper aims at addressing both questions and reports

an in-depth study of the AN homopolymerization by CMRP
starting from a conventional azo-initiator (V-70) and co-
ACHTUNGTRENNUNGbalt(II) acetylacetonate complex ([Co ACHTUNGTRENNUNG(acac)2]). The previ-
ously encountered difficulties in controlling the AN poly-
merization were overcome by adjusting the polymerization
conditions, particularly the temperature and the solvent. A
combination of kinetic data and DFT calculations was used
to rationalize the results and to draw conclusions on the
exact role played by the solvent in the process. In this re-
spect, the modification of the cobalt complex reactivity by
solvent or monomer coordination was considered. The coor-
dination mode of the bis(acetylaceto)cobalt complex by
DMF and dimethylsulfoxide (DMSO) was investigated,
leading to the crystallization and X-ray structural characteri-
zation of the previously unreported [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMF)2] and

[Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMSO)2] complexes. Important mechanistic and
synthetic insights into the polymerization of AN by CMRP
were also achieved by using the low molecular weight
cobalt ACHTUNGTRENNUNG(III) adducts as CMRP initiators.[16]

Results and Discussion

It has recently been demonstrated that the acrylonitrile
polymerization can be properly controlled when initiated
from a PVAc-[Co] macroinitiator preformed by the CMRP
of VAc. The choice of solvent and temperature for this pro-
cess were crucial. Indeed, PVAc-b-PAN with polydispersities
as low as 1.2–1.3 were prepared at 0 8C in dimethylforma-
mide, whereas copolymers with much broader molar mass
distributions were recovered when anisole was used as the
solvent.[21] Decreasing the polymerization temperature to
0 8C allowed the polydispersity of the copolymer to be low-
ered to 1.1–1.2.
In light of these results, the AN polymerization was initi-

ated at 30 8C by V-70 in the presence of [Co ACHTUNGTRENNUNG(acac)2]. Due to
the DMF ligand power, it is likely that DMF molecules co-
ordinate to the free sites of the cobalt complexes, as was
demonstrated for pyridine and water.[12, 16] Consequently, the
CMRP process should be governed only by reversible termi-
nation of the propagating chains, as represented in
Scheme 1. Under these experimental conditions, the poly-
merization medium became inhomogeneous and a gray sus-
pension appeared after a few hours. The molar mass and the
monomer conversion were monitored throughout the poly-
merization process. The data are reported in Table 1. Be-
cause of the inhomogeneity of the polymerization medium,
each sample was obtained from a separate experiment stop-
ped at a different time.
Despite the appearance of a precipitate, the molar mass

of the PAN increases with time and monomer conversion.
However, the number-average molecular weights (Mn) were
greater than the theoretical values determined by the [mo-
nomer]/[Co] molar ratio, especially at the beginning of the
polymerization. This observation suggests that only a frac-
tion of the cobalt complex exerts its controlling action in the
early stage of the polymerization. Moreover, the molar mass
distribution tends to broaden all along the polymerization
(Mw/Mn�1.6–1.9, Mw=weight-average molecular weight).
Therefore, under these conditions, only a poor control of
the AN polymerization was achieved. This is not surprising

Scheme 1. Homopolymerization of AN by CMRP in DMF and DMSO.
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considering the unexpected lack of solubility of PAN in
DMF at 30 8C.
The possibility of control of tacticity was considered, be-

cause isotactic PAN is less soluble than the atactic one in
DMF.[33] However, the 13C spectrum of the PAN prepared
by CMRP was typical of atactic PAN prepared by conven-
tional radical polymerization (the 13C NMR spectrum of the
PAN sample presented in Table 1 entry 4 is provided as Sup-
porting Information). To check whether [Co ACHTUNGTRENNUNG(acac)2] may be
responsible for this precipitation phenomenon, the free radi-
cal polymerization of AN was initiated at 30 8C by V-70 in
DMF. This experiment also led to precipitation.
To improve the PAN solubility in DMF during the CMRP

process the temperature could be increased, but this would
be to the detriment of the control of the polymerization
governed by the thermal cleavage of the Co�C bond. To
avoid these insolubility problems, the homopolymerization
of AN was thus initiated by V-70 in the presence of [Co-
ACHTUNGTRENNUNG(acac)2] in a better solvent for PAN at 30 8C, that is, DMSO
(Scheme 1). As expected, the appearance of a precipitate
was not observed in this case, the reaction medium remain-
ing perfectly homogeneous throughout the polymerization.
To properly evaluate the ability of [Co ACHTUNGTRENNUNG(acac)2] to control

the AN polymerization in DMSO at 30 8C, three experi-
ments were conducted using equimolar amounts of [Co-
ACHTUNGTRENNUNG(acac)2] and V-70 but changing the [AN]/[Co] molar ratio.
Kinetics data and the molecular parameters (Mn, Mw/Mn)
dependence on the monomer conversion are plotted in
Figure 1. From the kinetic point of view, the three experi-
ments present the same behavior (Figure 1a). All of them
show only a very short induction period and the time de-
pendence of the ln[M]0/[M] function is not linear at higher
values. To explain this profile it is interesting to compare
these results with those of the VAc polymerization. The
CMRP of VAc conducted in bulk in the absence of any co-
ordinating ligands showed a much longer induction time, be-
cause radical trapping by the Co complex is irreversible and
the polymerization was inhibited until most of the [Co-
ACHTUNGTRENNUNG(acac)2] available in the medium was converted into the
alkyl cobaltACHTUNGTRENNUNG(III) dormant species. Then, further generation
of radicals allowed the polymerization to proceed by degen-
erative chain transfer (DT). However, no induction period

was observed in the presence of pyridine, because coordina-
tion of this compound at the same time stabilizes the
ACHTUNGTRENNUNGco ACHTUNGTRENNUNGbalt(II) radical trap by formation of [Co ACHTUNGTRENNUNG(acac)2(py)2], ren-
dering a reversible termination mechanism possible from
the early stages of the polymerization, and blocks the open
coordination site on the cobalt ACHTUNGTRENNUNG(III) dormant species, render-
ing the alternative degenerate transfer mechanism impossi-
ble.[12] In the case of the AN homopolymerization carried
out in DMF or DMSO, it is reasonable to assume that the
solvent molecules are able to function as ligands toward the
ACHTUNGTRENNUNGco ACHTUNGTRENNUNGbalt(II) and cobaltACHTUNGTRENNUNG(III) species (cf. Scheme 1), largely re-
moving the long induction period featured by the bulk poly-
merization system. The initial curvature of the first-order ki-
netics plot may result from the slow decomposition of the
azo-initiator, producing a growing concentration of chain-
controlling species with the reaction time.
Concerning the molecular parameters (Figure 1b), it

clearly appears that the PAN molar masses increase with
monomer conversion. As expected for a controlled process,
the PAN molar mass strongly depends on the [AN]/[Co]

Table 1. CMRP of AN initiated by V-70 at 30 8C in DMF.[a]

Entry t
[h]

Conv [b]

[%]
Mn SEC

[c]

ACHTUNGTRENNUNG[gmol�1]
Mn th

[d]

ACHTUNGTRENNUNG[gmol�1]
Mw/Mn

1 2 2 2960 200 1.20
2 4 11 4020 1100 1.64
3 7 35 7200 3500 1.72
4 17 64 9800 6500 1.80
5 22 87 10100 8800 1.89

[a] Conditions: DMF/AN: 50/50 (v/v), AN (5.0 mL, 76 mmol), [Co-
ACHTUNGTRENNUNG(acac)2] (0.40 mmol), V-70 (0.40 mmol), 30 8C. [b] Monomer conversion
determined by gravimetry. [c] The number-average molar mass deter-
mined by size exclusion chromatography (MnSEC) in DMF with a poly-
ACHTUNGTRENNUNG(methyl methacrylate) calibration corrected by the Mark–Houwink equa-
tion (see experimental section). [d] Theoretical molar mass calculated
based on the [AN]/[Co] ratio and conversion.

