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Abstract The influence of bis[4,6-di-tert-butyl-N-(2,6-
dimethylphenyl)-o-iminobenzosemiquinono]cobalt (II) on
radical polymerization of methyl methacrylate initiated by
AIBN at 70–90 °C was studied. The introduction of cobalt
complex bearing redox ligands into reaction media allows to
provide polymerization of methyl methacrylate without self-
acceleration with linear increase of molecular weight with
conversion giving polymers with relatively low molecular
weight distribution. The results of IR and NMR spectrometry
and MALDI mass spectroscopy measurements show that the
possibility ofβ-hydrogen transfer between complex and prop-
agating radical during polymerization is minimal. The elec-
tron donating additives as tert.-butyl amine and pyridine have
no activating effect on polymerization. The results of our ex-
periments provided at different concentrations of initiator
show that polymerization proceeds via degenerative chain
transfer mechanism.
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Introduction

The discovery and rapid development of Reversible
Deactivated Radical Polymerization (RDRP) revealed a
significant breakthrough in synthetic polymer chemistry
and resulted in wide scientific interest in this area. The
major advantages of RDRP are the possibility of synthesis
of well-defined homo- and copolymers with desired struc-
ture and topology. The RDRP may be realized via three
major ways based on different types of chemical reac-
tions. They are Dissociation-Combination (Scheme 1a),
Atom Transfer Radical Polymerization (Scheme 1b);
Degenerative Transfer Processes (Scheme 1c) [1–10]:

In spite of evident difference in mechanisms, all three
methods are based on one general idea of replacement of
irreversible bimolecular termination by reversible interac-
tion of propagating radical with specially introduced spe-
cies, converting chains into the dormant state. The labile
bond [Р – X] at the end of dormant polymer chain is
easily breaks under thermal, photolytic activation or by
chemical reaction giving back propagating radical. So, a
step by step propagation of polymer chain is realized due
to repeating deactivating and activating reactions.
(Scheme 1).

Different classes of compounds including nitroxides [1, 2],
complexes of transition metals [3–8], dithiocarbamates and
xantogenates [9] as well as many other compounds [10] were
proposed for mediating RDRP. Among other parameters, easy
accessibility and high efficiency in polymerization of a wide
range of monomers are the most important ones. Complexes
of iron, copper, cobalt and some other metals are ones satis-
fying these criteria [3–8, 11, 12].

Complexes of cobalt are widely used for mediating poly-
merization of different monomers [7, 8, 13, 14]. It should be
mentioned that polymerization in the presence of cobalt
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complexes may proceed via various mechanisms depending
onmonomer nature. Basing on the ability to undergo Catalytic
Chain Transfer vinyl monomers can be relatively divided into
two groups as shown at Scheme 2.

The first group is represented by monomers with α-
methyl groups. Such monomers tend to undergo hydrogen
transfer reactions. Its polymerization proceeds in accor-
dance with mechanism Catalytic Chain Transfer
Polymerization (CCTP) [13–18]. In this case polymeriza-
tion proceeds in conventional radical manner and cobalt
complex acts as an effective chain transfer agent reducing
molecular weight of the polymers.

The monomers which have fewer tendencies to catalytic
chain transfer reactions form the second group. In case of
these compounds a carbon-cobalt bond in the intermediate 1
brakes giving back propagating radicals. Such type of reac-
tions is classified as Cobalt Mediated Radical Polymerization
(CMRP) and may be realized either by Dissociation-
Combination (DC) [18–33] or by Degenerate Transfer
Polymerization (DTP) [22, 26, 29–33] pathways.

Thus, the nature of the monomer should be taken into
account for successful synthesis of polymers with desired
structure. The polymerization of methyl methacrylate
(MMA) [13–15, 17] and other methacrylates [13, 14,
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16] in the presence of cobalt porphyrins and cobaloximes
complexes proceeds via CCTP mechanism. At the same
time polymerization of butyl acrylate using cobalt porphy-
rin proceeds by way of homolytic cleavage of Co-C bond
[19]. The DC mechanism is also realized in case of poly-
merization of various acrylates [20–22], acrylic acid [23],
styrene [24], vinyl acetate [22, 25–27, 30–35] and acry-
lonitrile [22, 28]. DC and DTP mechanisms have many in
common and may be realized simultaneously [29–33].
The realization of polymerization via DTP method allows
to decrease concentration of cobalt catalyst and to mini-
mize cata lyt ic chain transfer through hydrogen
abstraction.

