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Controlled radical polymerization of methyl methacrylate and styrene initiated by azobisisobutironitrile or benzoyl peroxide in the
presence of a chlorine-containing complex of Fe' with 5,15-bis(4'-tert-butylphenyl)-2,8,12,18-tetra(n-butyl)-3,7,13,17-tetra-

methylporphyrin was investigated.

Controlled radical polymerization has recently become an impor-
tant method for producing synthetic vinyl polymers. Compounds
such as alkoxyamines, dithioesters, trithiocarbonates and xanthates
were proposed as propagation regulators.! Organometal com-
pounds of the general formula Mt"YL, where Mt is a transition
metal (Cu, Fe, Ru, Re, Ni, efc.); Y is a halogen anion (mainly
chlorine or bromine); L is an organic ligand [mostly 2,2"-bipyri-
dine, 4,4-bi(5-nonyl)-2,2"-pyridine or triphenylphosphine] are
of great interest. Their use underlies the most widely applicable
methods of living radical polymerization — atom transfer radical
polymerization (ATRP) and reverse atom transfer radical poly-
merization (RATRP), whose mechanisms are examined in detail
by K. Matyjaszewski.2* The main point of approach is reverse
interaction of propagating radicals with additive — propagation
regulator — results in suppression of bimolecular termination
and uncontrolled increasing of polymer molecular mass.

The use of metal complexes of porphyrins in controlled radical
polymerization could be very promising.> Thus, catalytic chain
transfer to the monomer and catalytic inhibition were discovered
in the polymerization of methacrylates carried out in the presence
of cobalt porphyrins.®- It was found that the cobalt complex of
tetramesitylporphyrin initiates polymerization of acrylates leading
to the formation of homopolymers and block copolymers.!0-11
In this case, a linear increase in the number-average molecular
mass with conversion and low polydispersity coefficients are
observed (M, /M, = 1.1). However, only few metal porphyrins,
which are well-soluble in organic media, mainly, cobalt, rhodium,
aluminum complexes, allowing the radical polymerization of
vinyl monomers to occur under controlled mode, have been
studied.!0-14

© 2010 Mendeleev Communications. All rights reserved.

The goal of this work was to study the bulk radical polymeri-
zation of methyl methacrylate (MMA) and styrene initiated by
azobisisobutironitrile (AIBN) or benzoyl peroxide in the presence
of chlorine-containing complex of 5,15-bis(4"-tert-butylphenyl)-
2,8,12,18-tetra(n-butyl)-3,7,13,17-tetramethylporphyrin ~ Fe'
(PFeCl). The above metal porphyrin has been first used for
polymerization processes.’

The use of chlorine-containing porphyrin of Fe'! in the bulk
radical polymerization of MMA initiated by AIBN at 60 °C
leads to a decrease in the overall polymerization rate in com-
parison with the polymerization in the presence of AIBN only.
A successive increase in the iron porphyrin concentration from
0.5 to 3.0 mmol dm™ (concentration of AIBN, 1.0 mmol dm3)
facilitates a process deceleration, considerable decrease in the auto
acceleration and allows one to suppress undesirable gel effect
[Figure 1(a)].

Polymethyl methacrylate (PMMA) synthesized in the presence
of AIBN and iron porphyrin has homogeneous structure without

¥ Methyl methacrylate (Fluka) and styrene (Fluka) were twice distilled
under reduced pressure: bp 48 °C (140 Torr) and bp 52 °C (27 Torr),
respectively. Benzoyl peroxide and AIBN were recrystallized three times
from ethanol and dried at room temperature under a vacuum to constant
weight. Purity of monomers and initiators was controlled by 'H NMR
spectroscopy.

Iron porphyrin was synthesized and purified as described elsewhere.!

