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ABSTRACT: Copolymerizations of methyl methacrylate
(MMA) with 4-vinylpyridine (4VP) were performed from
different monomer feed ratios in 1,4-dioxan at 308C under
free radical initiation experimental conditions, using
Ni(II)a-Benzoinoxime complex as initiator. The obtained
copolymers (PMMA4VP) were examined by FTIR and
1H NMR spectroscopies. The composition of these copolymers
was calculated, using 1H NMR spectra and elemental anal-
ysis. Monomer reactivity ratios were estimated from Fine-
man–Ross (FR, rm 5 0.550, rv 5 1.165) and Kelen–Tudos
(KT, rm 5 0.559, rv 5 1.286) linearization methods, as well
as nonlinear error in variables model (EVM) method using
the RREVM computer program (RREVM, rm 5 0.559, rv
5 1.264). These values suggest that MMA-4VP pair copoly-
merizes randomly. 1H NMR spectra provide information
about the stereochemistry of the copolymers in terms of

sequence distributions and configurations. These results
showed that the age of the Ni complex has an impact not
only on its activity towards polymerization reactions but
also on the features of the corresponding copolymers,
whereas the chemical composition was insensitive to this
prominent factor. The mechanism of MMA-4VP copoly-
merization is consistent with a radical process as sup-
ported by microstructure and molecular weight distribu-
tion studies. Thermal behaviours of these copolymers were
investigated by differential scanning calorimetry and ther-
mogravimetric analysis. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 107: 3963–3973, 2008
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INTRODUCTION

There has been a great interest over the last few years
in the use of late transition metal catalysts for the
homo- and co-polymerization of olefins.1–4 Among
them, Nickel complexes have been extensively studied.
Ni(II)a-diimine catalysts, when activated with methyl-
aluminoxane (MAO), exhibit high activity towards the
polymerization of ethylene, 1-hexene, and propylene
as well as their block copolymerization.5–7 Moreover,
this kind of catalysts can be used as ATRP catalysts
for the polymerization of styrene and methyl methac-
rylate (MMA) with poor to moderate control process.8

Divalent nickel complex bearing acetylide ligand
Ni(CBCPh)2(PBu3)2 has been a potential effective cata-
lyst for the ATRP of MMA.9 Several Ni(II) and Ni(0)
complexes with selected ligands induced efficient liv-
ing radical polymerization of MMA and alkyl acrylates

with a moderate activity.10 Also, NiBr2(PPh3)2 medi-
ated controlled radical copolymerization of MMA and
functionalized methacrylate monomers such as 2-
hydroxyethyl methacrylate (HEMA) is reported.11

However, a variety of nickel catalysts involving N��
or O�� donated ligand in combination with modified
MAO were highly active for the homopolymerization
of norbornene at 258C while its copolymerization with
MMA was unsuccessful.12

In this contribution, our attention focuses on a
new neutral Nickel(II) complex bearing a-Benzoinox-
ime chelating ligand that formation process13 is
described in Scheme 1.

Hank et al.13 have reported that the metal center
Ni(II) of a recently synthesized Ni(II)a-Benzoinoxime
complex undergoes sluggishly oxidation, in its solid
state, by the ligand to higher oxidation state Ni(IV).
This oxidation give rise to a progressive structure
change of the complex from square-planar Ni(II)-
complex to octahedral Ni(IV)complex, Scheme 1.

In a previous study,14 we have established that
this complex can act as a single-component initiator
for the MMA polymerization over the temperature
range 25–608C.

As an extension of our study in this area, we
report herein the synthesis and characterizations of
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different copolymers of MMA with 4-vinylpyridine
(4VP) in 1,4-dioxan, at room temperature, using
Ni(II)a-Benzoinoxime complex as initiator. The
choice of 4VP is related to the great interest of corre-
sponding copolymers. These copolymers can interact
with other polymeric materials through specific
interactions to form miscible polymer blends with
improved properties.15,16

Besides, the chemical composition of the copoly-
mers and comonomer sequence depends on the rela-
tive reactivity between the comonomers. Hence, the
reactivity of MMA and 4VP in the copolymerization
process were quantified by the estimation of the cor-
responding monomer reactivity ratios (MRRs), rm
and rv, according to the general copolymerization
equation by application of the well known lineariza-
tion methods Fineman–Ross (FR)17 and Kelen–Tudos
(KT),18 whose are appropriate at low-conversions.
We must pointed out that the MRRs, obtained from
these methods, are only approximate and are fre-
quently employed as good starting values for the
estimation of more reliable values using a computa-
tional procedure. This method is based on a statisti-
cally valid nonlinear minimization algorithm, Reac-
tivity Ratios Error in Variable Method (RREVM),19

which allow one to take properly into account all the
sources of experimental error. For this reason, the
RREVM program has also been applied to recalcu-
late the MRRs values.

