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ABSTRACT

The polymerization of acrylamide and its copolymerization
with acrylonitrile were investigated with AlEt, and AlEt -
hexamethyl phosphoric acid triamide. AlEt, initiates the
polymerization of acrylamide. The addition of hexamethyl
phosphoric acid triamide greatly influences the yields of
methanol-insoluble polymer, nsp/c, and the structure of

polymer. Vinyl polymerization is dominant with AlEt; in
the presence of hexamethyl phosphoric acid triamide.

On copolymerization of acrylamide with acrylonitrile, the
acrylonitrile content in the copolymer increased with the
addition of hexamethyl phosphoric acid triamide on AlEt,.
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INTRODUCTION

Breslow [ 1] first reported that the polymerization of acrylamide
(AcAm) in the presence of alkali catalysts such as alkali metal
alkoxide does not give a vinyl-type polymer, poly(AcAm), but gives
poly( S-alanine); there occurs a so-called polymerization with
hydrogen migration. Later, many other authors studied the effective
catalysts for the polymerization of acrylamide with hydrogen
migration, such as Grignard reagents [ 2, 3], metal alkoxides [4],
n-Buli [3], and lithium benzophenone ketyl [ 5].

Two different initiation mechanisms are proposed for the sodium
alkoxide initiated polymerization. Breslow et al. [ 1] reported that
the predominating initiation reaction may comply with reaction
scheme

CH,=CHCONH, + B® = CH,=CHCONH ® + BH (1)

The second initiation mechanism was proposed by Ogata [ 6] who
concluded that the nucleophilic attack at the S-carbon atom to carbonyl
must be the initiation step of the polymerization reaction:

[S] o
CH,=CHCONH, + B® = BCH,CHCONH, = BCH,CH,CONH (2)

Tani et al. reported that the initiation reaction of AcAm polymer-
ization may well be discussed by considering the different actions of
sodium methoxide and sodium t-butoxide toward AcAm [7].

In a previous paper the author reported the effect of hexamethyl
phosphoric acid triamide (HMPA) on the rate of polymerization in
the AlEt, initiated-copolymerization of epichlorhydrin with methyl
methacrylate (MMA) [ 8]. Furthermore, the catalytic behavior of the
AlEt,-HMPA complex is known to be peculiar to the copolymerization
of MMA with acrylonitrile (AN) [ 9].

The present work reports the results obtained by polymerizing
AcAm and by copolymerizing AcAm with AN initiated with both AlEt,
catalyst and the AlEt;~-HMPA complex catalyst.

EXPERIMENTAL
Materials

AcAm and other methyl substituent derivatives were commercially
supplied. AcAm was recrystallized from chloroform each time before
polymerization; in some cases the monomer was purified by sublima-
tion in vacuo before use. AN and the solvents used were purified by
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conventional methods. AlEt, was purified by distillation under re-
duced pressure and was stored as a normal solution in toluene.
HMPA was dried over calcium hydride, vacumm distilled, and stored
as a normal solution in toluene.

Polymerization Procedure

All experiments were performed in a glass tube which was filled
in a dry box with dry monomer, solvent, and catalyst; in all cases
phenyl- ~-naphthylamine (PBNA) was added as an inhibitor of free-
radical polymerization. The tube was then evacuated, sealed in a
nitrogen atmosphere, and kept at 80°C. At the end of each polymer-
ization there was a solid white product on the walls of the reaction
tube. After a given time of reaction, the polymerization mixture
was poured into methanol containing a small amount of hydrochloric
acid. The methanol-insoluble polymer was glass-filtered, washed,
and dried under vacuum.

Characterization of Polymer

Poly (AcAm) obtained with AlEt_ alone and the AlEt,-HMPA
complex contains two kinds of polymer; that is, a transition
polymer and a vinyl polymer. The fraction of these units in the
polymer was conveniently determined from the optical density of
the IR spectrum of a secondary amide group in the polymer [ 10].
The D-values in Table 1, 2, and 3 show the ratio of D1535 cm-! to
D1660 em-1 The monomer content of the copolymer of AcAm with
AN was also determined by means of IR spectroscopy using the ratio
of the optical density of D2260 em-1! to D1660 cm=-1» 28 shown by the

D'-values in Table 5 and in Fig. 4 [11]. Elemental analyses for
carbon and nitrogen were also carried out on most of the copolymers,
but reproducibility was poor., Polymer viscosities were measured by
an Ostwald viscometer in 1% formic acid solution at 30°C.