Polymerization mixtures were placed in glass ampoules, degassed by
three freeze—pump-thaw cycles to a residual pressure of 1.3 Pa, sealed
and placed in a water (oil) bath at 60 or 100 (+0.1) °C. After the pre-
determined intervals, ampoules were cooled and unsealed. The obtained
polymers were purified from residual initiator and additive by dissolving
in acetone followed by precipitating with a 10—15-fold excess of methanol
three times. The kinetics of bulk polymerization was studied by the
dilatometric method.!®

Molecular weight characteristics (M, is the number-average molecular
mass, M, is the weight-average molecular mass and M, /M, is the coef-
ficient of polydispersity) were determined by gel penetrating chro-
matography performed on a Waters GPC 2000 System chromatograph
(eluent, THF; flow rate, 0.5 ml min~'). Chromatographic columns were
standardized with polystyrene standards (M, /M, < 1.2).

'H NMR spectra were recorded in CDCl, on a Bruker AM-300 spectro-
meter at 25 °C. TMS was used as an internal standard. Contents of syndio-,
hetero- and isotactic fragments were determined using '"H NMR spectra.!’
Physicochemical characteristics of purified distilled solvents (MeOH,
acetone, THF, glycerol and CDCl,) satisfy the requirements. '
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Figure 1 Conversion of MMA vs. polymerization time at 60 °C in the
presence of (a) AIBN (1.0 mmol dm=) and PFeCl; (b) benzoyl peroxide
(1.0 mmol dm=3) and PFeCl; (1) 0, (2) 0.5, (3) 1.0 and (4) 3.0 mmol dm™
of PFeCl.

any defects and colours from light brown to dark brown depending
on iron porphyrin concentration. The molecular mass of polymers
obtained at an additive to initiator mole ratio of 1:1 (concen-
tration of AIBN, 1.0 mmol dm=3) about 2-3 times less compared
to the samples synthesized solely with azoinitiator. The number-
average molecular mass M, of the polymer depends linearly on
monomer conversion beginning from 10% conversion, the poly-
dispersity coefficients remain almost unchanged in the course
of polymerization and amount 1.4-1.5 (Figure 2), which are
smaller than in the case of common free-radical polymeriza-
tion (M,/M, = 2.0).!> Molecular weight distribution curves for
PMMA are unimodal (Figure 3). In the presence of iron por-
phyrin the content of syndiotactic fragments in the PMMA
chains increases by 3-5% compared to polymers synthesized
solely with AIBN: 59-61% syndiotactic sequences against 55-56%.

Obtained data evidence features of the living process.!> The
revival of macromolecules can probably occur via the RATRP
(Scheme 1).

Note that along with living macromolecules there are ‘dead’
macromolecules due to bimolecular termination of macroradicals
in simultaneous free-radical polymerization. Thereof M, —con-
version curve intercepts on an ordinate axis (Figure 2, curve 7).

The bulk polymerization of styrene initiated by AIBN in the
presence of iron porphyrin at 100 °C occurs practically in the
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Figure 2 (/) M, and (2) M,/M, of PMMA produced in the presence of
AIBN and PFeCl as a function of monomer conversion. [PFeCl] = [AIBN] =
= 1.0 mmol dm3. Polymerization temperature is 60 °C.
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Figure 3 Molecular weight distribution curves of PMMA obtained in the
presence of AIBN and PFeCl. Conversion (%): (1) 10, (2) 20, (3) 40, (4) 60
and (5) 80. [AIBN] = [PFeCl] = 1.0 mmol dm=3. Polymerization tempera-
ture is 60 °C; w; is the mass fraction of macromolecules with certain
molecular mass.
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same manner as the process without metal porphyrin [Figure 4(a)].
An increase in the additive concentration leads to insignificant
reduction in the overall polymerization rate. It was mentioned
that living radical polymerization regulators may not affect poly-
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Figure 4 Conversion of styrene vs. polymerization time at 100 °C in the
presence of (a) 1.0 mmol dm= AIBN and (/) 0, (2) 0.5, (3) 1.0 and (4)
3.0 mmol dm= of PFeCl; (b) 1.0 mmol dm= benzoyl peroxide and (/) 0,
(2) 1.0 and (3) 3.0 mmol dm=3 PFeCl.
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Figure 5 (a) (I) M, and (2) M,/M, of polystyrene produced in the
presence of AIBN and PFeCl as a function of monomer conversion.
[PFeCl] = [AIBN] = 1.0 mmol dm=. (b) (/) Mn and (2) M,/M, of poly-
styrene produced in the presence of benzoyl peroxide and PFeCl as a
function of monomer conversion. [Benzoyl peroxide]=[PFeCl]=
= 1.0 mmol dm3. Polymerization temperature is 100 °C.

merization rate.!® Note that there is a unique combination of
initiating system components and temperature for each monomer
to carry out successful living polymerization.!