Figure 1. a) Time dependence of ln[M]0/[M] (M: monomer); b) depend-
ence of the poly(acrylonitrile) Mn and molar mass distribution (Mw/Mn)
on the monomer conversion for the AN polymerization initiated by V-70
in DMSO at 30 8C using different [AN]/[CoACHTUNGTRENNUNG(acac)2] ratios. (&) [AN]/[Co-
ACHTUNGTRENNUNG(acac)2]=188 (Mnth, 100%=10000 gmol�1), (*) [AN]/[Co ACHTUNGTRENNUNG(acac)2]=376
(Mnth, 100%=20000 gmol�1), (~) [AN]/[Co ACHTUNGTRENNUNG(acac)2]=752 (Mnth, 100%=

40000 gmol�1). For all experiments, [V-70]/[Co ACHTUNGTRENNUNG(acac)2]=1 and DMSO/
AN: 50/50 (v/v). The dotted line represents the theoretical dependence
of the molar mass on the monomer conversion when [AN]/[Co ACHTUNGTRENNUNG(acac)2]=
188.
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molar ratio for a given monomer conversion. Higher PAN
molar masses were obtained when a high [AN]/[Co] ratio
was used. However, in all cases, the experimental molar
masses were higher than the theoretical values calculated on
the basis of the [monomer]/[Co] ratio. This fact is illustrated
in Figure 1b, which shows the discrepancy between the theo-
retical calculations (dotted curve) and the corresponding ex-
perimental data (full lines). This observation also confirmed
that not all the cobalt is active as a controlling agent. More-
over, the evolution of Mn with the conversion did not follow
an ideal linear behavior, especially at low monomer conver-
sion. This deviation can also be explained by the slow initia-
tion, and, consequently, the initial slow increase of the
number of growing chains. Indeed, the efficiency factor (f=
Mn(theor)/Mn(exp)) increased along the polymerization (f was
equal to 0.05 and 0.30 at 3% and 40% monomer conver-
sion, respectively). Finally, the polydispersity was in the
range 1.3–1.5, which is better than the same experiment car-
ried out in DMF (Mw/Mn�1.6–1.9). In summary, although
not perfect, the CMRP process can impart control to the
AN homopolymerization carried out in DMSO at 30 8C, as
illustrated by the clear shift of the size-exclusion chromatog-
raphy (SEC) data with time towards higher molecular
weight (Figure 2).

As the amount of cobalt involved in the equilibrium at
the beginning of the reaction is quite low, we decreased the
[V-70]0/[Co ACHTUNGTRENNUNG(acac)2]0 ratio from 1 to 0.25 while maintaining a
constant [AN]/[Co] ratio. The results of these experiments
are reported in Figure 3. For the reasons explained above,
the induction period was short and the time dependence of
the ln[M]0/[M] function was not linear, but independent of
the [V-70]/[Co] ratio. (Figure 3a) However, the polymeri-
zation rate was lower for lower amounts of azo-initiator. Im-
portantly, the possibility to promote the polymerization of
AN in the presence of a large excess of Co ([V-70]/[Co]=
0.25) is additional proof that most of the metal is not in-
volved in the equilibrium that regulates the AN polymeri-
zation control.

From the point of view of the molecular parameters, the
same molar masses might be expected in all the experiments
because the same [AN]/[Co] ratio was used. However, at
any given conversion, higher molar masses were observed
for lower [V-70]/[Co] ratios (Figure 3b). This observation
may again be explained on the basis of the slow increase of
the number of active chains, as follows. For lower [V-70]
concentrations, radical generation and the consequent in-
crease of the number of PAN chains is slower. Based on the
V-70 half-life at 30 8C (t1/2=600 min), it is possible to calcu-
late the amount of decomposed V-70 in each experiment as
shown in Equation (1).

½V-70�t=½V-70�0 ¼ exp�kt ðwhere k ¼ ðln 2Þ=t1=2Þ ð1Þ

For the different experiments, these values can be calculated
and compared for time values corresponding to the same
conversion. For instance, the amounts of V-70 that has de-
composed at a 26% monomer conversion for the CMRP of
AN in DMSO carried out at 30 8C using different [V-70]/
[Co] ratios are presented in Table 2. The amount of radical
species generated by decomposition of V-70 is clearly lower

Figure 2. Time evolution of the size exclusion chromatography images for
the acrylonitrile (AN) polymerization initiated at 30 8C in dimethyl sulf-
oxide by V-70 in the presence of CoACHTUNGTRENNUNG(acac)2. [AN]/[Co ACHTUNGTRENNUNG(acac)2]/ ACHTUNGTRENNUNG[V-70]=
376/1/1.

Figure 3. a) Time dependence of ln[M]0/[M] (M: monomer); b) depend-
ence of the poly(acrylonitrile) Mn and Mw/Mn on the monomer conver-
sion for the AN polymerization initiated by the V-70 in DMSO at 30 8C
using different [Co ACHTUNGTRENNUNG(acac)2]/ ACHTUNGTRENNUNG[V-70] ratios. (&) [CoACHTUNGTRENNUNG(acac)2]/ ACHTUNGTRENNUNG[V-70]=1.0, (*)
[Co ACHTUNGTRENNUNG(acac)2]/ ACHTUNGTRENNUNG[V-70] ratios=0.5, (~) [CoACHTUNGTRENNUNG(acac)2]/ ACHTUNGTRENNUNG[V-70]=0.25. For all ex-
periments, [AN]/[CoACHTUNGTRENNUNG(acac)2]=188 and DMSO/AN: 50/50 (v/v). The
dotted line represents the theoretical dependence of the molar mass on
the monomer conversion.
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for a lower initial amount of V-70 (Table 2, entry 3), in spite
of the longer reaction time. Moreover, it is interesting to
note that the PAN molar mass doubled when the [converted
AN]/[decomposed V-70] ratio doubled (compare Table 2 en-
tries 1 and 3).
Thus, both the lack of linearity in the kinetics and the de-

pendence of the molar mass on the monomer conversion
may be explained by the change in the number of growing
chains along the polymerization. In order to provide addi-
tional supporting evidence, the AN polymerization was initi-
ated from a low molecular weight cobaltACHTUNGTRENNUNG(III) adduct which
mimics the dormant species (Scheme 2), namely the Co-
capped short PVAc oligomer recently reported by us.[16] This
consists of a cobalt adduct with less than four vinyl acetate
units on average, end-capped by [Co ACHTUNGTRENNUNG(acac)2] ([R0-(CH2-
CHOAc)n-CoACHTUNGTRENNUNG(acac)2] with n<4; R0=primary radical from
the V-70 decomposition). Indeed, using such a CMRP initia-
tor in the absence of V-70, the number of chains should be
constant and provide linear plots of ln[M]0/[M] versus time
and Mn versus monomer conversion, as long as initiation is
fast compared to propagation. An AN homopolymerization
experiment using this initiator was carried out in DMSO at
30 8C and 0 8C, and the results are shown in Figure 4.
In both cases, the polymerization started in the absence of

additional V-70 and no induction period was observed (Fig-

ure 4a), proving that the cobalt-mediated AN radical homo-
polymerization follows a reversible termination pathway.
The DMSO most probably plays the role previously de-
scribed for pyridine and water by binding to the cobalt open
coordination site, thereby driving the system towards the
RT process instead of DT. As expected, the kinetics were
first order with respect to the monomer as assessed by the
linear time dependence of the ln[M]0/[M] function, suggest-

Figure 4. a) Time dependence of ln[M]0/[M] (M: monomer); b) depend-
ence of the Mn (full symbols) and Mw/Mn (hollow symbols) of poly(acryl-
onitrile) on the monomer conversion for the AN polymerization initiated
by a low molecular weight cobalt adduct initiator [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(�CH-
ACHTUNGTRENNUNG(OCOCH3)CH2)<4�R0)] in DMSO at 30 8C (~) and 0 8C (*). For both ex-
periments [AN]/[Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(�CHACHTUNGTRENNUNG(OCOCH3)CH2)<4-R0)]=752 and
DMSO/AN: 50/50 (v/v). The dotted line represents the theoretical de-
pendence of the molar mass on the monomer conversion.

