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Abstract—The NiBr,(PPh;),/Zn catalytic system in combination with the Phl initiator ensures methyl meth-
acrylate polymerization in a wide temperature range. The polymer yield is determined by the ligand environ-
ment of the nickel atom, the reaction temperature, and the ratio of the components of the catalytic system. An
analysis of the macrokinetic relationships and of the molecular-weight characteristics of the products indicates

that polymerization occurs in a controlled regime.
DOI: 10.1134/S0023158408040125

INTRODUCTION

In recent years, transition metal complexes, includ-
ing nickel complexes, have found wide use in con-
trolled free-radical polymerization [1, 2]. For example,
in 1996 the nickel(I) complex NiBr[o,0'-
(Me,NCH,),C¢H;] was used for the first time in the
polymerization of methyl methacrylate (MMA) via the
atom transfer radical polymerization (ATRP) mecha-
nism [3]. Nickel complexes containing phosphine
ligands [4-6] also efficiently accelerate the living radi-
cal polymerization of MMA via the ATRP mechanism,
including that the process in the presence of Lewis
acids acting as activators [1]. Alkyl halides, such as
CCl;Br, were suggested as polymerization initiators.
Drawbacks of the NiBr,(PPh;), complex are its low
thermal stability above 80°C and its weak solubility in
organic solvents (mainly toluene) under the MMA
polymerization conditions. As a consequence, the pro-
cess is slowed down.

The NiX,L,/Zn system, which is known rather well
from the literature, is mainly used in combination with
aryl halides to carry out the homo- and cross-coupling
reactions of these aryl halides [7—11]. This is one of the
most active systems generating nickel(0), which can
perform homogeneous catalysis. The fact that Ni(II) is
reducible to Ni(0) in situ under mild conditions makes
it possible to carry out the reaction without an induction
period and at lower temperatures than are required for
organic systems involving Ni(0).

The NiX,L,/Zn system was not applied earlier to the
polymerization of (meth)acrylates (except for the
above-mentioned cases of using NiX,L, complexes
alone). Studies of the low-valence nickel complexes are
few and deal with the use of nickel(0) complexes in
combination with benzyl halides in styrene polymeriza-
tion [12].
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Using styrene, we showed earlier that it is possible
to carry out the polymerization of vinyl monomers cat-
alyzed by the NiBr,(PPh;), nickel complex (5 mol % of
the amount of monomer) in combination with zinc
powder and PhlI as the initiator [13].

Here, we report the initiator, solvent, temperature,
and catalyst concentration effects on MMA polymer-
ization in the presence of NiX,(PPh;)/Zn/PhX and on
the properties of the resulting polymers.

EXPERIMENTAL
Chemicals

Acetonitrile, iodobenzene, bromobenzene, chlo-
robenzene, hexane, chloroform, acetone, and ethyl ace-
tate were dried over calcined calcium chloride. Pyri-
dine was dried over sodium hydroxide. All reagents
were distilled under atmospheric pressure. Halogenated
derivatives were stored in a dark vessel [14]. The boil-
ing points of all solvents were in agreement with refer-
ence data [15].

Commercial products (alumina and NiCl,(PPhjs),)
were used without further purification.

Methyl methacrylate was washed to remove the
inhibitor with a 10% aqueous solution of sodium
hydroxide and then with water until neutral pH, dried
over calcined sodium chloride, and purified by vacuum
distillation [16].

The NiBr,(PPh;), complex was synthesized accord-
ing to a described procedure [17] from NiBr, - 3H,O
and triphenylphosphine in butanol. The trihydrate
NiBr, - 3H,0 was used as received. Triphenylphos-
phine was recrystallized from ethanol.

Zinc powder was activated according to a known
procedure [18] using a hydrochloric acid solution.
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Table 1. Effect of the nature of the coinitiator and catalyst
on the poly(methyl methacrylate) yield*

Entry PhHal NiHal,(PPhs), ;1:1%5[ [0?0
1 PhI NiCly(PPh3), 125
) NiBr,(PPhs), 17
3 PhBr NiCl,(PPh), 4
4 NiBr,(PPh;), 7
5 PhCl | NiCl,(PPhs), 2
6 NiBr,(PPh;), 3

* Reaction conditions: 7'= 65°C, reaction time of 5 h, and acetoni-
trile/pyridine = 1 : 1 (vol/vol) medium, PhHal : MMA :
NiHal,(PPh3), : Zn=1:4:0.05 : 1 mol/mol.