The proper choice of ligand environment in cobalt
complex is also very important factor for realization of
controlled polymerization. Polymerization of MMA in
the presence of halogenated tris (triphenylphosphine) co-
balt or cobalt acetate proceeds via Atom Transfer Radical

Polymerization mechanism [36, 37] while the contribution
of CCTP mechanism is minimal. At the same time poly-
merization of MMA may be realized in DC regime using
binuclear cobalt complexes [38]. So, changing ligands in
cobalt complexes allows to direct polymerization to one
or another mechanism.

The recent investigation of styrene and MMA polymer-
ization in the presence of bis[4,6-di-tert-butyl-N-(2,6-
dimethylphenyl)-o-iminobenzosemiquinono]cobalt (II)
(Co (ISQ-Me)2) and AIBN or alkyl halides as initiators
showed that proposed systems allow to conduct polymer-
ization without self-acceleration and control molecular
weights of formed polymers [39–41]. The aim of this
work is to investigate such process in details and to de-
termine contributions of different mechanisms to polymer-
ization in the presence of Co (ISQ-Me)2 and N-(2,2-
dimethylphenyl)-3,5-di-tert-butyl-o-benzoquinonimine
(imQ-Me):

Experimental section

Materials

Hexane, ethyl acetate, methylene chloride, benzene, toluene
were dried under approptiate agents (calcium hydride or me-
tallic sodium) and distilled. Tetrahydrofuran was dried over
sodium hydroxide and distilled over metallic sodium [42].
Methyl methacrylate was purified from inhibitor by 10 %
aqueous alkali solution, dried over calcium chloride, and so-
dium hydride and distilled under reduced pressure. AIBN was
recrystallized from methanol. Bis[4,6-di-tert-butyl-N-(2,6-
dimethylphenyl)-o-iminobenzosemiquinono]cobalt (II) and
N - ( 2 , 2 - d im e t h y l p h e n y l ) - 3 , 5 - d i - t e r t - b u t y l - o -
benzoquinonimine were obtained as described earlier [43, 44]
and characterized by NMR, IR- and UV-spectroscopy.

Polymerization

Polymerization of MMAwas conducted in bulk or in benzene
solution. In a typical polymerization experiment 18.6 mg
(1.13 × 10−4 mol, 0.1 mol%) of AIBN, 20.0 mg
(2.84 × 10−5 mol, 0.025 mol%) of Co (ISQ-Me)2 were dis-
solved in 12 ml of freshly distilled MMA. A 1.5 ml of pre-
pared solution was placed in a glass tube. The tube was
degassed via three freeze-pump-thaw cycles, sealed under
vacuum and placed in thermostat heated at 70 or 90 °C.
After period of time the tube was frozen in liquid nitrogen to
stop polymerization, opened to atmosphere, the reaction mix-
ture was diluted by ethyl acetate and poured into n-hexane.
The precipitated polymer was dissolved in ethyl acetate or
THF and reprecipitated by n-hexane to remove residues of
monomer, initiator and cobalt complex. The prepared
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polymers were dried under reduced pressure to constant
weight. The polymer yield was calculated as ratio of weight
of isolated polymer to weight of initial monomer.

Poly (methyl methacrylate)-block-polystyrene copolymers
were synthesized using poly(methyl methacrylate) (PMMA)
as macroinitiator. Initial PMMAwas obtained via polymeriza-
tion of MMA at 70°С in the presence of the cobalt complex
(0.025 mol%) and the initiator AIBN (0.1 mol%) for 5 h. The
PMMAwas freeze-dried, and its molecular weight character-
istics were determined by size exclusion chromatography
(SEC); then, it was dissolved in styrene. (The concentration
of the PMMA in the solution was 20 wt%.) The reaction
mixture was degassed via three freeze-pump-thaw cycles,
and the ampoule was sealed under vacuum; copolymerization
was performed at 70°С for 85 h.