Some features of the copolymers and the striking
influence of the complex age on its activity are also
discussed through this study.

EXPERIMENTAL

Materials

MMA and 4VP from Aldrich were purified by distil-
lation under reduced pressure. Ni(II)a–Benzoinox-
ime was synthesized according to a procedure

reported in the literature.13 All solvents (Dioxan,
Chloroform) and precipitants (Methanol, Petroleum
ether) from Aldrich (analytical grade) were used
without purification.

Copolymerization

Copolymerizations of MMA with 4VP, using various
monomer feed ratios, were carried out in 1,4-dioxan
at 308C with Nickel(II)a-Benzoinoxime complex as
initiator at constant total weight of monomers under
the nitrogen atmosphere. Reaction conditions are
given in Table I. Pre-determined quantities of como-
nomers were introduced into a three-necked round
bottom flask (equipped with magnetically stirrer,
reflux condenser and dropping funnel) and the mix-
ture was flushed with oxygen–free nitrogen for
20 min. Then the solution was kept in a thermo-
stated water bath at 308C 6 18C. At the same time,
the complex solution (1% w/w based on total MMA
and 4VP monomers) was placed in the dropping
funnel under nitrogen flux. The copolymerization
reaction was triggered by quick addition of the com-
plex solution into the mixture flask. After a given
time, the reaction was stopped by exposing to air.
The copolymers samples were precipitated into a
large excess of petroleum ether (methanol for MMA
homopolymer), filtered and dried in a vacuum oven
at 508C until constant weight. The purification of the
copolymers was achieved by dissolution/precipita-
tion procedure in the chloroform/petroleum ether
system. The conversions were determined gravimet-
rically.

Some trial experiments of MMA polymerization
mediated with Ni(II)a–Benzoinoxime complexes (of
different ages) were carried out in a similar manner.

Measurements

FTIR spectra of the synthesized PMMA and copoly-
mers were recorded on a Nicolet 560 spectrometer in
4000–400 cm21 range, where 62 scans were taken at
2 cm21 resolution. Samples as thin films cast on KBr
disks were prepared from chloroform polymer solu-
tion (3% w/v). After a slow evaporation of the sol-
vent, they were dried in a vacuum oven at 658C for
several days.

The 1H NMR spectra of all the polymers samples
were run on a Bruker 500 MHz spectrometer at
room temperature, using CDCl3 as solvent and tetra-
methylsilane as internal standard.

The molecular weights (Mn and Mw) and polydis-
persity index (Mw/Mn) of PMMA and PMMA4VP
copolymers were measured on a waters 590 gel per-
meation chromatograph, equipped with styragel HT
columns (103–106 g/mol), at 258C using THF as

Scheme 1 Formation and suggested structure of Nickel
(II)a-Benzoinoxime complex.
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eluent. The system had previously been calibrated
with standard polystyrenes (PS).

Viscosity measurements were carried out in
dioxan at 30 6 0.18C using a Schott Geräte automatic
dilution viscosimeter. Intrinsic viscosities [h] of these
polymers, determined from the well known Huggins
equation,20 are listed in Table I.

DSC thermograms were recorded on a Perki-
nElmer Pyris I calorimeter, under dry nitrogen
(50 cm3 min21). For all measurements, the samples
weighting about 10 mg were hold for 3 min at 08C
then heated until 2008C with a rate of 208C min21.
After keeping at this temperature for 3 min, the sam-
ples were cooled from 200 to 408C at 808C min21

then followed by a similar second scan. The glass
transition temperatures Tg were determined during
the second heating run at the midpoint of the transi-
tion.