Polymerization at 65°C

Accurately weighed samples of zinc powder
(0.1228 g) and NiBr,(PPh;), (0.0698 g) were placed in
areaction vessel, which was a tube with a magnetic stir-
rer, and then appropriate amounts of methyl methacry-
late (0.8 ml), iodobenzene (0.2 ml), acetonitrile
(0.32 ml), and pyridine (0.32 ml) were added. The tube
was connected to a vacuum system and outgassed three
times using liquid nitrogen for cooling. Next, the tube
was sealed off and placed for a precisely prescribed
time in a thermostat maintained at 65°C. After that, the
tube was taken out of the thermostat and unsealed. The
solution was decanted from the precipitate on the bot-
tom of the tube, the precipitate was washed two times
with small amounts of acetonitrile, and the liquid
obtained was combined with the earlier decanted solu-
tion. The mixture was washed with chloroform and fil-
tered using a folded filter. The filtrate was poured into
stirred hexane. No polymer precipitated. To remove the
residual monomer and initiator from poly(methyl meth-
acrylate) (PMMA), the polymer was reprecipitated
from chloroform. To separate the inorganic impurities,
a solution of PMMA in chloroform was passed through
a 5-mm-thick AlL,O; bed on a Schott filter and was
washed with pure chloroform. Polymer samples were
dried to constant weight in vacuo.

Polymerization at 85°C

Accurately weighed samples of zinc powder
(0.02510 g) and NiBr,(PPhj;), (0.01430 g) were placed
in a tube with a magnetic stirrer, and appropriate
amounts of methyl methacrylate (1.61 ml), iodoben-
zene (0.043 ml), and the solvent (0.39 ml) were added.
The subsequent procedures were carried out as
described above.

IL’ICHEV et al.

Analysis of Products

The molecular weight (MW) and molecular weight
distribution (MWD) of PMMA samples were deter-
mined by gel permeation chromatography on a Knauer
(Germany) liquid chromatograph with a Linear-2 linear
column (Phenomenex, United States). An RI Detector
K-2301 differential refractometer and a UV detector
with a working wavelength of 254 nm were used for
measurements. The flow rate of the eluent (chloroform)
was 1 ml/min at 25°C. Standard narrow-MWD polysty-
rene samples were used in calibration. The average
MW values for the polymers under study were calcu-
lated using the results of calibration against polystyrene
samples and standard formulas for PMMA [19].

NMR spectra were recorded on a Specord DPX 200
NMR Fourier spectrometer. Samples for NMR were
dissolved in chloroform-d; (CDCl;) and placed in spe-
cial-purpose tubes.

RESULTS AND DISCUSSION

The catalyst based on zero-valence nickel was pre-
pared in situ by the reduction of the NiX,(PPh;), com-
plex with zinc powder in the presence of CH;CN as the
solvent and pyridine:

NiX,(PPh;), + Zn —= Ni(PPhy), + ZnX,,

where X = Cl or Br.

The resulting catalyst remains in the solution prob-
ably due to the coordination of its triphenylphosphine
with acetonitrile, pyridine, or monomer molecules.

In the presence of the initiator (iodobenzene), the

synthesized active nickel complexes induce MMA
polymerization:

e i
_ NiHal,(PPh;),/Zn .
nCH=C ivatens {CH—Ch
COOCH; COOCH;

The aryl halides were iodobenzene, bromobenzene,
and chlorobenzene. It turned out that MMA polymer-
ization depends on the nature of the phenyl halide initi-
ator. In particular, bromobenzene and chlorobenzene
diminish the activity of the initiating system and
decrease the polymer yield (Table 1, entries 4, 6). In
addition, the coupling of MMA and these aryl halides
favors, to a considerable extent, the formation of the
homocoupling product, namely, biphenyl.

Under the same conditions, but with iodobenzene,
the polymer yield is increased to 17% (Table 1, entry 2)
and the biphenyl yield is reduced to trace amounts. The
yield of the coupling product also depends on the aryl
halide nature: it is highest for iodobenzene, whereas
this product does not form at all when chlorobenzene is
involved in the reaction.

On the whole, the catalytic system (PPh;),NiBr,/Zn
is less selective in reactions involving aryl chlorides
and aryl bromides than in reactions using aryl iodides.
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The nickel dichloride triphenylphosphine com-
plexes were also used as precursors of the polymeriza-
tion catalyst (Table 1). The highest efficiency of the for-
mation of the zero-valence nickel complex was
achieved with NiBr,(PPh;),. In this case, the polymer
yield was higher (Table 1, entries 2, 4, 6). The yield of
the coupling product of MMA and the corresponding
aryl halide was also higher. Probably, unlike
NiBr,(PPhs),, NiCl,(PPhs), catalyzes both the polymer-
ization and side processes of aryl halide homocoupling.

The experiments showed that the molecular weight
characteristics of PMMA depend on the nature of the
nickel phosphine complex. It follows from Fig. 1 that
the shape of the MMD curves of the polymers synthe-
sized in the presence of NiCl,(PPh;), and NiBr,(PPh;),
depends substantially on the nature of the initiator. For
iodobenzene as the initiator, the curve is unimodal,
regardless of the nature of the nickel complex, whereas
bimodal distributions are observed for bromobenzene
and chlorobenzene.