Characterization

The molecular weight distributions of the obtained polymers
were measured by SEC with a chromatographic system
(Knauer Smart Line) equipped with a Knauer model 2300
refractive-index detector. Tetrahydrofurane was used as the
eluent at a flow rate of 1 ml/min at 25 °C. Styragel packed
columns with pore size 103 and 105 Å (Phenomenex) were
employed. The calibration was performed with poly(methyl
methacrylate) standards (Polymer Standards Service) ranging
from 2400 to 970,000 g/mol.

The theoretical number-average molecular weight Mn,th

was calculated using Eqs. 1 and 2:

Mn;th ¼ M½ �0 � P �MM
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� �
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where [M]0, [Co (ISQ-Me)2]0, and [I]0 are the initial concen-
trations of MMA, cobalt complex and initiator, respectively, P
is the monomer conversion, MM and MCo ISQ‐Með Þ2 are the mo-
lar masses of monomer and cobalt complex, respectively, f the
initiator efficiency, kd the decomposition rate coefficient of the
initiator and fc the coupling factor.

In a DC process Mn,th given by the Eq. 1. In a DTP system
Mn,th was calculated using Eq. 2 In this case the term B2^means
that 1 molecule of azo initiator gives 2 primary radicals with a
certain efficiency f (taken as 0.5 in this study). The term 1 − fc/2
represents the number of chains produced in a radical − radical
termination event with fc the coupling factor (fc = 1 means
100 % bimolecular termination by combination, fc = 0 means

100 % bimolecular termination by disproportionation). In this
study a value of fc = 0 was used. Decomposition rate coefficient
of the initiator was estimated from the Arrhenius eq. as.

kd AIBN(70°C) = 4.36 × 10−5 s−1 and kd AIBN(90°C) = 5.35 ×
10−4 s−1 assuming activation energy for the initiator dissociation
Ea = 130,230 J·mol−1 and Arrhenius frequency factor
A = 2.89 × 1015 s−1.

The MALDI TOF mass spectra were recorded using
Bruker Microflex LT mass spectrometer using DCTB as a
matrix. A solution of polymer (2 μl, 10 mg/ml), a matrix
(10 μl, 20 mg/ml) and sodium trifluoroacetate (5 μl, 5 mg/
ml) were mixed in a vial and 2 μl of obtained solution was
placed on a stainless steel target plate, dried and analyzed.

IR spectra were recorded using Infralum FT-801 spectrometer
in solid KBr matrix. UV-Vis spectra were recorded in hexane
usingKFK-3 spectrophotometer (λ= 400–900 nm). ESR spectra
were recorded using Bruker-ER-200D-SRC spectrometer. A so-
lution of initiator, cobalt complexMMA and toluene was placed
in a ESR tube and degassed via three freeze-pump-thaw cycles.
The ESR spectra were recorded in frozen state at 180 K.

The NMR spectra of PMMA were recorded on Bruker
DPX-400 (400 MHz) spectrometer in CDCl3 solution. The
triad tacticities were determined from the 1H NMR signals
due to the α-methyl protons.

Results and discussion

The coordination number of cobalt atom in Co (ISQ-Me)2
complex is 4. Thus this compound is coordinatinatively unsat-
urated and may attach small molecules or atoms giving five-
coordinated species [43, 45, 46]. The determined possibility of
existence of such five-coordinated o-iminobenzoquinone co-
balt complexes with carbon-centered radicals bearing Co-C
bond [47, 48] allowed us to propose Co (ISQ-Me)2 as control-
ling agent for polymerization of MMA [39–41].