Table 2. Comparison of the amount of azo-initiator (V-70) decomposed
at 26% conversion for the CMRP of AN in DMSO.[a]

Entry ACHTUNGTRENNUNG[V-70]/
[Co]

nV-70
[b]

ACHTUNGTRENNUNG[mmol]
t
ACHTUNGTRENNUNG[min]

nV-70 decomp.
[c]

ACHTUNGTRENNUNG[mmol]
[AN]conv/
ACHTUNGTRENNUNG[V-70]decomp

Mn SEC
[d]

ACHTUNGTRENNUNG[gmol�1]

1 1 (&)[e] 0.40 300 0.116 170 10900
2 0.5 (*)[e] 0.20 390 0.072 285 17800
3 0.25 (~)[e] 0.10 780 0.059 335 20800

[a] Conditions: 30 8C, DMSO/AN: 50/50 (v/v), Co ACHTUNGTRENNUNG(acac)2 (0.40 mmol),
AN (76 mmol). [b] Initial amount of V-70. [c] Amount of decomposed V-
70 after t mins. [d] The number-average molar mass determined by size
exclusion chromatography (MnSEC) in dimethylformamide with a poly-
ACHTUNGTRENNUNG(methyl methacrylate) calibration corrected by the Mark–Houwink equa-
tion (see experimental section). [e] See symbols in Figure 3b.

Scheme 2. Homopolymerization of acrylonitrile (AN) initiated by a low molecular cobalt ACHTUNGTRENNUNG(III) adduct in dimethyl sulfoxide (DMSO).
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ing that the number of radicals in the polymerization
medium remained constant throughout the polymerization.
As expected, the polymerization rate is much slower at 0 8C
than at 30 8C and the molar masses increased linearly with
monomer conversion at both temperatures. However, the
molar mass is controlled much better at the lower tempera-
ture, as shown by the lower polydispersity (Mw/Mn�1.15,
Figure 4b). In addition, the PAN molar masses were closer
to the theoretical values for the experiment carried out at
lower temperature, and much closer than those of the ex-
periments carried out from V-70 and [CoACHTUNGTRENNUNG(acac)2] (compare
Figure 1b and 4b). The high level of control obtained for
the AN polymerization initiated by the cobaltACHTUNGTRENNUNG(III) adduct is
perfectly illustrated by the overlay of the SEC data, which
are regularly shifted towards higher molar masses
(Figure 5). The PAN prepared by CMRP from the cobalt-

ACHTUNGTRENNUNG(III) adduct was studied by 1H NMR spectroscopy after
treatment with 2,2,6,6-tetramethylpiperidine N-oxide
(TEMPO) according to a previously reported proce-
dure,[10,13] and purification by precipitation (Figure 6). Be-
sides the typical signals of PAN (-CH2-CHCN-), the spec-
trum revealed the presence of signals characteristic of the
very few VAc units (-CH2-CHOAc-) coming from the
CMRP initiator fragment. Moreover, signals typical of
methyl and methylene groups of both TEMPO at the w

chain-end and the V-70 fragment at the a chain-end were
observed between d=0.9 and 1.5 ppm.
The achievement of such a level of control for the homo-

polymerization of AN is only possible if the system satisfies
certain conditions: the cleavage of the C�Co bond of the
ACHTUNGTRENNUNGiniACHTUNGTRENNUNGtiator must be rapid at 0 8C in DMSO; the reversible
cleavage of the PAN�Co bond must also be fast at 0 8C but
not faster than for the initiator; and very few irreversible
terminations should occur during the polymerization, ensur-

ed by a reversible termination equilibrium sufficiently dis-
placed toward the dormant species.

Computational Investigations

Preliminary considerations : A computational investigation
was carried out on model cobalt coordination compounds,
the main objective of the study being the rationalization of
the effect of a strongly coordinating solvent such as DMF or
DMSO on the ability of the [PAN-Co ACHTUNGTRENNUNG(acac)2] dormant chain
to grow in a controlled fashion, as well as on the ability of
the [PVAc-CoACHTUNGTRENNUNG(acac)2] dormant species to initiate rapidly the
controlled polymerization of acrylonitrile. The model system
consisted of a simplification of the polymer chain to the last
monomer unit, the rest of the chain being replaced by an H
atom. Thus, for instance, the [PAN-Co ACHTUNGTRENNUNG(acac)2] system was
modeled by compound [CH3CH(CN)-CoACHTUNGTRENNUNG(acac)2].
Useful information from our recent studies on similar

compounds[12,16] includes the knowledge that five-coordinate
[R�CoIIIACHTUNGTRENNUNG(acac)2] species have a spin singlet ground state
with a square-pyramidal geometry (R in the axial position),
that six-coordinate [R�CoIII ACHTUNGTRENNUNG(acac)2(L)] species are spin sin-
glet with a trans-octahedral geometry, and that the five-coor-
dinate [CoII ACHTUNGTRENNUNG(acac)2(L)] and six-coordinate [CoII ACHTUNGTRENNUNG(acac)2(L)2]
systems have a spin quartet ground state with trigonal-bipyr-
amidal (L in an equatorial position) and trans-octahedral ge-
ometries, respectively. These geometries are illustrated sche-
matically in Scheme 3. Thus there was no need to explore
further other geometries and spin states for the systems de-
scribed in the present contribution.
One relevant question was whether the DMSO ligand

would bind the CoII and CoIII compounds through the O or

Figure 5. Time evolution of the size exclusion chromatography images for
the AN polymerization initiated by the low molecular weight cobalt
adduct [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(�CHACHTUNGTRENNUNG(OCOCH3)CH2)<4�R0)] initiator at 0 8C in di-
methyl sulfoxide. [AN]/[Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(�CH ACHTUNGTRENNUNG(OCOCH3)CH2)<4�R0)]=752.
Mn and Mw are number-average and weight-average molecular weight, re-
spectively.

Figure 6. 1H NMR spectrum for the poly(acrylonitrile) (Mn=

8200 gmol�1, Mw/Mn=1.12) prepared by initiation of acrylonitrile poly-
merization with a low molecular weight cobalt adduct [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(�CH-
ACHTUNGTRENNUNG(OCOCH3)CH2)<4�R0)].
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the S atom, since both coordination modes are adopted by
this ligand. However, a search of the Cambridge Structural
Database (CSD) showed that there are no structurally char-
acterized complexes of Co containing an S-bonded DMSO
ligand, whereas 25 hits were obtained for O-bonded Co-
ACHTUNGTRENNUNG(DMSO) complexes. Furthermore, searching for S-bonded
DMSO complexes of any transition metals gave 250 hits
(mostly for Ru, Rh, Ir, Os, and Pt), of which only three fea-
tured a first-row transition metal (FeII with p-acidic ligands
in all three cases: [Fe(Pc) ACHTUNGTRENNUNG(DMSO)2], where Pc=phthalocya-
nine, and two salts of [Fe(CN)4 ACHTUNGTRENNUNG(DMSO)]2�.[34–36] The as-
sumption that the DMSO is O-bonded to the cobalt atom
was confirmed by X-ray analysis of the [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMSO)2]
crystals (Figure 7a). The X-ray analysis also confirmed the
trans-octahedral structure of the complex. Relevant bonding
parameters are listed in Table 3 and will be discussed later
together with those optimized by DFT calculations. There-
fore, only O-bonded DMSO configurations were considered
in our geometry optimizations.
Note that there are two possible conformations for an O-