Thermogravimetric analysis (TGA) was performed
on a Q500 thermal analyzer under nitrogen atmos-
phere, in the temperature range 40–4958C with a
heating rate of 108C min21. The average sample
weight was 10 mg and the nitrogen flow-rate was
50 cm3 min21.

RESULTS AND DISCUSSION

Features of homo- and co-polymerization

The novel neutral Nickel(II)a-Benzoinoxime complex
(NBO) is air and moisture-stable and soluble in com-
mon organic solvents. Since NBO triggers MMA po-
lymerization with moderate activity via a radical
mechanism,14 the copolymerization of MMA with
4VP in various monomers feeds was herein investi-
gated at 308C. To this end, we have selected three
complexes (C-1, C-2, and C-3) obtained from
repeated syntheses according to a same procedure.13

The choice of the polymerization solvent is a very
important factor since the complex activity is sensi-
tive to its polarity. Thus, complex C-3 (16.5 months
old) was tested in MMA polymerization at 308C for
4 h in chloroform (e 5 4.7) and in dioxan (e 5 2.2),
which are considered, respectively, as suitable and
bad solvents for 4VP homopolymerization. In agree-
ment with our previous study14 that showed that the
monomer conversion depressed with increasing sol-
vent polarities, the dioxan led to higher yield
(13.72%) than chloroform (3.89%), Table I. On the ba-
sis of this result, these experiments were conducted
exclusively in dioxan.

We have, in a first step, undertaken the copoly-
merizations for 24 h using C-1 and C-2 (different
ages) as initiators. The obtained results are collected
in Table I. As it can be seen, NBO complex was an
effective initiator in the copolymerization reaction
under mild conditions to give soluble copolymers.
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However, it exhibited only a low activity since con-
version did not exceed 5.8%. These results reveled
that the conversion depends simultaneously on two
effects, namely the 4VP incorporation in copolymer
chains and the age of the complex used.

To provide more convincing evidence for the
occurrence of these effects, two series of experiments
were carried out. In the first one, the progression of
complex activity as function of its age was moni-
tored by black experiments of MMA polymerization
using three complexes (C-1, C-2, and C-3), as shown
in Table II. It seems clear that the complex age has a
prominent impact on polymerization reaction. As it
evolutes, each complex exhibits a gradual rise of its
activity until an optimum beyond which a drop in
activity is expected and followed by a complete inac-
tivity towards MMA polymerization. In fact, as we
have previously discussed in the MMA polymeriza-
tion study,14 the striking influence of the complex
age on its activity was closely linked to the sluggish
oxidative effect of the a-Benzoinoxime ligand, which
convert progressively the Ni(II) complex into Ni(IV)

complex giving rise to a mixture of the two com-
plexes. The comparison between the behavior of
freshly synthesized complex (5 days old) and older
one (3 years old) in several MMA polymerization,
run under the same tested conditions, reveled that
both complexes were inactive within 6 h. This result
has allowed us to conclude that in the former case,
the Ni(IV) complex was not yet formed from Ni(II)
complex and therefore this later cannot mediate the
polymerization alone. In the second case, the Ni(II)-
complex disappears entirely by the oxidation effect
into Ni(IV) complex that alone, proved to be unable
to promote the polymerization reaction. Besides, an
improvement in activity of the complex was obvious
when its age advanced accompanied by a decrease
beyond an optimum. Additionally, the MMA poly-
merization reaction was halted in presence of radical
scavenger, TEMPO, indicating a radical pathway.
Thus, according to other experiments results under-
taken in our previous study,14 we have concluded
that both Nickel chelates are involved in redox ini-
tiation mechanism, a very effective process for gen-
erating free radicals, under milder conditions by sin-
gle-electron transfer process. Indeed, in agreement
with Sarac investigations,21 we have suggested that
Ni(II) complex acts as reducing agent that subse-
quently generate radicals initiating species, while
Ni(IV) chelate acts as strong oxidant agent that pro-
mote an homolytic cleavage of the O��H bond in
Ni(II) chelate. This breakdown is accompanied by
direct electron transfer from the reducing agent to
Ni(IV) species, as depicted in Scheme 2. Thereby, the
evolution of the activity of our Ni complex as a func-
tion of its age is governed by the variation of the rel-
ative ratios Ni(II)/Ni(IV) species in the complex mix-
ture at the solid state.