Thus, the specific features of the polymerization
process catalyzed by NiX,(PPhs), depend markedly on
the nature of the initiating component, as well as on the
kind of halogen in the nickel phosphine complex.

The NiBr,(PPh;),/Zn/Phl catalytic system in the
CH;CN solvent and in CH;CN in the presence of a base
(pyridine) was used earlier in the cross-coupling of sty-
rene with bromobenzene [20]. In our experiments, we
varied the concentrations of MMA, NiBr,(PPh;),, and
1odobenzene, as well as the reaction time and reaction
medium.

As was expected, use of bulk polymerization
increases the PMMA yield. In this case, as distinct from
the synthesis of the polymer in solution, the higher the
ratio between the amounts of the catalyst and MMA,
the higher the PMMA yield, and vice versa. In addition,
the final mixture contains no iodobenzene homocou-
pling product, i.e., biphenyl. This enhances the effi-
ciency of this system as a polymerization catalyst.

We also carried out MMA polymerization at a
higher temperature (85°C) and lower concentrations of
the catalyst and initiator, i.e., under conditions similar
to those used in an earlier study [21]. When the reaction
was carried out in benzene wusing a catalyst
(NiBr,(PPh;), complex) and an initiator (iodobenzene),
the PMMA yield was 7%. The addition of zinc powder
to this system, favoring the in situ synthesis of the
homogeneous nickel complex, increases the polymer
yield to 44% (Table 4, entry 1).

These results clearly show that, regardless of the
nature of the solvent used in MMA polymerization, the
addition of zinc powder leads to a substantial increase
in the PMMA yield even at low concentrations of the
catalyst and initiator with respect to MMA.. This is con-
vincing evidence of the formation of a new catalyst,
namely, a zero-valence nickel complex, and suggests
that, as compared to the Ni(II) compounds, this catalyst
is more active both in the homo- and cross-coupling
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Fig. 1. Molecular-weight distribution curves for the PMMA
samples obtained by MMA polymerization in the presence
of the (a) NiCl,(PPh3),/Zn and (b) NiBry(PPh3),/Zn sys-
tems and the initiators (/) iodobenzene, (2) bromobenzene,
and (3) chlorobenzene. Reaction conditions: 7= 65°C, reac-
tion time of 5 h, and acetonitrile/pyridine = 1 : 1 (vol/vol)
medium.

reactions described in the literature and in MMA poly-
merization. Furthermore, the addition of zinc powder to
the catalytic system based on the nickel(II) phosphine
complex decreases the molecular weight of the poly-
mer. At the same time, the polydispersity index remains
virtually unchanged.

The nature of the solvent is a factor affecting the
MMA polymerization rate. It follows from the results
presented (see Table 2) that the PMMA yield increases
in the following order of solvents: benzene < dioxane <
acetonitrile < pyridine. The dipole moment of these
organic solvents increases in a different order, namely,
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Table 2. Effect of the nature of the catalyst and solvent on the yield of poly(methyl methacrylate) and its molecular-weight

characteristics*
Catalyst
Entry Medium NlBrz(PPh3)2/Zn NlBrz(PPh3)2
PMMA 14 103] TOR. h! | my/m, | PMMA 1103 | TOF b | M /M
yield, % n Wi yield, % n Wi
1 Benzene 44 62 35 2.3 7 56 5.6 2.1
2 Dioxane 52 128.3 42 2.2 20 198 16 2.4
3 CH;CN 57 23.5 46 2.2 12 20 9.5 2.1
4 Py 68 131 54 2.3 13 251 10 3.1
5 Bulk MMA 71 69 57 2.1 32 256 26 1.9
G6F* Toluene - - - - 29 28 23 1.3

* M., is the weight-average MW, and M,, is the number-average MW. Reaction conditions: [NiBr,(PPh3),] = 0.125 mol %, [PhI] =
2.5 mol %, [Zn] = 2.5 mol % based on MMA, [MMA] = 7.55 mol/l, 85°C, and reaction time of 10 h.
*% Data from [21]. Ethyl 2-bromopropionate at a concentration of 0.25 mol % based on MMA was used instead of Phl and Zn.

benzene < dioxane < pyridine < acetonitrile. However,
the maximum polymer yield is achieved in the presence
of pyridine (Table 2, entry 4). Probably, in this case,
pyridine, which is a stronger coordinating agent [22]
than acetonitrile, can better keep the zero-valence
nickel complex in the system. Nevertheless, the solvent
polarity plays an important role in MMA polymeriza-
tion in the presence of the initiating composition con-
sidered.

The highest polymer yield is observed in bulk poly-
merization, i.e., in the absence of a solvent (Table 2,
entry 5).