bonded DMSO ligand. The DMSO methyl substituents may
be pointing away from the metal in such a way that the S
lone pair points toward the coordination sphere (namely syn
arrangement for the S lone pair and Co�OACHTUNGTRENNUNG(DMS) bond, see
I in Scheme 4), or vice versa (S lone pair anti to the Co�O-
ACHTUNGTRENNUNG(DMS) bond, II in Scheme 4). All 25 above-mentioned Co-
ACHTUNGTRENNUNG(DMSO) complexes retrieved from the CSD display the Me
groups farther from the metal (I), and this is also the confor-
mation adopted by compound [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMSO)2] (Fig-
ure 7a), thus all starting geometries for the DFT calcula-
tions were constructed in this way.
A crystal of [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMF)2] was also prepared and

subjected to X-ray analysis (Figure 7b). The coordination
geometry is again trans-octahedral. Selected bonding param-
eters are reported in Table 3. Of the two conformations that
may be adopted in principle by the coordinated DMF ligand
with the NMe2 group either syn or anti relative to the Co�O
bond, the latter (i.e. III in Scheme 4) is less sterically hin-
dered and is observed for all the CoACHTUNGTRENNUNG(DMF) compounds
known in the literature (59 hits in the CSD); the present
compound [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMF)2] is no exception. It is worth
noting that a [Co ACHTUNGTRENNUNG(acac)2(AN)2] complex could not be
formed following the same preparation procedure. Finally,
we have already established that the chain-end for a
[PVAc�CoACHTUNGTRENNUNG(acac)2], when this is obtained by bulk polymeri-

zation (namely in the absence
of coordinating solvents), con-
tains a chelating chain through
the ester function of the last
monomer unit (see IV in
Scheme 4).[16]

A question of interest is
whether a [PAN-Co ACHTUNGTRENNUNG(acac)2]
chain-end could also be stabi-
lized by intramolecular chela-
tion, similarly to the [PVAc�
CoACHTUNGTRENNUNG(acac)2] chain-end. The ge-

ometry of the acrylonitrile monomer is unsuitable for chela-

Scheme 3. Schematic geometries and spin states for the CoIII and CoII complexes involved in the CMRP pro-
cess.

Figure 7. ORTEP views of [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMSO)2] (a) and [Co ACHTUNGTRENNUNG(acac)2-
ACHTUNGTRENNUNG(DMF)2] (b). Displacement ellipsoids are drawn at the 50% probability
level.

Chem. Eur. J. 2008, 14, 7623 – 7637 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7629

FULL PAPERPolymerization of Acrylonitrile

www.chemeurj.org


tion via the Co-bonded monomer unit, because of the linear-
ity of the C�C=N function and the location of the nitrogen
lone pair opposite the C=N bond (sp hybridization), as
shown in Scheme 5 (V). The p-electron density of this triple
C�N bond is also geometrically inaccessible. The penulti-
mate unit may in principle coordinate the cobalt atom
through the CN p electrons (see Scheme 5 (VI)), but the N
lone pair is still inaccessible because of the severe strain im-
posed by the linearity of the Co�N=C�C moiety on the six-
membered cycle. We remark, however, that CoIII is not suffi-
ciently “soft” as a Lewis acid to establish strong interactions
with soft donors such as the p-electron density of unsaturat-
ed organic molecules, examples of this type of interaction
being unknown in stable compounds.

Coordination by the CN function of the third last mono-
mer unit is a possibility. However, this coordination would
not be any different from the coordination by a simple mo-
nomer molecule from the enthalpic point of view, while it
would probably be entropically disfavored, given the large
number of degrees of freedom that would be lost in the

cycle formation process. Therefore, we simply considered
the coordination of a monomer molecule in our calculations.
In connection with the stabilization of the dormant chain by
coordination of an additional ligand, it is also crucial to
evaluate the effect of this coordination on the Co�C homo-
lytic bond strength, since it is this bond rupture that regu-
lates the metal controlling ability on the polymerization pro-
cess.
Before analyzing the results, a cautionary word must be

spared about the use of DFT methods for the evaluation of
bond dissociation energies (BDEs) where a spin state

change is involved, in this case
breaking the Co�C bond in a
diamagnetic CoIII compound to
generate an organic radical (S=

1/2) and a spin quartet (S=3/2)
CoII complex. The calculation
of energy differences for reac-
tions involving a spin state
change is very delicately depen-
dent on the type of functional
used, and unfortunately no
“rule of thumb” is available for
the selection of the best func-
tional for a specific problem.

Recent theoretical work has compared different functionals
for the evaluation of relative spin state energetics, including
for selected cobalt complexes.[37,38] On a few occasions, the
choice of the most appropriate functional could be made by
comparison with experimentally available parameters, or by
comparison with much higher level ab initio calculations, be-
lieved to provide a closer approximation of the experimen-
tal value. For our system, the first approach is impossible be-
cause Co�R BDEs are not experimentally available, where-
as the second one is prohibitive given the relative complexi-
ty of the systems. Thus, the calculations were carried out
using two different functionals, the commonly employed
B3LYP functional and a modified B3PW91 functional,
termed B3PW91* (see Computational Details section). In
essence, both functionals are part of a general family of
“correlated” functionals, namely taking into account the
effect of electronic correlation, but the B3LYP was found in
many instances to overestimate the amount of exact ex-
change, thereby overestimating the stability of the higher
spin states. Reducing the exact exchange admixture biases
the results in favor of the lower spin states.[39] The use of
B3PW91* was shown to provide better results for reaction
energetics involving iron compounds where changes of spin
are involved.[40–42] The B3PW91* calculations were carried
out as single-point calculations on the B3LYP-optimized ge-
ometries, since reoptimization is believed to lead to negligi-
ble structural changes and consequently to negligible energy
differences. This was verified for [Co ACHTUNGTRENNUNG(acac)2], where geome-
try reoptimization led to an energy change of <0.1 kcal
mol�1.
All optimized geometries are provided as xyz files in the

Supporting Information. The optimized structures of [Co-

Scheme 4. Coordination modes for CoACHTUNGTRENNUNG(DMSO) (I and II) and Co ACHTUNGTRENNUNG(DMF) (III) and a model for the [PVAc�Co-
ACHTUNGTRENNUNG(acac)2] chain end (IV).

Scheme 5. Models for the [PAN�Co ACHTUNGTRENNUNG(acac)2] chain ends.

Table 3. Relevant bond lengths [T] and angles [8] for the structures of
compounds [Co ACHTUNGTRENNUNG(acac)2(L)2] (L=DMSO, DMF) and comparison with the
DFT optimized geometries.[a]

[CoACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMSO)2] [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMF)2]
X-ray DFT X-ray DFT

Co�O ACHTUNGTRENNUNG(acac) 2.042(3) 2.056 2.041(5) 2.049
Co�O(L) 2.150(2) 2.197 2.140(1) 2.214
O(L)-Co-O(L) 180 179.8 180 178.1
O ACHTUNGTRENNUNG(acac)-Co-O ACHTUNGTRENNUNG(acac) (cis) 89.99(11) 88.7 89.62(4) 88.8
O ACHTUNGTRENNUNG(acac)-Co-O ACHTUNGTRENNUNG(acac) (trans) 180 178.8 180 177.9
acac fold angle 161.5 164.6 179.5 177.3

[a] Average values over chemically equivalent parameters are reported.
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ACHTUNGTRENNUNG(acac)2(L)2] (for L=DMSO and DMF) are compared with
the experimentally determined ones in Table 3. The DFT
methodology is notorious for providing longer distances rel-
ative to experiment, especially for dative type bonds. This is
also observed here, the calculated Co�O ACHTUNGTRENNUNG(acac) bonds being
much closer to the experimental values than the calculated
Co�O(L) bonds. There is, however, good agreement in gen-
eral between the observed and calculated geometries, and
these are very similar to each other upon going from
DMSO to DMF. Both X-ray structures have the metal atom
located on an inversion center, thus all trans angles are
strictly linear by symmetry, and the calculated values (with
no symmetry-imposed restriction) fall very close to linearity.
The most significant difference between the two compounds
is the fold angle of the {M ACHTUNGTRENNUNG(acac)} chelate moiety, namely the
angle between the O�Co�O plane and the acac ligand
plane. It is significantly smaller than 1808 for the DMSO
adduct and much less so for the DMF adduct, for unclear
reasons. This observed structural feature is also reproduced
quite well by the calculations, further testifying about the
suitability of the computational level. Additional geometri-
cal features will not be discussed. The remainder of this sec-
tion deals only with bond energy arguments.