Otherwise, Sawamoto et al. pointed out that the
use of additives like aluminum alkoxides improves
the yields of styrene22 and alkyl methacrylates23,24

homo- and co-polymerizations. Also, Masuda et al.25

reported that polymerization of phenylacetylene
with [(nbd)RhCl]2 catalyst proceeded instantane-
ously by addition of cocatalysts such as Et3N, while

TABLE II
Black Experiments of Homopolymerizationa of MMA

Initiated by Ni(II)a-Benzoinoxime Complex as Function
of its Age

Complexb Age (months) T (8C) Time (h) Yield (%)

C-1 1 25 5 Traces
6 25 5 4.8

36.5 30 24 15
42 30 5 0

C-2 0.5 30 3 2.5
26 30 24 12.5

C-3 1 30 5 Traces
3.5 30 5 4.5

16.5 30 4 13.72
19 30 7 8
19.5 30 7 0

a Polymerization conditions: MMA/Solvent: 1/1 (vol-
ume ratio); Total volume: 10 mL; Ni complex/MMA: 1/
103 (weight ratio).

b C-1, 2, and 3 complexes are synthesized repeatedly
according to the same procedure.

Scheme 2 The proposed redox initiation mechanism between Nickel(II)a-Benzoinoxime and Nickel(IV)a-Benzoinoxime
complexes pairs.
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a sluggish reaction is observed in the absence of this
cocatalyst. On this basis, a series of MMA polymer-
ization were achieved at 308C in dioxan, using NBO
(C-4, 2.5 months old) with Et3N by varying the mole
ratio of Et3N/Ni complex and keeping the concentra-
tion of monomer and initiator constant, Table III. As
expected, a low conversion (only 2.6%) is obtained in
absence of Et3N, while an optimum value of 16% is
reached when Et3N/Ni molar ratio is 400. Also, the
activity was significantly improved from 0.27.104 to
1.6.104 gpoly/mol.Ni.h but remained moderate.

Further kinetic investigations are now in progress
in order to evaluate the concentration of Ni(II) spe-
cies corresponding to the optimal activity using a
titrimetric procedure.26

In the second series, similar MMA-4VP copoly-
merization based on C-3 complex (16.5–17 months
old) were carried out (Table I). It is clear that this
complex exhibits a greater activity than the others.
For instance, from equal 4VP feed fraction the C-1
complex (41 months old) led to 1% conversion after
24 h while 4 h only were enough for C-3 complex to
reach 5% in conversion.

On the other hand, an increase of 4VP amount in
the feed slowed down gradually the reaction rate. A
drop in copolymer yields is also observed as com-
pared with that of MMA polymerization suggesting
that 4VP slow down the chains growth in copoly-
merization reaction.

We have also tried to polymerize 4VP in dioxan
under the same conditions, somewhat surprisingly
Nickel (II)a-Benzoinoxime was completely inactive. A
similar result was observed with Ni(acac)2/triethylalu-
minum (TEA) catalyst system and only low activity
was derived from Ni(acac)2/methylaluminoxan
(MAO).27 Indeed, the 4VP homopolymerization is
very a challenging problem for atom transfer radical
polymerization28 and controlled radical polymeriza-
tion,10 since the 4VP can coordinate to the metal com-
plex inducing subsequent decrease in its activity.
Moreover, it is well-known that Nickel compounds
are capable to form stable complexes with ligands

bearing nitrogen atom,27 as a result we believe that
4VP monomer can also competitively act as ligand by
coordination to Nickel center of our complex giving
rise to reduce in its activity towards copolymerization.

It is worthwhile to mention that the low copolymer
yields obtained at 308C are also related to decrease in
complex activity resulting from decrease of polymer-
ization temperature, as evidenced previously in MMA
polymerization.14 Similar results were reported for
Nickel- or Palladium-based in homo- and co-polymer-
ization of several monomers such as styrene,29 norbor-
nene and its derivatives30 as well as substituted ace-
tylenes.31 Accordingly, Liaw et al.32 showed that in
presence of (Pd(CH3CN)4)(BF4)2 complex, the yields of
carbonmonoxide–phenylacetylene copolymers reached
79% within 2h at 908C, while a drop about 2% is
observed at 408C.