The influence of o-iminobenzoquinone cobalt complex
on MMA polymerization

The results of our experiments on polymerization of MMA in
the presence of AIBN and Co(ISQ-Me)2 show that introduction
of cobalt complex has effect on polymerization rate and molec-
ular weight parameters of the formed samples (Fig. 1, Table 1).
The dependence of ln [M]0/[M] on time (line 2) is linear indi-
cating first-order kinetics of polymerization and stable concen-
tration of propagating species throughout the process. The mo-
lecular weight of the samples linearly increases with conversion
as it depicted on Fig. 2. Note that the experimental values
significantly different from the theoretical values Mn,th calcu-
lated from Eq. 1, i.e. assuming of DC process. These values are
more close to the Mn,th obtained from Eq. 2, for calculating
molecular weight in case of proceeding DTP process. This fact
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indicates that polymerization of MMA in the presence of
Co(ISQ-Me)2 mainly proceeds via DTP or CCTP mechanism
while the impact of DC process is wery low. However, this
dependence does not pass through the origin. It may be ex-
plained as a result of slow formation of five-coordinated cobalt

complex 2 at the initial stage of polymerization (see the
Scheme 3 below). Furthermore, the values of Mn determined
by SEC are higher than the theoretical values calculated from
Eq. 2. It points to termination of propagating radicals by dis-
proportionation or recombination.
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Fig. 1 Semilogariphmic kinetic plots for polymerization of MMA in the
presence of 0.1 % mol of AIBN at 70 °C: 1 - without additives;
2–0.025 % mol. of Co(ISQ-Me)2; 3–5 in the presence of imQ-Me ( Δ -
0.025 mol%,▲ - 0.05 mol%, ♦ - 0.1 mol%)

Table 1 Polymerization of MMA in the presence of Co(ISQ-Me)2 and 0.1 mol% of AIBN

entry, Т, [Co(ISQ-Me)2] Conversion,
No °С mol. % time, h % Мn × 10−3 Мn,th × 10-3a Мw/Mn

1 70 – 0.16 5 154 – 1.96

2 70 – 1.00 26 167 – 2.14

3 70 – 1.25 41 214 – 2.73

4 70 – 1.33 74 289 – 6.02

5 70 – 2.00 92 364 – 7.23

6 70 0.025 1.00 11 79 29 1.91

7 70 0.025 2.00 25 82 43 1.88

8 70 0.025 3.00 33 90 53 1.88

9 70 0.025 4.00 53 107 66 2.00

10 70 0.025 5.00 57 114 73 1.99

11 70 0.025 8.33 75 127 78 2.07

12 90 – 0.08 9 73 – 1.64

13 90 – 0.33 60 89 – 1.92

14 90 – 0.50 92 104 – 4.12

15 90 0.025 0.12 14 67 31 2.16

16 90 0.025 0.33 33 69 47 2.14

17 90 0.025 0.42 44 71 55 2.14

18 90 0.025 0.75 65 114 65 2.13

19 90 0.025 1.00 75 115 69 2.16

20 90 0.025 6.00 83 117 73 2.15

a The values of Мn,th determined via Eq. 2
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Fig. 2 The dependences of Mw on conversion for polymerization of
MMA in the presence of 0.1 % mol of AIBN at 70 °C: 1-without
additives; 2–0.025 % mol. of Co(ISQ-Me)2; 3–5 in the presence of
imQ-Me ( Δ - 0.025 mol%, ▲ - 0.05 mol%, ♦ - 0.1 mol%) The dotted
line represents the theoretical Mn,th via conversion: A - calculated from
Eq. 1, B - determined via Eq. 2
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The curves of molecular weight distribution for polymers
prepared in the presence of Co(ISQ-Me)2 at 70°С are depicted
of Fig. 3. Curves are unimodal and modes gradually shift
toward higher values of molecular weights with an increase
in the conversion of MMA. It should be mentioned that mo-
lecular weight distribution of samples formed at high conver-
sions is rather broad, but it is narrower than of PMMA sam-
ples obtained via conventional radical polymerization without
cobalt complexes. Such high values of Мw/Mn for controlled
radical polymerization may be considered as a result of simul-
taneous propagation of polymerization via several mecha-
nisms as it was described in introduction. Polymerization of
MMA in the presence of Co (ISQ-Me)2 may be realized via
different mechanisms as it depicted on Scheme 3.