Models for the [(acac)2Co�PAN] dormant species in AN
homopolymerization : The results of the calculations involv-
ing the CH(CN)CH3 radical, used as a model of the PAN
growing chain, are shown in Figure 8. Figure 8a shows the
results obtained with B3LYP while those obtained with
B3PW91* are collected in Figure 8b. As expected, the two
functionals yield very different Co�C BDEs, B3PW91*
yielding greater relative stability for the singlet alkylcobalt-
ACHTUNGTRENNUNG(III) complexes and consequently greater Co�C BDEs (by
ca. 6.5 kcalmol�1 for the [R�CoACHTUNGTRENNUNG(acac)2(L)] species,
5.5 kcalmol�1 for the L-free system), whereas nearly identi-
cal results are obtained for the processes involving no spin
state change (ligand dissociations from either spin quartet
CoII or spin singlet CoIII). The strength of the (acac)2Co�
CH(CN)CH3 bond can be compared with those of other
[(acac)2Co�R] bonds only at the B3LYP level, since this was
the only functional used in previous calculations. The BDE
varies in the order Me (14.55) > CH ACHTUNGTRENNUNG(OCH3)CH3 (8.45) >
CH ACHTUNGTRENNUNG(OOCCH3)CH3 (5.73) > CH(CN)CH3 (1.26) > CH-
ACHTUNGTRENNUNG(COOCH3)CH3 (�1.50) > C ACHTUNGTRENNUNG(CH3)2(CN) (�5.52).[12,16] The
trend is consistent with expectations on the basis of known
stabilization effects, and qualitatively parallels that reported
for alkyl halides and dithiocarboxylates.[43,44] In particular, it
shows that the (acac)2Co�CH(CN)CH3 bond is relatively
weak, consistent with the stabilized nature and low reactivi-
ty of the CH(CN)CH3 radical.
The BDE value obtained for this bond with B3PW91* is

greater, at 6.71 kcalmol�1. As mentioned above, it is not
possible to assess which of these values is closer to the true
BDE. However, we must also underline that these are en-
thalpy values, whereas bond dissociation equilibria of rele-
vance to controlled polymerization are based on free energy
differences. The entropic contribution could also be estimat-

ed by the calculations, but only in the gas phase. For all re-
actions that increase the number of independent molecules
by one unit, such as the CoIII�R homolytic bond breaking
(but also the L dissociation from the CoIII and CoII systems),
the �TDS term is approximately �10 kcalmol�1 in the gas
phase at room temperature, the most important contribution
being the generation of three new translational modes.
These modes, however, are quenched to a large extent in
condensed phases. Thus, the application of the computation-
al results to the polymerization process in a condensed
phase will always be, at any rate, qualitative. The B3PW91*

Figure 8. Energy diagram obtained with a) the B3LYP or b) the
B3PW91* functional for the Co�C homolytic bond cleavage and subse-
quent L addition in [(acac)2(L)Co�CH(CN)CH3] (L=nothing, AN,
DMF, DMSO). The values shown are relative enthalpies in kcalmol�1.
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results probably provide a better estimate of the CoIII�R
bond strength than the B3LYP results, because the latter
would not easily account for the ability of CoII to trap effi-
ciently the growing PAN radical chain and control the poly-
merization. The main purpose of this study is to assess the
tuning effect of the neutral ligand L on the metal controlling
ability. Thus, we shall mainly comment on how ligand coor-
dination affects the relative stability of the CoIII and CoII

systems, with greater emphasis on the B3PW91* results.
At each oxidation state level, ligand coordination does

not change the spin state of the system and both functionals
afford similar values for the enthalpy change. The coordina-
tion of a neutral donor (L) to the 6th site of the pseudo-oc-
tahedral geometry of the CoIII center stabilizes the system as
expected. The CoIII�L bond strength follows the order AN
< DMSO < DMF at both functional levels. The very small
bond energy for AN, combined with the unfavorable entro-
py for this step, means that the (acac)2Co�CH ACHTUNGTRENNUNG(CH3)CN is
probably the dominant species in solution, and not the sol-
vent adduct [(acac)2Co(AN)�CH ACHTUNGTRENNUNG(CH3)CN]. The bond
energy for DMF and DMSO is much larger, so in these
cases the octahedral ligand adduct should dominate.
Ligand coordination to [Co ACHTUNGTRENNUNG(acac)2] has a different effect

depending on the coordination environment. On going from
five-coordinate [Co ACHTUNGTRENNUNG(acac)2L] to six-coordinate [Co-
ACHTUNGTRENNUNG(acac)2L2], the ligand addition is also clearly exothermic for
all ligands, following the order AN < DMSO � DMF, but
not as much as for the addition to singlet CoIII. This differ-
ence correlates with the orbital occupation: the ligand do-
nates its electron pair to a half-occupied orbital in the CoII

complex, in contrast to an empty orbital in the CoIII com-
plex. On the other hand, on going from four-coordinate [Co-
ACHTUNGTRENNUNG(acac)2] to five-coordinate [Co ACHTUNGTRENNUNG(acac)2L], the effect is desta-
bilizing for AN and stabilizing for DMF and DMSO. This
shows that there is an additional energy penalty to pay for
taking the CoII from the tetrahedral configuration of [Co-
ACHTUNGTRENNUNG(acac)2] to the trigonal-bipyramidal configuration. This pen-
alty is reflected in a slight BDE increase for the Co�
CH(CN)CH3 bond in the presence of donor ligands (3–
7 kcalmol�1, depending on the ligand and on the computa-
tional level). This BDE increase is smallest for L=DMSO,
intermediate for L=DMF and largest for L=AN, and ap-
pears to correlate with the steric bulk of L. This computa-
tional result is consistent with the fact that [Co ACHTUNGTRENNUNG(acac)2(AN)2]
crystals could not be obtained following the procedure es-
tablished for [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMSO)2] and [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(DMF)2]
(cf. above).
When considering the addition of L, leading first from

[Co ACHTUNGTRENNUNG(acac)2] to [CoACHTUNGTRENNUNG(acac)2(L)], and then from [Co ACHTUNGTRENNUNG(acac)2(L)]
to [Co ACHTUNGTRENNUNG(acac)2(L)2], the relative energy changes for each
step, in kcalmol�1, at the B3PW91* (B3LYP) are: for AN:
5.59 (4.62), �2.37 (�1.17); for DMF: �2.89 (�4.33), �3.34
(�4.72); for DMSO: �3.89 (�5.88), �2.80 (�4.60). These
trends can be rationalized with an increasing donor power
in the order AN < DMF < DMSO and with an increasing
steric bulk in the same order. Thus, for the smaller AN
ligand the second addition is much more favorable than the

first one, whereas for the bulkier DMSO ligand, in spite of
the greater energy penalty in the first addition step, the
second addition is less favorable than the first one. Applying
once again qualitative considerations that include entropic
effects, the dominant form of [Co ACHTUNGTRENNUNG(acac)2] should be the six-
coordinate bis-adduct in DMF and DMSO solutions (and
indeed the compound crystallizes in this form, as described
above) and the tetrahedral ligand-free systems in AN.
Indeed, previous NMR studies have shown evidence of
equilibria between [Co ACHTUNGTRENNUNG(acac)2] and ligand adducts for L=

NEt3 and py, for which the bond energy was calculated
(B3LYP) as 6–7 kcalmol�1.[12]