Characterization of copolymers

FTIR spectroscopy

The FTIR spectra of copolymers as compared with
that of PMMA exhibit several characteristics bands
of 4VP units (Fig. 1). Indeed, the two bands at 3068
and 3020 cm21 are due to C��H stretching vibration
resulting from the pyridine ring and the other bands
located at 1597, 1558, and 1414 cm21 are assigned to
C¼¼N stretching vibration of pyridine ring.

The intensity of all the above absorptions
increased with an increase of 4VP content in mono-
mer feed confirming its incorporation into the copol-
ymer chains. Moreover, the absence of absorption
near 1625 cm21 in the copolymers due to alkenes
bond is indicative of the participation of vinyl group
of 4VP monomer in the copolymerization.

1H NMR spectroscopy

Copolymer composition

1H NMR spectra of several copolymers and PMMA
as reference, along with the assignment of various
resonance signals are shown in Figure 2.

TABLE III
Effect of Additive on MMA Polymerization by Ni(II)a-Benzoinoxime Complex

(C-4, 2.5 months old)a

Entry Et3N/Ni (mol ratio) Yield (%) Activity (1023) (gpoly/molNi h)

1 0 2.66 2.717
2 100 4.30 4.392
3 200 6.04 6.169
4 400 16.24 16.588
5 500 14.18 14.483
6 800 15.90 16.240
7 1000 13.76 14.054
8 2000 9.52 9.724

a Polymerization conditions: MMA/Solvent: 1/1 (volume ratio); Total volume: 10 mL;
Ni complex/MMA: 1/103 (weight ratio); Temperature: 308C; Time: 5 h.
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The copolymer compositions were estimated from
the relative intensities of the meta aromatic proton
signals of 4VP with those of methoxy group of
MMA according to the expression below:

Fv ¼ 3 Sv=ð2Sm þ 3SvÞ (1)

where: Sv and Sm are the integrated peaks area of Hv

and Hm, respectively.
The copolymer compositions data are collected in

Table I. As it can be seen, the molar compositions of
the resulted PMMA4VP copolymers are modulated
with the mole comonomer feeds regardless the cru-
cial role of complex age in its reactivity towards
copolymerization reaction. The solid curve exhibited
in Figure 3, shows a high introduction of 4VP in co-

polymer chains. It is also interesting to note that the
level of 4VP incorporation is quite higher in pres-
ence of our Ni complex than conventional free radi-
cal initiator.33

Copolymer stereochemistry

The 1H NMR copolymer signals exhibit an overall
shift toward higher fields with increasing 4VP unit
in the copolymer chains due to the well-known
screening effect of aromatic nucleus. Similar behav-
ior was observed by Natanshon et al. with copoly-
mers of methyl acrylate (MA) or MMA with 2VP or
4VP.34–36 Simultaneously, The signals belonging to
aromatic, methoxy, and a-CH3 groups are split with
an increase in 4VP content in copolymers due to
their compositional (monomer sequence distribution)
as well as configurational sensitivity. In agreement
with Natanshon et al. studies, these signals are tenta-
tively assigned in terms of triads and are depicted in
Figure 4, where M and V indicate MMA and 4VP,
respectively.

Aromatic signal

The ortho and meta proton signals seems to be sensi-
tive only to the triad sequence distribution and not
to the configuration, also their levels shift to higher
field are about 0.174 and 0.0176 ppm, respectively.
Natanshon36 has attributed such shifts to the
increase content of VVV triads, which resonate at
higher fields and to the decrease content of VVM
and MVM triads that resonate at lower fields, part I

Figure 1 FTIR spectra between 500 and 4000 cm21 for
PMMA (a) and MMA-4VP copolymers; mol % of 4VP in
feed is 24.1% (b); 48.78% (c).

Figure 2 1H NMR spectra of PMMA and MMA-4VP copolymers; mol % of 4VP in feed is 7.65% (8); 24.1% (10), as in
Table I.
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in Figure 4. In addition, the splitting of ortho proton
signals is more pronounced than meta ones, while
no such splitting is reported for 4VP homopolymer.
Unfortunately, this region cannot be investigated in
v-centered sequence distribution calculation owing
to the poor resolution of our spectra. Indeed, Natan-
shon and Eisenberg37 have related the magnitude of
the splitting to the nature of the deuterated solvent
used. Thus, the spectra recorded in DMSO solvent at
708C provide better splitting than in chloroform or
benzene because it lacks interfering signals.

