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Vinyl Polymerization Catalyzed
by AlEt ;-Hexamethyl Phosphoric
Acid Triamide Complex

AKIRA AKIMOTO and TADASHI OKADA

Central Research Laboratory
Toyo Soda Manufacturing Co., Ltd
Shinnanyo-shi, Yamaguchi-ken, Japan

ABSTRACT

The polymerization of methyl methacrylate and acryloni-
trile is shown to occur by an anionic mechanism initiated by
a 1:1 complex between triethyl aluminum and hexamethyl
phosphoric acid triamide at a relatively high temperature.
This complex can also initiate the radical polymerization of
vinyl monomers at relatively low temperatures.

A tentative initiation mechanism {s presented.

INTRODUCTION

The activating effect of Lewis bases on the anionic polymeriza-
tion of polar vinyl monomers has recently been studied on the basis
of the results obtained from different systems of organometallic
compounds. In the anionic polymerization of methyl methacrylate
{MMA) with triethyl aluminum (AlEt,), coordination of Lewis bases
such as a,a'-dipyridyl was found to increase the anionic character of
the alkyl group in the triethyl aluminum [1].
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The reactivity of organomagnesium coordination complexes is
dependent on the type and nature of the ligand, and these complexes
show different catalvtic activity for the polymerization of
acrylonitrile (AN) 2, 3].

Copolymerization of polar vinyl monomers catalyzed by these
complexes also reflects this mechanism. For example, the co-
polymerization of styrene with a-methylstyrene with n-butyllithium
demonstrated the enhanced a-methylstyrene reactivity in the
presence of hexamethyl phosphoric acid triamide (HMPA) [ 4].

In this paper the effect of HMPA on the polymerization of MMA
and AN and the copolymerization of MMA with AN catalyzed by
AlEt, is investigated.

EXPERIMENTAL

Materials

All the vinyl monomers and soivent used were purified by con-
ventional methods. AN, vinyl acetate, and benzene were distilled
under a purified nitrogen atmosphere. MMA and HMPA were dis-
tilled under reduced pressure. Vinyl chloride was used without further
purification. AlEt, was purified by distillation under reduced pressure
and was stored as a normal solution in benzene.

Polymerization Procedure

All the procedures were carried out under a purified nitrogen at-
mosphere. Benzene solutions of AlEt, and of HMPA were mixed in an
ampule at -78°C to give an appropriate molar ratio of AlEt, to HMPA.
The monomer was then added to the ampule. The evacuated and sealed
ampule was kept at a given temperature. After a given time of re-
action, the polymerization mixture was poured into methanol containing
a small amount of hydrochloric acid (or, for polymerization of vinyl
acetate, into petroleum ether). The precipitated polymer was collected
by filtration and washed and dried under high vacuum.

NMR Spectra of AlEt, Compliex

The NMR spectrum of a mixture of AlEt, and HMPA in benzene
was measured at various temperatures on a 100-Mc NMR
spectrometer with benzene as the internal standard.
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RESULTS AND DISCUSSION

Table 1 shows the results of the polymerization of MMA and AN
obtained with the AlEt,-HMPA catalyst system at various HMPA/AIEt,
molar ratios. The yields of polvmer for a standard time interval were
compared. AlEt, alone did not show any catalytic activity for the
polymerization of MMA and gave small amounts of poly(AN).

TABLE 1. Polymerization of Methyl Methacrylate and Acrylonitrile
Catalyzed by AlEt, and HMPA?

Expt. HMPA/ AlEt, Yield b
No. Vinyl monomer molar ratio (%) (]
1 MMA 0.0 0 -
2 MMA 0.1 6 0.20
3 MMA 0.5 12 0.50
4 MMA 1.0 35 3.00
3 MMA 5.0 35 2.95
6 MMA 10.0 39 2.80
7 AN 0.0 6 -
8 AN 0.5 10 -
9 AN 1.0 43 3.55
10 AN 2.0 46 3.60
11 AN 5.0 60 -

a'Vinyl monomer 5 ml, benzene 5 ml, AlEt, 1 mole % on monomer,
polymerized at 80°C for 20 hr.
In benzene at 30°C for poly(MMA) and in N,N-dimethylformamide
ar 30°C for poly(AN).

At a constant AIEt, content, the addition of HMPA increased the
yields of poly(MMA) and poly(AN). The molar ratio of HMPA/ALEt,
was then increased up to 5 or 10 and it was found that the yields of
polymer increased suddenly around HMPA/AIEt, equal to 1 and there-
after remained almost steady.

The presence of HMPA leads to a marked increase in the molecular
weight of poly(MMA) and poly(AN), and high molecular weight polymers
([n] = 3.00) of MMA and AN were obtained with a molar ratio of
HMPA/AIEt, of 1.
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The molecular weight of poly( MMA) is a maximum at a 1/1 molar
ratio. An increase in this ratio to 10 reduces the molecular weight of
poly( MMA).