Given that for L=AN, rupture of the (acac)2(L)Co�
CH(CN)CH3 bond would lead to an endothermic situation
relative to the separate [Co ACHTUNGTRENNUNG(acac)2] and L, the homolytic
bond breaking process is then presumably concerted with L
dissociation [Eq. (2) or (2’)]. As stated above, entropy con-
siderations indicate that the dominant CoIII form in solution
may be five-coordinate. Note that the stabilization of [Co-
ACHTUNGTRENNUNG(acac)2(AN)] by an additional AN molecule yields a situa-
tion that is still endothermic relative to tetrahedral [Co-
ACHTUNGTRENNUNG(acac)2]. These equations model the radical controlling equi-
librium when the CMRP of AN is carried out in a noncoor-
dinating solvent such as anisole, the only donor ligand avail-
able for stabilization being AN itself. For L=DMF and
DMSO, on the other hand, the five-coordinate [Co-
ACHTUNGTRENNUNG(acac)2(L)] complex is exothermic relative to the separated
[Co ACHTUNGTRENNUNG(acac)2] and L and is further stabilized by coordination
of a second L molecule (to a greater extent at the B3LYP
level). Thus, the radical generation process can be summar-
ized by Equation (3).

½ðacacÞ2Co�CHðCH3ÞCN� !
½CoðacacÞ2� þ CCHðCH3ÞCN

ð2Þ

½ðacacÞ2CoðANÞ�CHðCH3ÞCN� !
½CoðacacÞ2� þ AN þ CCHðCH3ÞCN

ð20Þ

½ðacacÞ2ðLÞCo�CHðCH3ÞCN� þ L !
½CoðacacÞ2ðLÞ2� þ CCHðCH3ÞCN

ð3Þ

The effective polymerization rate depends linearly on the
radical propagation rate constant (a kinetic factor), which is
the same in all cases, and on the equilibrium constant of the
reversible radical generation process (a thermodynamic
factor), which depends on L. The reaction enthalpies of
Equations (2) or (2’) (for AN), and (3) (for DMF and
DMSO) are as follows (B3PW91* values, with B3LYP
values in parentheses): AN: 6.71 (1.26) for [Eq. (2)] or 8.63
(3.06) for [Eq. (2’)]; DMF: 9.20 (1.34); DMSO: 6.59
(�1.70). The enthalpic terms being relatively close to each
other with and without ligand, it is necessary to take into ac-
count the entropic factor (�TDS) to evaluate the impact of
the ligand on the reversible dissociation equilibrium leading
to radical formation. While the dissociation reaction of
Equation (2’) (and (2) to an even greater extent) is charac-
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terized by a negative �TDS term, reaction (3) is approxi-
mately isoentropic. Thus, the calculations predict that reac-
tions (2) and (2’) are more favored than reaction (3) and,
consequently, that [Co ACHTUNGTRENNUNG(acac)2] is a better trap for the PAN
growing radical chain in DMSO or DMF relative to non-
coordinating solvents (anisole or AN). At the quantitative
level, as discussed above, the B3PW31* results are probably
closer to reality. The B3LYP results cannot be quantitatively
correct for the simple reason that they would not predict the
ability of the CoII system to trap free radicals, since the spin
trap would be more stable than the dormant chain for L=

DMSO and the �TDS term would further disfavor the trap-
ping process. On the other hand, the experiment shows that
[Co ACHTUNGTRENNUNG(acac)2] is quite capable of insuring a controlled growth
of PAN by the revsersible termination mechanism in the
DMSO solvent.
To conclude this part, the [(acac)2Co�PAN] + L system

shows two major differences relative to the previously stud-
ied[12] [(acac)2Co�CH3] + L model system. The first one is a
significant modulation of the CoIII�PAN homolytic bond
strength by L coordination (L=AN, DMF, DMSO), where-
as the strength of the CoIII�CH3 bond is approximately in-
sensitive to axial L bonding (DE in kcalmol�1 at the B3LYP
level: L=VAc: 21.82; NMe3: 20.65; py: 21.83; H2O: 22.65;
NH3: 21.80). The intrinsically weaker nature of the Co�CH-
ACHTUNGTRENNUNG(CH3)(CN) bond relative to the Co�CH3 bond is probably
at the origin of this effect. Amongst AN, DMF and DMSO,
the latter has the strongest labilizing effect, due to a larger
D(DH)= [BDE ACHTUNGTRENNUNG(CoII�L) � BDE ACHTUNGTRENNUNG(CoIII�L)]. The second dif-
ference concerns the strength of the CoII�L interaction.
Whereas py and H2O were found to be very good ligands
for CoII, yielding energy gains in excess of 10 kcalmol�1 on
going from [Co ACHTUNGTRENNUNG(acac)2(L)] to CoACHTUNGTRENNUNG(acac)2(L)2,

[12] the stabiliza-
tion provided by AN, DMF, and DMSO is much more
modest.

Models for [(acac)2Co�PVAc] as macroinitiator in AN
homopolymerization : Once verified that the homolytic bond
cleavage of [(L) ACHTUNGTRENNUNG(acac)2Co�PAN] is consistent with control
of the AN polymerization by the reversible termination
mechanism in the DMSO solvent, the next experimental
phenomenon to be addressed is the solvent effect on the
ability of the [(acac)2Co�PVAc] macroinitiator to initiate ef-
ficiently the CRP of AN. Figure 9 summarizes the computa-
tional results at the B3LYP (9a) and B3WP91* (9b) levels
for the overall process. On going from left to right, the
[(acac)2Co{k

2:C,O�CH ACHTUNGTRENNUNG(CH3)OCOCH3}] complex, which
models the resting state of the growing [(acac)2Co�PVAc]
chain, first opens the acetate chelate, freeing up a coordina-
tion site on CoIII, which is saturated by L coordination. As
in the case of L addition to the [(acac)2Co�PAN] model, co-
ordination by AN provides very little stabilization (in fact,
the interaction is even slightly endothermic at the B3LYP
level), whereas the DMF and DMSO additions are more
exothermic. The next step is the homolytic rupture of the
CoIII�CH ACHTUNGTRENNUNG(CH3)OOCCH3 bond. Again, the CoIII�R BDE is
significantly greater at the B3PW91* level than the B3LYP

level (by ca. 6 kcalmol�1 for the [(L) ACHTUNGTRENNUNG(acac)2Co�CH-
ACHTUNGTRENNUNG(CH3)OOCCH3] species and 4.2 kcalmol�1 for the L-free
complex). As in the case of the CoIII�CH ACHTUNGTRENNUNG(CH3)CN bond,
the BDE depends on the nature of L, increasing in the
order DMSO < DMF < AN, but the effect of L coordina-
tion on the CoIII�R BDE is less for R = CH ACHTUNGTRENNUNG(CH3)OOCCH3

than for CH ACHTUNGTRENNUNG(CH3)CN. The coordination of DMSO, in fact,
has almost no effect at either computational level. After the
radical dissociation, the residual [CoACHTUNGTRENNUNG(acac)2(L)] complex is
trapped by a second L molecule to yield [Co ACHTUNGTRENNUNG(acac)2(L)2].
The energetics of this process have already been presented
in the above section, but are repeated in Figure 9 for clarity.
Notably, as already discussed above, [CoACHTUNGTRENNUNG(acac)2(AN)] and
[Co ACHTUNGTRENNUNG(acac)2(AN)2] are endothermic relative to [Co ACHTUNGTRENNUNG(acac)2] +

AN. Therefore, the CoIII�CH ACHTUNGTRENNUNG(CH3)OOCCH3 homolytic
splitting can be represented by Equations (4) (or (4’)) and
(5; L=DMF, DMSO), depending on the nature of L. After
the formation of [Co ACHTUNGTRENNUNG(acac)2] (in noncoordinating solvents)
or [Co ACHTUNGTRENNUNG(acac)2(L)2] (in DMF or DMSO), the latter is avail-
able to trap the growing PAN radical, which is in turn gener-
ated by AN addition to the PVAc radical (the reverse of the
activation of the [(L) ACHTUNGTRENNUNG(acac)2Co�PAN] model systems in
Figure 8). We underline that Figure 9 compares directly the
activation energetics of the two model systems of the dor-
mant chains, [PAN�Co ACHTUNGTRENNUNG(acac)2] and [PVAc�CoACHTUNGTRENNUNG(acac)2], rela-
tive to the common spin trap [CoACHTUNGTRENNUNG(acac)2] (in noncoordinat-
ing solvents) or [CoACHTUNGTRENNUNG(acac)2(L)2] (in DMF or DMSO. There-
fore, the energy diagram is normalized relative to the mono-
mer addition step (i.e. the conversion of the PAN radical to
the PVAc radical).