Methoxy signal

This group splits mainly into two signals due to the
screening effect of the neighboring 4VP ring, part II
in Figure 4. The intense one at about 3.57 ppm, simi-
lar to that of PMMA, belongs to MrMrM triads
sequences. The smaller one at about 2.9 ppm can be
assigned to MmMmV 1 MrMmV triads. As the incor-
poration of 4VP increases, their relative intensities
decrease accompanied by the appearance of two
new signals at 3.52 and 3.37 ppm, being overlapped
by the main peak at 3.57 ppm whose belong to
MmMrV and MrMrV triads, respectively.

a-CH3 signal

From Figure 4 in part III, this signal shows in
PMMA spectrum three peaks at 0.82, 1.00, and 1.21
ppm due to the shielding induced by the carbonyl
group of the MMA units, assigned to syndiotactic
(rr), heterotactic (mr 1 rm), and isotactic (mm) of
MMM triads, respectively.38 In the copolymers spec-
tra, the MrMrM triad signal undergo splitting to
three other signals at about 0.72, 0.63, and 0.5 ppm,
whose intensities increase with increasing 4VP units
assigned respectively to (MmMmV 1 MrMrV),

(MrMmV 1 VrMrV) and VmMrV triads, as proposed
by Natanshon.34 Scheme 3 represents the monomer
sequence distribution in terms of (M) centered triads
and the relative stereochemical configuration.

On the other hand, the microstructure of the PMMA
obtained with Nickel(II)a-Benzoinoxime 67% rr,

Figure 3 Copolymer composition diagram for (MMA-
4VP) copolymers obtained in presence of Ni(II)complex
(—�—) along with the theoretical composition curve (......)
obtained from the copolymer composition equation using
terminal model reactivity ratios rm 5 0.574, rv 5 0.79.

Figure 4 Expanded 1H NMR spectra of aromatic (I),
methoxy (II), and a-CH3 (III) resonance signals together
with triad distribution of PMMA and MMA-4VP copoly-
mers; mol% of 4VP in feed is 24.1% (10); 48.78% (11), as in
Table I.

Scheme 3 Schematic representation of M centered triads
in MMA–4VP copolymers.
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30% mr, and 2% mm is close to that observed with
conventional initiator.38 It seems obvious that the
present copolymerization also proceeds via a free
radical mechanism.

Determination of molecular weights and
viscosity measurements

The number and weight-average molecular weights
and the polydispersity index of PMMA and some of
the PMMA4VP copolymers are collected in Table I.
Figure 5 exhibits a unimodal molecular weight dis-
tribution of PMMA and a typical copolymer. These
results show that the molecular weights (Mw, Mn)

decreased with an increase of 4VP content in the
copolymers. The polydispersity values are slightly
broad (1.67 < Mw/Mn < 3) supporting the occur-
rence of a conventional radical process and the ter-
mination reactions proceed mainly by disproportion.

Also, as can be seen from Table I, the molecular
weight values are sensitive to the activity of the
complex that is related to its age. In other words,
enhance in complex activity allows to a rise in mo-
lecular weights. For instance, among the selected
complexes the most active one (C-3) provides the
highest molecular weight values for PMMA (entry 2
and 3) and copolymers containing similar 4VP units
(entry 5 and 6). The intrinsic viscosities values are
also summarized in Table I, where a similar trend
was observed.

Determination of monomer reactivity ratios

From monomer feed ratios and copolymer composi-
tions the MRRs of MMA (rm) and 4VP (rv) were eval-
uated at low conversion (<6% in weight) by FR and

KT (a 5 7.59) according to eqs. (2) and (3), respec-
tively.

G ¼ �E rm þ rv (2)

h ¼ ðrm þ ðrv=aÞÞ n� rv=a (3)

where: G 5 H (h 2 1)/h and E 5 H2/h; With H and
h are molar fraction ratios of the monomers in the
feed (Fm/Fv) and copolymers (fm/fv), respectively.

h ¼ G=ðaþ EÞ; n ¼ E=ðaþ EÞ and
a ðarbitrary constantÞ ¼ ðEmax 3 EminÞ1=2

The linearity of the corresponding graphical plots in
Figure 6(a,b) indicates that the reactivity of the
growing polymer radical depends on the terminal
model of copolymerization. The MRRs were also cal-
culated by means of RREVM computer program,
using as starting values those obtained by the KT
method, which provides a higher confidence level of
data with regard to FR one. These values were gen-
erated using errors of 1% for the monomer feed
compositions and of 3% for the copolymer composi-
tions. The accuracy of the estimated data is repre-
sented in Figure 7 where the 95% joint confidence
interval is drawn.