Because the experiments in the presence of EMPA were carried
out at low concentrations of HMPA, its content in the reaction mixture
did not change the polarity of the medium in the case of low molar ratios
of HMPA/ALEt;. A steady rate of polymerization was also observed at
higher molar ratios. This means that the polarity of this medium does
not increase the rate of polymerization of this catalyst system [1]. The
cause of this phenomenon is that the participation of HMPA results in
the formation of new catalytic sites.

In alkyl aluminum chemistry the electronegativity of aluminum ion of
an alkyl aluminum can be estimated from the difference between the
internal chemical shifts of the methyl and methylene protons, 5.l ot =
OCH, - GCH,’ in the NMR spectrum [ 3]. :

In Fig. 1, -61 ot is shown as a function of the HMPA/ALEt, molar
ratio. 'aint. increased from an initial value for AlEt, in benzene of 80

(Hz) to a maximum value of 129 (Hz). This was attained when the

ratio just exceeded 1.0. This implies that a strong 1:1 HMPA~ALEL,
complex was formed. Once the reagent ratio just exceeds 1.0, it may
be assumed that the 1:1 complex is the only form of AlEt, present in
solution. This result ¢f internal chemical shift reflects the rate of
polymerization of MMA and of AN with the HMPA-ALEt, catalyst system
at various molar ratios.

INTERNAL SHIFT, - bin1.(CPS)

s e
HMPA /AIE?,

FIG. 1. Internal chemical shift of the aluminum ethyl protons:
6Lnt = GCH, - GCH in the 100 MHz NMR spectrum of HMPA-AIEt,
o 2

mixtures in berzene at 80°C as a function of HMPA:ALEt, molar ratio.
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The copolymerization of MMA with AN was investigated with the
HMPA-AIEt, catalyst system (HMPA/AIEt; = 1) at various tempera-
tures. For each experiment the monomer mixtures were polymerized
in the range of 2 to 5% by weight. The monomer content of the co-
polymers was determined by IR spectroscopy using the calibration
curve. Elemental analyses for carbon and nitrogen were also carried
out on most of the copolymers but reproducibility was poor.
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FIG. 2. Composition diagram for the copolymerization of MMA
with AN at various temperatures: ¢, 80°C; 3,60°C; ¢,30°C; and 2,60°C
with AIBN.

The surprising results are shown in Fig. 2. The copolymerization
curve at 80°C was only a little different from that of typical anionic
copolymerizations [ 6].

The MMA content in copolymers gradually increased as the
temperature of copolymerization decreased, and the copolymerization
at 30°C showed the composition curve of a radical mechanism [7].

Table 2 presents the results of the polymerization of vinyl acetate
and vinyl chloride with HMPA-AlEt, catalyst. This catalyst has a weak
activity toward vinyl acetate and vinyl chloride at 30 and 60°C. Thus it
can be concluded that the HMPA-AIlEt, catalyst system has two different
catalytic active sites, one anionic and the other radical site. The
catalytic nature was greatly dependent on the reaction temperature.

In Fig. 3 the chemical shifts of the methyl protons of HMPA in the
NMR spectrum are shown as a function of HMPA/AlEt, ratio. Chemical
shifts of the methyl protons increased in the presence of AlEt, from an
initial absorption band. This means that the —N(CH,), group of HMPA
strongly interacts with AlEt, and that the 1:1 complex, mentioned
earlier, is complicated.

It has been reported that amide derivatives of titanium [8] and
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TABLE 2. Polymerization of Vinyl Acetate and Vinyl Chloride with
AlEt, and HMPA?

Expt. Yield

No. Vinyl monomer (%) [ n]c
12 VAac 9.5 -

13 VAcP 5.5 0.76
14 vC 6.1 -

15 vce 5.7 0.80

3Yinyl monomer 5 ml. benzene 3 ml, AlEt, 1 mole % on monomer,
HMPA/ALEt, = 1/1 (mole), polymerized at 30°C for 30 hr.

bpolymerized at 60°C for 20 hr.

CIn benzene at 30°C for poly(VAc) and in nitrobenzene at 30°C for
poly(VC).
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FI1G. 3. Chemical shift of the HMPA methyl protons in the 100 MHz
NMR spectrum of HMPA-ALEt, mixture in benzene at 30°C as a
function of HMPA:ALEt, molar ratio.

alumirum [ 9] have been used as initiators for the polymerization of
vinyl monomers, and that they may function either as ionic or as iree
radical initiators. The probable source of the free radicals was the
decomposition reaction cf the metal-amide derivatives. These metal-
nitrogen bonds have an unusual chemical catalytic reactivity.

In the present studies it is likely that the interaction of the
-N(CH,), group of HMPA with AlEt,, i.e., the charge transfer re-
action, leads to the radical polymerization of vinyl monomer. This
type of radical has been found elsewhere by means of ESR [1].
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However, a clear initiation mechanism for the radical polymeriza-
tion cannot be offered at present.
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