The system based on Co(ISQ-Me)2 and AIBN makes it pos-
sible to synthesize block copolymers PMMA-b-PSt. Molecular
weight of block copolymers increases relative to that of the

initial PMMA (Fig. 4). However, the polydispersity in-
dexes of PMMA-b-PS are significantly higher than Mw/
Mn of the initial PMMA. The mechanism of polymeri-
zation can’t be determined only on the basis of analysis
of kinetical curves of polymerization, as the linear de-
pendence of ln [M]0/[M] on time is typical for all three
mentioned mechanisms. The dependence of molecular
weight on conversion doesn’t provide complete informa-
tion about the mechanisms too. So, we performed inves-
tigation of this process to understand it more deep.

The influence of N-(2,6-dimethylphenyl)
-3,5-di-tert.-butyl-o-benzosemiquinonimine on MMA
polymerization

Conducting of polymerization at 90 °C resulted in change of
color of polymerization mixture and increase of molecular
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Fig. 4 Molecular weight distribution curves of PMMA-b-PS: 1 - PMMA
(macroinitiator) synthesized in the presence of 0.025 mol% Co(ISQMe)2
and 0.1mol%AIBN at 70 °C (Mn = 114,000Mw/Mn = 1.99), 2 – PMMA-
b-PS at 70 °C (Mn = 442,000 Mw/Mn = 2.6)
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weight distribution of polymers formed. It indicated that the
investigated Co (ISQ-Me)2 decomposes at high temperatures.
The products of it decomposition may interact with propagat-
ing radicals and have influence on polymerization. So, we
decided to investigate the influence of imQ-Me as one of
possible products of complex decomposition on polymeriza-
tion of MMA. It should be mentioned that quinones and
iminobenzoquinones tend to undergo reversible redox transi-
tions [45, 49] and participate in radical reactions, for example
as inhibitors and regulating agents in polymerization [10].

The kinetic dependences of MMA polymerization in the
presence of imQ-Me are presented on Fig.1. The results of our
experiments clearly show that introduction of imQ-Me to po-
lymerization mixture has no significant effect on polymeriza-
tion rate. At the same time increasing of imQ-Me concentra-
tion results in decrease of maximal monomer conversion
(Tables 1, 2, Fig. 1). The data summarized in Table 2 shows
that imQ-Me has no significant influence onmolecular-weight
parameters of synthesized samples. The MW of samples ob-
tained in the presence of imQ-Me are the same as of samples
obtained only in the presence of AIBN. The curves of the
molecular weight distribution of the polymers produced in
the presence of imQ-Me at 70 °C do not shift towards higher
molecular weight with increasing conversion of the MMA,
but there is a substantial broadening of the these curves
(Fig.1-ESM) The conducted experiments showed that imQ-
Me had no significant effect on polymerization of MMA ini-
tiated by AIBN. It may be explained by inability of mentioned

compound to act as regulating agent of polymerization
through reversible interaction with propagating radical.

The results of performed experiments allowed us to ex-
clude imQ-Me from species which may have influence on
polymerization when using Co(ISQ-Me)2 as regulating agent.
The comparison of polymerization ofMMA in the presence of
equal amounts of imQ-Me or Сo(ISQ-Me)2 indicated that the
presence of metal atom is crucial for regulating of
polymerization.

The examination of possibility of β-hydrogen transfer
in MMA polymerization in the presence of cobalt complex

CCTP is the most favorable mechanism for polymerization of
methacrylates in the presence of cobalt complexes [13–18].
Thus the investigation of β-hydrogen transfer reaction of
Co(ISQ-Me)2 seemed us necessary for determination of poly-
merization mechanism.

The effective chain transfer constants on Co (ISQ-Me)2
determined by Maio or linearization methods [41] are signif-
icantly lower than ones for porphyrin or oxime complexes
(Table 3). At the same time this value is close to the value
determined for mercaptans. At the same time the comparison
of MMA polymerization in the presence of Co(ISQ-Me)2
and С12Н25SH shows that the influence of cobalt complex
on polymerization is probably govern by its interaction
with propagating radical and formation of five-coordinated
complex 2 (Scheme 3).