The rm and rv values obtained by the FR and KT
methods as well as the RREVM procedure are com-
piled in Table IV, were a good agreement between
the different sets of data is observed.

Using the RREVM values as a reference, it is pos-
sible to note that the chain growth reactions proceed
mostly by � 4VP � growing radicals. The 1/rm � 1.7
value indicates that � MMA. radicals slightly pro-
mote cross propagation, while 1/rv � 0,7 value
points to higher tendency of the � 4VP � radicals to
add 4VP monomer. The product rm � rv 5 0.7 (<1)
indicate that the copolymerization of MMA with
4VP leads to random distribution somewhat
enriched with 4VP.

Figure 5 GPC profiles of PMMA (2) and typical MMA-
4VP copolymers obtained by Ni(II) complex, monitored by
RI detector, mol % of 4VP-units: 7.90% (6) and 12.08% (8),
as in Table I.

Figure 6 FR (a) and KT (b) plots for MMA-4VP copoly-
mers obtained in presence of Ni(II)complex.
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The greater insertion frequency of 4VP units in co-
polymer chains is tightly linked to the competitive
effects of the side-chain groups on the mutual reac-
tivity of both comonomers. Indeed, the presence of
an aromatic group in 4VP originates a reactive
monomer because of the high electronic withdrawal
stabilization by resonance of the radicals generated
during the copolymerization process. In counter-
parts, the presence of an electron-attracting carbonyl
group in MMA monomer, brings out a positive
charge density on carbon atom attached to the car-
bonyl that provides a considerable electron attraction
in � MMA. radicals. It is however obvious that the
resonance stabilization effect prevails and thus a
preference for 4VP incorporation in chains.

Similar trend was observed in conventional
copolymerization of methyl acrylate-4VP (rm 5 0,18,
rv 5 1.77),35 whereas a alternation tendency is
reported with the tert-butyl acrylate-4VP pair (rtBA 5
0.054, rv 5 0.046).39 The rv value of 4VP obtained by
Nickel complex is somewhat higher than that tabu-
lated for conventional copolymerization of MMA-
4VP (rm 5 0.574, rv 5 0.79),33 while the rm one is in
good agreement.

Thermal behavior of the copolymers

Differential scanning calorimetry (DSC)

Figure 8 displays the DSC curves of PMMA and
selected copolymers. As expected, all the recorded
thermograms exhibit a single Tg throughout the
whole composition range, indicating the absence of a
mixture of homopolymers or the formation of a
block copolymer. The Tg values are compiled in
Table V. As it can be seen, these values increase gen-
erally with increasing 4VP content in the copolymer
chains. However, it is well known that the increase
in Tg is due to the decrease in segmental mobility of
polymer chains that can be related to a rise in the

molecular weight, i.e. chain polymer length. As
expected, the Tg depression observed for PMMA4VP
copolymer with 32.34% 4VP content (entry 10) can
be linked to its low molecular weight (see Table I),
that is strongly affected by the age complex effect as
discussed below. Unlike the above result, in the case
of copolymers obtained from the same 4VP feed
fraction 4.77% (entry 5 and 6 in Tables I and V), a
high Tg value was observed for low molecular
weight (low chain length) when the copolymer is
originated from C-1 (less active) than that issue from
C-3 (more active). This fact can be explained by the
competitive entanglement effect of the polymer
chains brought about by the a-methyl groups in
MMA units, which prevent the mobility of the rela-
tively short polymer chains and then increase the Tg

value.

Thermogravimetric analysis

Figure 9 shows the TGA thermograms and deriva-
tive curves DTG of PMMA and of typical PMMA-
4VP copolymers. The temperature of maximum deg-
radation, percentage weight loss in each stage of
degradation and residual weight at 4958C are sum-
marized in Table V. As it can be seen, the thermal
degradation of PMMA starts at � 2208C and pro-
ceeds in two distinctive steps. The first one appears
in the 250–3008C temperature range with a weight
loss of about 9%, which is followed by the intense

Figure 8 DSC thermograms of PMMA (3) and some
MMA-4VP copolymers with different compositions (mol %
of 4VP-unit as in Table I, entry 6–8 and 10–11).