½ðacacÞ2Co�CHðCH3ÞOOCCH3� !
½CoðacacÞ2� þ CCHðCH3ÞOOCCH3

ð4Þ

½ðacacÞ2ðANÞCo�CHðCH3ÞOOCCH3� !
½CoðacacÞ2� þ AN þ CCHðCH3ÞOOCCH3

ð40Þ

½ðacacÞ2ðLÞCo�CHðCH3ÞOOCCH3� þ L !
½CoðacacÞ2ðLÞ2� þ CCHðCH3ÞOOCCH3

ð5Þ

The efficiency of this activation process can be estimated
on the basis of the enthalpy difference between the starting
dormant species and the stable form of the CoII radical trap-
ping species (the �TDS term is approximately equivalent on
going from the PAN mode to the PVAc model, so long as
we compare processes in the same solvent). The starting
dormant species will be the [(acac)2Co�PVAc] complex with
a chelated (k2 :C,O) chain-end in noncoordinating solvents,
because the AN monomer does not have sufficient coordi-
nating power to open the chelate and form the putative
[(AN) ACHTUNGTRENNUNG(acac)2Co�PVAc] adduct. The same may also be true
in DMF and DMSO, since the solvent binding energy is sim-
ilar to the energy associated with chelation of the terminal
VAc unit (binding of the carbonyl function) and the entropy
term disfavors solvent binding. However, if this term does
not play a major role in the condensed phase, the dominant
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species may be the solvent adduct [(L)ACHTUNGTRENNUNG(acac)2Co�PVAc], es-
pecially in DMF. The stable form of the CoII radical trap-
ping species, as shown above, is [Co ACHTUNGTRENNUNG(acac)2] in noncoordinat-
ing solvents and [Co ACHTUNGTRENNUNG(acac)2(L)2] in DMF or DMSO. The en-
thalpy change for activation of the [PVAc�CoACHTUNGTRENNUNG(acac)2] dor-
mant chain in the different solvents is (B3PW91* values,
with B3LYP values in parenthesis, in kcalmol�1): 13.01
(11.92) in noncoordinating solvents (L=AN); 10.77 (3.51)
for L=DMF; and 7.08 (�0.12) for L=DMSO. With both

functionals, the aptitude of the Co-terminated PVAc dor-
mant chain to be activated follows the same order as the
Co-terminated PAN chain as a function of L: AN < DMF
< DMSO. Once again, the B3LYP values probably do not
provide a quantitatively realistic picture, because the [R�
CoACHTUNGTRENNUNG(acac)2(L)] species are not sufficiently stabilized relative
to [CoACHTUNGTRENNUNG(acac)2(L)2].
These results agree qualitatively with the observed phe-

nomena and provide a basis for their interpretation. The

Figure 9. Energy diagram obtained with a) the B3LYP or b) the B3PW91* functional for the Co�C homolytic bond cleavage in [(acac)2Co�CH ACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG(OCOCH3)] and subsequent trapping of the CH(CN)CH3 radical in the presence of different neutral donors (L=AN, DMF, DMSO). The values shown
are relative enthalpies in kcalmol�1.
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Co-terminated PVAc species is not an efficient macroinitia-
tor for the AN polymerization in a noncoordinating solvent
(e.g. anisole). Under these conditions, such species generate
slowly PVAcC radicals in the AN homopolymerization[21] due
to the intramolecular complexation (k2 :C,O) which stabilizes
the Co�C bond.[16] On the other hand, the same species con-
trols the homopolymerization of VAc by reversible termina-
tion in the presence of neutral donor ligands (NEt3, py,
H2O)[12,16] and initiates the controlled (by reversible termi-
nation) AN polymerization in DMF[21] and in DMSO (this
work). This is made possible by the subtle stabilization of
the intermediate CoII complex by L addition. In spite of the
weaker CoIII�PAN bond relative to the CoIII�VOAc bond
(estimated as 0.5–2.5 kcalmol�1 depending on the nature of
L and the computational level), this bond still remains suffi-
ciently strong to insure an efficient trapping process and
therefore a good level of control. The initiation by the
[(acac)2Co�PVAc] macroinitiator is predicted by the calcu-
lation to be faster in DMSO, in agreement with the experi-
mental results.

Conclusion

Because of the moderate solubility of the poly(acrylonitrile)
in DMF at room temperature, the homopolymerization of
AN by CMRP was investigated in DMSO. Typically, the AN
polymerization initiated by V-70 in the presence of [Co-
ACHTUNGTRENNUNG(acac)2] presented clear evidence that polymer chains were
growing in a controlled fashion, such as an increase of the
molar mass with the monomer conversion and a rather low
molar mass distribution (ca. 1.4). However, a deviation from
linearity was observed for the dependence of the molar
mass on the conversion. Under these conditions, the number
of chains involved in the CMRP process increases along the
polymerization due to the slow V-70 decomposition, leading
to a discrepancy between experimental and theoretical
molar masses calculated considering the [AN]0/[Co]0 ratio
and the broadening of the molar mass distribution. This lim-
itation was circumvented by using an organocobalt ACHTUNGTRENNUNG(III)
adduct as the initiator at 0 8C in DMSO for the acrylonitrile
polymerization. In this case, all the chains were initiated at
the same time and their number, determined by the initiator
concentration, remained constant throughout the process, al-
lowing the formation of poly(acrylonitrile) with predictable
molar mass and molar mass distribution as low as 1.1.
DFT calculations, associated with X-ray analyses, con-

firmed that the coordination of the cobalt complex by sol-
vent molecules (DMSO and DMF) changes its reactivity. As
a rule, the Co�C bond is weaker when the metal is coordi-
nated by DMF and DMSO but it remains sufficiently strong
to ensure the control of the AN polymerization. Moreover,
it was demonstrated that this labilizing effect promoted by
DMF and DMSO (especially the latter) was responsible for
the fast initiation of the AN block from a PVAc�Co macroi-
nitiator, allowing the formation of well-defined PVAc�b�
PAN copolymers.

Experimental Section

Materials : Vinyl acetate (>99%, Aldrich) and acrylonitrile (>99%, Al-
drich) were dried over calcium hydride, degassed by several freeze-thaw
cycles before being distilled under reduced pressure and stored under
argon. Dimethyl sulfoxide (DMSO) was dried over calcium hydride
before being distilled under reduced pressure and stored under argon.
Dimethylformamide (DMF) and dichloromethane (CH2Cl2) were dried
over molecular sieves and degassed by bubbling argon for 30 mins. 2,2’-
Azo-bis(4-methoxy-2,4-dimethyl valeronitrile) (V-70) (Wako), cobalt(II)
acetylacetonate (Co ACHTUNGTRENNUNG(acac)2) (>98%, Acros) and 2,2,6,6-tetramethylpiper-
idine 1-oxy (TEMPO) (98%, Aldrich) were used as received.