Table 2 Polymerization of MMA in the presence of imQ-Me and 0.1 mol% of AIBN at 70 °C

entry [imQ-Me], mol.% time, h Conversion, % Мn × 10−3 Мw × 10−3 Мw/Mn

No

0.025 0.25 5 134 269 2.01

0.025 0.75 17 140 278 1.99

0.025 1.25 29 167 436 2.61

0.025 1.33 36 196 556 2.84

0.025 1.50 54 244 1068 4.36

0.025 2.25 78 276 1618 5.86

0.025 3.00 90 297 1801 6.02

0.05 0.25 5 135 262 1.93

0.05 1.00 19 133 260 1.97

0.05 1.25 30 163 344 2.11

0.05 1.50 46 211 606 2.88

0.05 1.67 76 260 1221 4.69

0.05 3.00 86 285 1486 5.81

0.1 0.25 5 118 214 1.81

0.1 0.83 16 130 258 1.88

0.1 1.50 29 143 309 2.16

0.1 1.58 47 201 646 3.21

0.1 1.83 77 251 1172 4.67

0.1 2.33 78 258 1411 5.46
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To confirm this assumption we examined the reaction of
Co(ISQ-Me)2 with AIBN and tried to isolate or fix the forma-
tion of mentioned five-coordinated complex. The reaction
proceeded in benzene solution at 70 °C for 85 h at Co(ISQ-
Me)2 : AIBN =1 : 1 ratio. The investigation of isolated prod-
ucts via IR, UV-VIS spectroscopy and MALDI TOF mass
spectrometry did not show presence of any five-coordinated
cobalt complex. The corresponding spectra are placed in elec-
tronic supplementary materials (Fig. 2–ESM, 3–ESM, 4–
ESM). We also tried to initiate MMA polymerization by iso-
lated product, but this experiment was also unsuccessful. No
polymer was formed for 82 h at 70 °C.

The formation of five-coordinated cobalt complex was not
observed by EPR study of Co(ISQ-Me)2 – AIBN solution in
toluene. The spectra of toluene solution of 0.025 mol% of
Co(ISQ-Me)2 from one side and 0.025 mol% Co(ISQ-Me)2
with 0.1 mol% AIBN from another had the same intensity.

This fact clearly indicated the absence of interaction between
complex and radicals formed from AIBN dissociation. Thus,
the performed experiments showed that reaction of
cyanisopropyl radical with Co(ISQ-Me)2 did not give any
five-coordinated cobalt complexes with alkyl or hydride li-
gand at metal center.

At the same time such five-coordinated complexes may
form as the result of interaction Co(ISQ-Me) with propagating
PMMA radical. The performed EPR study of 0.025 mol%
Co(ISQ-Me)2 with 0.1 mol% AIBN in MMA : toluene =1 :
1 solution showed the decrease of signal intensity after 1 h of
heating at 70 °C (Fig.5). This fact is evidence of acceptance of
propagating radical by four-coordinated cobalt complex lead-
ing to five-coordinated one (2) or unstable cobalt hydride
complexes in accordance with Scheme 3 . The formed species
2 may decompose through three distinct pathways in accor-
dance with Scheme 3: a) to give back propagating radical in
accordance with DC mechanism; b) to enter DTP reaction
with other propagating radical; c) to undergo β-hydrogen
transfer (CCTP) with formation of hydride cobalt complex
and dead polymer chain with double bond atω-end (3).

The possibility of the CCTP mechanism realization is very
low due to the instability of cobalt hydride complexes with
redox-active ligands. Such complexes tend to undergo trans-
formation to corresponding aminophenolate 4 reflecting in
change of color of reaction mixture from deep blue to red in
various protic solvents (alcohols, acids). At the same time
such changing was not observed in the case of MMA poly-
merization. The formation of 4 may be detected by changing

Table 3 Chain transfer constants for MMA polymerization

Compound CT literature

MMA 1 × 10−5 [50]

CBr4 0.27 [50]

Bis[(difluoroboryl)
dimethylglyoximato]cobalt(II)–COBF

38 × 103 [51]

Cobalt(meso-Ph4-porphyrin) – CoP 3.6 × 103 [51]

С12Н25SH 0.7 [52]

Co(ISQ-Me)2 0.5–0.6 [41]

Fig. 5 ESR spectra of
0.025 mol% Co(ISQ-Me)2 +
0.1 mol% AIBN in toluene :
MMA= 1:1 vol. mixture recorded
at 180 K. 1 – initial spectra; 2 after
heating at 70 °C for 1 h
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of IR spectra by appearance of valence vibration of >N-H
bond at 3000–3200 cm−1. At the same time the analysis of
recorded IR spectra for product obtained after

polymerization of MMA in the presence of Co(ISQ-Me)2
(electronic supplementary materials, Fig.5–ESM), showed
absence of valence vibrations of >N–H bond in the men-
tioned area. This fact confirms the absence of β-hydrogen
transfer reactions on cobalt complex during polymerization.