TABLE IV
Copolymerization Parameters for MMA (rm) and 4VP (rv)

in MMA-co-4VP Copolymer

Method rm rv rm � rv
Fineman–Ross 0.550 1.165 0.64
Kelen–Tüdös 0.559 1.286 0.71
RREVM 0.559 1.264 0.70

Figure 7 95% Confidence region for the evaluated values
of rm and rv by RREVM method.
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one in the 300–4008C temperature range with a max-
imum at 3698C. The corresponding thermal degrada-
tion mechanism, in agreement with the literature
data,40 is promoted by the formation of long-chain
polymer radicals from random chain scissions as
well as initiation at an unsaturated chain end, whose
undergo subsequent cleavage to product mostly
MMA monomer. The copolymers underwent decom-
position temperatures depend on copolymer compo-
sition and their Tmax varied between 309 and 3178C,
indicating obviously that the incorporation of 4VP
into PMMA chains decrease its thermal stability.
Besides, the copolymers of relatively low content of
4VP exhibit two-stage degradation behavior, while
single step decomposition is observed for copoly-
mers of relatively high 4VP content as for the P4VP
degradation. Khairou and Diab41 have reported that
the products of the thermal degradation of MMA-
4VP copolymers were constituted mainly by the two
monomers with traces of pyridine and 4-methylpyri-
dine, suggesting that no interaction occurs between
comonomer units during the degradation process.

Also, in the case of copolymers containing similar
molar fraction of 4VP (entry 5 and 6), the enhance-
ment in complex activity on going from C-1 to C-3
induced enhance in the maximum temperature of
thermal decomposition about 188C, hence an
increase in copolymer stability.

CONCLUSIONS

Copolymers of MMA with 4VP have been success-
fully prepared at 308C, using a novel Nickel(II)a-
Benzoinoxime complex, to yield appreciable molecu-
lar weights (104 g/mol) with quite broad polydisper-
sities values, indicating that copolymerization most
probably proceeds via free radical mechanism. The

Figure 9 TGA and DTG curves of PMMA (2) and some
MMA-4VP copolymers with different compositions (mol %
of 4VP-unit as in Table I, entry 6–8 and 10–11).

TABLE V
Thermal Behaviours of Poly(MMA-co-4VP) Copolymers with Different Compositions

Entrya

Content of
4VP-units
(mol %)

DSC analysis DTG analysis

TGA analysis,
Weight loss

(%) at Residual

Tg (8C) Td1 (8C) Td2 (8C) Tdmax (8C) Td1 Td2 weight (%)

2 0b 117 280 369 369 9.38 70.00 0
3 0c 115 288 369 369 22.18 75.14 0
4 5.12 – 284 339 339 21.32 67.73 8.24
5 8.08 123 288 340 340 20.74 66.64 9.64
6 7.90 117 306 358 358 30.18 73.98 7.54
7 11.48 118 309 349 309 33.04 67.66 9.87
8 12.08 120 310 354 310 32.12 69.26 9.42
9 17.69 132 315 – 315 40.26 – 12.86
10 32.34 126 309 – 309 41.84 – 9.6
11 59.9 139 317 – 317 46.79 – 7.61

a As in Table I.
b MMA Polymerization time of 4 h with Ni(II)complex (C-3, 16.5 months old).
c MMA Polymerization time of 24 h with Ni(II)complex (C-2, 26 months old).
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reactivity ratios of this pair of copolymers were esti-
mated using linear graphical and nonlinear
(RREVM) methods. In all cases, the rv values were
higher than the corresponding rm and their product
less than one indicating that a kinetic preference
exists for a random incorporation of 4VP in copoly-
mer chains. DSC study revealed that an increase of
4VP content in the copolymers led to a visible
increase in Tg. The TGA showed that the stability of
the copolymers decreases with increasing 4VP con-
tent. This study also reveled that the activity of the
Ni complex towards polymerization reaction is
greatly affected by its age.
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