Characterization : Size exclusion chromatography (SEC) was carried out
in DMF containing some LiBr (0.025m), with a Waters 600 liquid chro-
matograph equipped with a 410 refractive index detector and styragel
HR columns (HR1, 100–5000; HR3, 500–30000; HR4, 5000–500000;
HR5, 2000–40000000). Poly(methyl methacrylate) standards were used
for calibration. The molar masses of the PAN were corrected using the
Mark-Houwink equation ([h]=KnMn

a , where Kn=K ACHTUNGTRENNUNG(Mw/Mn)
0.5a(a+1)) (in

DMF, KPMMA=1.32W10�4, aPMMA=0.674; KPAN=3.17W10�4, aPAN=

0.746).[30,33] 1H NMR spectra were recorded in deuterated DMSO
([D6]DMSO) with a Bruker Spectrometer (250 MHz). Inductively Cou-
pled Plasma Mass Spectrometry (ICPMS) was carried out with a Spec-
trometer Elan DRC-e Perkin–Elmer SCIEX. Samples were prepared ac-
cording to the following procedure: evaporation of 1 mL of the cobalt
adduct stock solution in CH2Cl2, treatment of the residue by HNO3

(65%) at 60 8C for 2 h, dilution with doubly distilled water (250 mL).

Typical procedure for the homopolymerization of acrylonitrile by CMRP
in dimethylformamide : [CoACHTUNGTRENNUNG(acac)2] (102 mg, 0.40 mmol) and V-70
(122 mg, 0.40 mmol) were put into a round bottom flask capped by a
three-way stopcock, purged by three vacuum-argon cycles followed by
subsequent addition of distilled and degassed DMF (5.0 mL) and AN
(5.0 mL, 4.03 g, 76 mmol). The same procedure was repeated four times
and all the reaction media were placed simultaneously in an oil bath at
30 8C. After a few hours, the reaction mixture became inhomogeneous; a
grey suspension appeared in the flasks. Each experiment was stopped at
a different time by addition of 1 mL of a solution of TEMPO in DMF
(500 mg TEMPO in 1 mL). For each experiment, the conversion was
measured gravimetrically after precipitation of the PAN into diethyl
ether, whereas molar masses and molar mass distributions were deter-
mined by SEC (see characterization section).

Typical procedure for the homopolymerization of acrylonitrile by CMRP
in dimethyl sulfoxide : [CoACHTUNGTRENNUNG(acac)2] (102 mg, 0.40 mmol) and V-70 (122 mg,
0.40 mmol) were put into a round bottom flask capped by a three-way
stopcock and purged by three vacuum-argon cycles. After subsequent ad-
dition of distilled and degassed DMSO (5 mL) and AN (5 mL, 4.03 g,
76 mmol), the reaction medium was heated at 30 8C under stirring. After
2 h, the viscosity of the polymerization medium started to increase and
several samples were picked out all along the polymerization. A few
drops of each sample were diluted in deuterated DMSO containing
TEMPO in order to measure the AN conversion by 1H NMR (298 K,
D1=2 s, 16 scans). The remaining fractions of each sample were solubi-
lized in DMF containing TEMPO in order to measure the molecular pa-
rameters of the polyacrylonitrile by SEC. Mn,th at 100%=10100 gmol�1.
The same experiment was also carried out in DMSO using different
[AN]/[Co] or [Co]/ ACHTUNGTRENNUNG[V-70] ratios.

Homopolymerization of acrylonitrile initiated by low molecular weight
cobalt ACHTUNGTRENNUNG(III) adducts : The procedure for the synthesis as well as the com-
plete characterization of the low molecular weight cobalt ACHTUNGTRENNUNG(III) adduct are
described in detail in a recent paper.[16] As a rule, this cobalt adduct con-
tains less than four vinyl acetate units on average, end-capped by the
[Co ACHTUNGTRENNUNG(acac)2] complex ([Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(�CH ACHTUNGTRENNUNG(OCOCH3)CH2)<4�R0]; R0 being
the primary radical generated by V-70). The complex was stored as a
CH2Cl2 solution at �20 8C under argon. The cobalt concentration of the
stock solution was estimated as 0.10m by inductively coupled plasma
mass spectrometry (ICP-MS). In a round bottomed flask capped by a
three-way stopcock and purged by three vacuum-argon cycles, 1 mL of
the pink cobalt ACHTUNGTRENNUNG(III) adduct stock solution ([Co]=0.10m, 0.10 mmol) was
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introduced and then evaporated to dryness under reduced pressure. The
compound was then dissolved in distilled and degassed DMSO (5 mL),
followed by the addition of distilled and degassed AN (5 mL, 4.06 g,
75.2 mmol). The reaction mixture was then stirred at 30 8C. The AN con-
version and the molecular parameters of the PAN were determined at
different times by 1H NMR and SEC, respectively, as described above.
The same experiment was repeated at 0 8C.

Typical procedure for the preparation of [Co ACHTUNGTRENNUNG(acac)2(L)2] crystals and
their X-ray analysis : [Co ACHTUNGTRENNUNG(acac)2] (600 mg, 2.34 mmol) was placed in a
round bottom flask capped by a three-way stopcock and purged by three
vacuum-argon cycles and dissolved at room temperature in dry and de-
gassed solvents (6.0 mL), that is, AN, DMF, or DMSO. After stirring for
4 h, the solutions were transferred under argon into another flask before
dilution with an equal volume of dry and degassed acetone. The mixtures
were cooled down at �20 8C in order to crystallize the cobalt complexes.
Following this procedure, orange crystals of [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMF)2] and [Co-
ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMSO)2] were recovered and analyzed by X-ray diffraction,
whereas the same experiment conducted with AN did not lead to crystal-
lization.

X-ray data were collected on an Oxford Diffraction Gemini R Ultra dif-
fractometer using monochromated MoKa radiation. Crystals of the [Co-
ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMSO)2] belong to space group P21/c, with unit-cell parameters
a=8.789(5), b=12.490(5), c=8.789(5) T and b=99.404(5)8. Crystals of
the [Co ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(DMF)2] belong to space group P1̄, with unit-cell parame-
ters a=6.1871(2), b=9.0988(4), c=9.6922(4) T and a =70.630(4), b=

74.294(3), g=78.940(3)8. The data were processed using the CrysAlis
package.[45] The structure was solved with Sir92[46] and refined using
SHELXL97[47] for full-matrix least-squares refinement. Crystal structures
were refined against low temperature data. CCDC-679089 and CCDC-
679090 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif

Computational details : All geometry optimizations were performed using
the B3LYP three-parameter hybrid density functional method of
Becke,[48] as implemented in the Gaussian03 suite of programs.[49] The
basis functions consisted of the standard 6–31G** for all light atoms (H,
C, N, O), plus the LANL2DZ function, which included the Hay and
Wadt effective core potentials (ECP),[50] for Co. The latter basis set was,
however, augmented with an f polarization function (a=0.8) in order to
obtain a balanced basis set and to improve the angular flexibility of the
metal functions. All geometry optimizations were carried out without any
symmetry constraints and all final geometries were characterized as local
minima of the potential energy surface (PES) by verifying that all second
derivatives of the energy were positive. The unrestricted formulation was
used for open-shell molecules. The value of <S2> at convergence was
very close to the expected value of 0.75 for the radical species and 3.75
for the spin quartet species (the greatest deviation was 3.7573 for com-
plex [Co ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(CH2=CHCN)]), indicating minor spin contamination. All
energies were corrected for zero point vibrational energy and for thermal
energy to obtain the bond dissociation enthalpies at 298 K. The standard
approximations for estimating these corrections were used (ideal gas,
rigid rotor, and harmonic oscillator) as implemented into Gaussian03.
Additional calculations were also carried out with the same basis set by
use of the B3PW91* functional, at the fixed geometries optimized by
B3LYP. The thermal enthalpy correction was carried out using the
B3LYP values. The B3PW91* functional is a modified version of the
B3PW91 functional, in which the c3 coefficient in BeckeOs original three-
parameter fit to thermochemical data was changed to 0.15.
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