The polymers forming during polymerization proceeding
via CCTP mechanism have double bond atω-end and hydro-
gen atom at α-end as it depicted at Scheme 4. We performed
end-group analysis of polymers by means of 1H NMR and
MALDI TOF MS methods.

The recorded 1H NMR spectra of polymers obtained in
the presence of Co(ISQ-Me)2 (0.2 mol%) and AIBN (0.2
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Scheme 4 Structure of PMMA macromolecules formed via CCTP
mechanism
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Fig. 6 a 1H NMR spectrum of
PMMA (Mn = 20,000 Mw/
Mn = 1.89), obtained in the
presence of 0.2 mol% of Co(ISQ-
Me)2 and 0.2 mol% of AIBN in
benzene : MMA = 1 : 1 vol
mixture at Т = 70°С b 1H NMR
spectrum of PMMA
(Mn = 18,100 Mw/Mn = 2.10),
obtained in the presence of
2 mol% of AIBN in benzene :
MMA = 1 : 1 vol. mixture at
Т = 70 °C
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мол.%) and only by AIBN are presented on Fig. 6. Low-
intensive signals at 5.5 and 6.2 ppm corresponding to
vinylidene protons indicate the presence of double bonds
in polymer macromolecules. The presence of the same
signals in NMR spectra recorded for MMA obtained in
the presence of AIBN shows that these signals can’t be
considered as evidence for realization of CCTP mecha-
nism, but due to the partial termination of the propagating
radical [53]. It also should be noted that that NMR spectra
of polymers synthesized by CCTP mechanism using co-
balt porphyrin complexes as regulating agents character-
ized by lower values of molecular weight and higher
intensity of signals of vinylidene protons at 5.0–
6.5 ppm [54, 55].

The performed NMR studies showed that Co(ISQ-Me)2
has no influence on stereoregularity of the formed samples.
The polymers thus obtained were predominantly syndiotactic
(rr:rm.:mm = 53:34:13), very similar in steric structure to
poly(MMA) (e.g., rr:rm.:mm = 54:32:14) radically prepared
with AIBN in benzene.

The recorded MALDI TOF mass-spectra of obtained sam-
ples are represented by one series of lines separated by
100.1 Da corresponding to MMA unit (Fig. 7). The absolute
mass of each peak equals the molecular weight expected for
the PMMA with one initiator fragment at α-end and double
bond or methyl group at ω-end and sodium ion from the salt
used for the MS analysis in accordance with structure 5:
Mn = n(100.12) + 68 + 23.

This fact clearly indicates the absence of hydrogen
atom at α-end of polymer molecules corroborating lack
of catalytic chain transfer during polymerization. In the
latter case the polymers formed should have hydrogen

atom at the beginning (as on Scheme 4) of the chain
and another absolute values of molecular weights.

Thus, the results of our investigations clearly show
that catalytic β-hydrogen transfer processes are

2000 4000 6000 8000 10000 12000 14000
m/z

2594.8
2895.72695.2 2795.6

2600 2700 2800 2900

Fig. 7 MALDI-TOF mass
spectrum of PMMA
(Mn = 20,000 Mw/Mn = 1.89)
synthesized in the presence of
0.2 mol% of Co(ISQ-Me)2 and
0.2 mol% of AIBN in benzene
(1:1 v/v relative to monomer) at
T = 70 °C
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negligible during polymerization of MMA in the pres-
ence by Co(ISQ-Me)2 complex in contrast to polymeri-
zation conducted by porphyrin or cobaloxime derivatives.
The linear increase of molecular weights on conversion
as well as rather low polydispersity of formed samples
may be considered as a result of realization of DC or
DTP processes.