Polystyrene obtained in the presence of iron porphyrin had
the same properties (homogeneity, colour, molecular charac-
teristics) as PMMA. So, the molecular mass of polystyrene
decreases about 2-3 times compared to the samples synthesized
solely with AIBN. The M, of the polymers increases linearly on
conversion, the polydispersity coefficients change insignificantly
in the polymerization course and amount 1.6—-1.8 [Figure 5(a)].
Molecular weight distribution curves are unimodal and shift to
higher molecular masses with conversion.

It is known that acryl and methacryl monomers show higher
activity than styrene in polymerization processes.!® Apparently,
the difference in the kinetic features of styrene or MMA poly-
merization in the presence of iron porphyrin may be due to
different coordination ability of these unsaturated monomers to
transition metal atom of porphyrin. In the case of MMA poly-
merization, PFeCl can coordinate with monomer (or macro
radical) that result in tacticity changes. Nevertheless, the general
trend of polymerization is the same, and overall mechanism is
probably RATRP.

If benzoyl peroxide is used as an initiator in the polymeri-
zation of MMA, the addition of iron porphyrin leads to essential
deceleration of the process. The ultimate yield of PMMA did
not exceed 15% for 25 h at 3.0 mmol dm=3 PFeCl concentration
(concentration of benzoyl peroxide, 1.0 mmol dm=3) [Figure 1(b)];
i.e., polymerization decelerates vastly right after the decomposi-
tion of benzoyl peroxide. The rate of the benzoyl peroxide-
initiated styrene polymerization in the presence of iron porphyrin
decreases also, but not as sharp as in the case of MMA poly-
merization [Figure 4(b)]. As was mentioned,* organometal com-
pounds can react with peroxide initiators forming complexes of
different stability that hinders in living polymerization. Apparently,
chlorine-containing iron porphyrin can coordinate with benzoyl
peroxide. The nature of monomer, which plays an important
role, should be taken into consideration. Complexation of metal-
locenes (ferrocene, zirconocene dichloride, diindenylzirconocene
dichloride and titanocene dichloride) with MMA via coordina-
tion of central metal atom of organometal compound with oxygen
atom of carbonyl group of monomer was proved by spectral
methods.29-22 Apparently considerable deceleration of MMA
polymerization in the presence of benzoyl peroxide and iron
porphyrin caused by participation of monomer in complexation
of initiator and additive, which does not occur in the styrene
polymerization under the same conditions. The benzoyl peroxide-
initiated polymerization of styrene performed in the presence of
iron porphyrin exhibits features of the living process to a
greater extent compared to MMA polymerization. This is con-
firmed by molecular characteristics of obtained polystyrene,
namely, a linear increase of M, on conversion [Figure 5(b)].

Thus, on the basis of experimental data general features and
peculiarities of MMA and styrene polymerization in the presence
of peroxide initiator or azo-initiator and chlorine-containing iron
porphyrin were determined. General features are signs of con-
trolled macrochain propagation via RATRP in the polymeriza-
tion of MMA and styrene in the presence of AIBN and PFeCl,
namely, a linear increase of M, on conversion, narrow mole-
cular weight distribution (< 2.0), and a decrease in the overall
polymerization rate with an increase of the additive concentra-
tion. Peculiarities are inhibition of MMA polymerization in the
presence of benzoyl peroxide and iron porphyrin (while the
polymerization of styrene occurs to high monomer conversion
under the same conditions), and differences in kinetic features of
the AIBN-initiated MMA polymerization from styrene polymeri-
zation in the presence of PFeCl.

This work was supported by the President of the Russian Federa-
tion (grant no. YC 4166.2009.3 for Young Russian Scientists).
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