Our results made it possible to calculate one of the
most important quantities characterizing the efficiency
of the catalyst, namely, the turnover number (TON), as
well as the turnover frequency (TOF) [23]. As can be
seen from the data in Table 2, zinc powder increases the
TOF of the catalyst (nickel(Il) complex), i.e., the num-

Table 3. Changes in the yield and molecular-weight charac-
teristics of PMMA during MMA polymerization in the pres-
ence of the [NiBr,(PPh;),]/Zn/Phl system

Entry Ruefr‘l?‘}’l“ y%h,”’% M, % 103|M,, x 103 M, /M,
1 1 31 5.8 94 | 1.64
2 2 43 15 278 | 1.85
3 3 54 171 | 328 | 192
4 5 69 207 | 405 | 1.95
5 7 83 22 | 463 | 208

Note: Reaction conditions: [NiBry(PPh3),] = 1.25 mol %, [PhI] =
25 mol %, [Zn] = 25 mol % (based on MMA), [MMA] =
7.52 mol/l, and reaction temperature of 65°C.

ber of complete catalytic cycles performed by this cat-
alyst in a unit time. The higher polymer yield on the
zero-valence nickel complex can be considered only a
relative estimate of its efficiency, whereas the calcu-
lated TOF values serve as a quantitative measure of the
higher catalytic activity of Ni(0) as compared to
NiBr,(PPh;), under identical conditions of the poly-
merization process.

The reaction temperature also affects the TOF and
TON of the catalyst. For instance, at 65°C, for the
MMA polymerization catalyzed by the
NiBr,(PPhs),/Zn/Phl system, TOF is 12 h™!, while at
85°C TOF =57 h™..

The turnover number is the absolute number of cat-
alytic cycles performed by a catalyst until it is com-
pletely deactivated. In the present work, the TON of the
catalyst at 65°C was 5700 and that at 85°C was 57000.
A large TON value is a feature of a stable, long-living
catalyst. In our case, TON takes intermediate values
and increases with increasing temperature.

The results presented in Table 3 show that the yield
and molecular weight of PMMA increase gradually
with an increase in the reaction time. This means that
polymerization proceeds uniformly (without a gel
effect) up to high conversions (Fig. 2).

As follows from the data in Fig. 2, the logarithmic
plot of the ratio of the initial monomer concentration
[M], to its current concentration [M], vs. reaction time
is linear. This indicates the absence of chain termina-
tion processes and is characteristic of “living” polymer-
ization (Fig. 3).

The MWD curves of all PMMA samples synthe-
sized in the presence of the proposed system are unimo-
dal regardless of the MMA conversion (Fig. 3). An
analysis of the MWD of the PMMA samples obtained
at 65°C shows that the mode shifts progressively to
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Fig. 2. Plot of In([M]y/[M],) vs. the reaction time for poly-

merization at 65°C in the presence of the
NiBry(PPh3),/Zn/CgHsl catalytic system (the component
concentrations are 1.25, 25, and 25 mol %, respectively).
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Fig. 3. Molecular-weight distribution curves for the poly-
mer samples obtained at 65°C in the presence of the
NiBr,(PPhj),/Zn/C¢Hsl catalytic system (/) 1, (2) 2, (3) 3,
and (4) 5 h after the beginning of the reaction.

higher molecular weights as the polymer yield
increases (Table 3, Fig. 3). This situation is indicative of
controlled polymerization.

A "H NMR study of the microstructure and stereo-
regularity of the PMMA samples showed that the poly-
mer is atactic and is enriched with isotactic units. In par-
ticular, in the spectrum of PMMA obtained at 75°C in
the presence of the classical initiator AIBN, the signals
from the protons of the methyl group attached to the
main chain are related as 56 : 38 : 6 (syndio-, hetero-,
and isotactic signals, respectively) [4]. This ratio is
54 : 34 : 12 in the spectrum of the polymer synthesized
at 65°C in the presence of the catalytic system proposed
by us. However, the stereoregularity of the polymer
obtained in the presence of NiBr,(PPhs), and the ethyl
2-bromoisobutyrate initiator is similar to that of
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PMMA synthesized under similar conditions using the
classical initiator AIBN (the signal ratios are 60 : 36 : 4
and 56 : 38 : 6, respectively) [4]. A comparison of these
data with the results of the present work unambigu-
ously indicates that the polymerization mechanism in
our case differs from the ATRP mechanism proposed
for the process that occurs in the presence of
NiBr,(PPh;), [4, 24, 25].

Thus, efficient MMA polymerization occurs in the
presence of the catalytic system NiBr,(PPh;),/Zn/Phl
and the natures of the solvent, ligands, initiator, and
halogen in the nickel complex have considerable effects
both on the catalytic activity and on the properties of
the resulting polymers.
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