The ratio between reversible coupling and degenerative
chain transfer during polymerization of MMA
in the presence of cobalt iminobenzoquinone complex

The apparent rate constant of polymerization defining as
a slope of a linear ln[M]0/[M] dependence on time in

case of realization DC and DTP mechanism may be
expressed by Eqs. 3 and 4 respectively:

kappp ¼ kp
ka P−CoIII½ �
kd CoII½ � ð3Þ

kappp ¼ kp
f ki I½ �
2kt

� �0:5

ð4Þ

where kp
app – propagation rate apparent constant, kp – propa-

gation rate constant, ka – activation rate constant, kd – deacti-
vation rate constant, f – efficiency of activation, ki – initiation
rate constant.
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Fig. 8 Semilogariphmic kinetic
plots for bulk polymerization of
MMA at 70 °C. [Co(ISQ-
Me)2] = 0 (1) or 0.025 mol% (2–
4); [AIBN] = 0.1 mol% (1, 2),
0.05 mol% (3), 0.025 mol% (4)

Table 4 The ratio between apparent rate constants determined at different AIBN concentrations

Entry System [AIBN]1/ [AIBN]2, mol/l
kapp1

kapp2
calcd

kapp1

kapp2
exp Т = 70°С

kapp1

kapp2
exp Т = 90°СNo

1 Co(ISQ-Me)2 1 × 10−2 / 5 × 10−3 1.41 2.0 2.0

2 5 × 10−3 / 2.5 × 10−3 2.0 2.1

3 Co(ISQ-Me)2 +
tBuNH2 1 × 10−2 / 5 × 10−3 2.2 2.0

4 5 × 10−3 / 2.5 × 10−3 2.2 2.1

5 Co(ISQ-Me)2+ C5H5N 1 × 10−2 / 5 × 10−3 2.0 -

6 5 × 10−3 / 2.5 × 10−3 2.0 -
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So, it will depend on initiator concentration in case of re-
alization DTP mechanism. In case of proceeding of polymer-
ization via DC mechanism changing the initiator concentra-
tion will not affect on it.

The dependences of ln[M]0/[M] on monomer conver-
sion for polymerization of MMA at different concentra-
tions of AIBN are depicted on Fig. 8. The introduction of
Co(ISQ-Me)2 into polymerization mixture results in retar-
dation of polymerization. The increase of AIBN concen-
tration results in increase of polymerization rate and de-
crease of time necessary for full monomer conversion.
The dependences of ln[M]0/[M] on time are linear in case
of addition of cobalt complex indicating constant concen-
tration of propagating radicals throughout polymerization.
Apparent rate propagation constants were calculated ac-
cording the slope of linear dependences. The ratio be-
tween constants determined at different AIBN concentra-
tions are presented in Table 4. For example, for polymer-
izations conducted under the presence of 0.025 % of
Co(ISQ-Me)2 and AIBN taken in concentration of
0.1 mol% or 0.05 mol% of AIBN respectively this ratio
is calculated as 0.4 × 10−4 s−1/0.2 × 10−4 s−1 = 2. This
value should be unity in case of realization of DC mech-
anism and a square root from initiator concentrations ratio

(
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 10−2=5� 10−3

p
¼ 1:41 ) in case of DTP mechanism

in accordance with Eqs. 3 and 4. The comparison of the-
oretically calculated and measured values allow us to
consider DTP mechanism as more favorable. It should
be noted that addition of amines into polymerization
mixture has no influence on calculated ratio of apparent
propagation constants.

Conclusions

The obtained data on polymerization of MMA in the
presence of Co(ISQ-Me)2 complex allow us to conclude
that realization of DTP mechanism is more favorable in
comparison with other pathways. Thus introduction of
ortho-iminobenzosemiquinolate ligands capable to revers-
ible one-electron transitions governs the possibility of
realizing DTP mechanism for polymerization of MMA
in contrast to porphyrin or oxime cobalt complexes
which tend to conduct polymerization via CCTP mecha-
nism. Such dramatical change of polymerization mecha-
nism when changing coordinating ligand should be con-
sidered while choosing proper chain regulator agent for
polymerization.
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