RESULTS AND DISCUSSION

In an anionic polymerization of polar vinyl monomers such as MMA
and AN, the catalytic activity of AIR, is known to be enhanced in the
presence of a Lewis base [12]. In a previous paper [ 9] the author
suggested that the AlEt, -HMPA complex initiates the anionic polymer-
ization of MMA and AN at 80°C. It is expected that in the case of
AcAm the anionic vinyl polymerization selectively occurs through the
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TABLE L Polya{nerization of AcAm Injtiated by AlEt; and AlEt,-
HMPA Complex

Methanol
Expt. AlEt, HMPA insoluble
No. (mole %)b (mole )P polymer (%)  7ngp/c  D-value
1 1 - 7.0 0.17 0.16
2 2 - 17.4 0.17 0.15
3 3 - 24.0 0.20 0.14
4 5 - 29.5 0.18 0.14
5 1 1 12.3 0.35 0.10
6 2 2 23.7 0.32 0.09
7 3 3 29.9 0.37 0.07
8 5 5 39.4 0.35 0.10

aAcAm, 0.035 mole; PBNA, 0.05 g; toluene, 20 ml; polymerization
for 20 hr.
bOn monomer.

formation of the complex. Therefore the effect of HMPA was further
investigated in the polymerization of AcAm with AlEt,.

Table 1 shows the results of the polymerization of AcAm obtained
with the AlEt;-HMPA complex at the various catalyst concentrations
together with the results of polymerization with the corresponding
concentrations of AlEt, alone. The yields of methanol-insoluble polymer,
Mg p/c, and D-value were compared. AlEt; showed fairly good catalyst

activity for the polymerization of AcAm. The values of __/c of the
sp

polymer obtained have a maximum value at about 3 mole % catalyst con-
centration in this condition, while D-values were constant in the 0.14
and 0.16 range in spite of A1Et_concentrations. These results coincide
with that of polymerization with n-BuLi as a catalyst [ 10]. The in-
crease of polymer yields did not influence the structure of poly(AcAm),

It is well known that poly( S-alanine) was produced by polymerization
with hydrogen migration catalyzed by a strong base, while the vinyl
polymer was obtained by a weak basic catalyst [4]. It is likely that
vinyl polymerization may take precedence when AlEt, is used among
weak bases.

At each concentration of AlEt; the addition of HMPA increased the
yield of poly(AcAm). The presence of HMPA leads to a marked increase
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FIG. 1. Plot of percent yield of methanol-insoluble polymer vs
time: (o) AlEt,-HMPA; (o) AlEt;. AcAm, 0.035 mole; AlEt,, 1 mole
% (on monomer); HMPA/AlEt, =1.0/1.0 (molar ratio); PBNA, 0,05 g;
and toluene, 20 ml.

in the molecular weight of poly(AcAm), while the D-value becomes
lower.

Figure 1 shows a typical plot of percentage yield of methanol-
insoluble polymer against time. There is a fall in yield of about 25
and 15% with AlEt;-HMPA complex and AlEt, alone, respectively.
In every instance the AlEt,-HMPA complex shows the higher
catalytic activity.

Figure 2 presents the solution viscosity (nsp/c) of polymer ob-

tained in Fig. 1. The nsp/c of the polymer obtained with the AlEt,~

HMPA complex is always a higher value than that of the polymer
obtained with AlEta. nsp/c gradually becomes larger as polymeriza-

tion proceeds. This is probably due to both the living polymerization
of this system and the internal reaction between the resulted
polymers.

Fig. 3 shows the D-values of the polymer with both catalysts.
The D-value of the polymer with the AlEt ,-HMPA complex is always
lower than that of polymer with AlEt;. All D-values are rather
constant, in spite of the yields.
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FIG. 2. Plot of n__/c vs time: (o) AlEt,-HMPA; (o) AlEt,.
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FIG. 3. Plot of D-value vs time: (o) AlEt,-HMPA; (o) AlEt,.
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At a constant AlEt, content, the addition of HMPA increases the
yields of methanol~insoluble polymer of AcAm as the molar ratio of
HMPA to AlEt; is increased, and the rate of polymerization flattens
out as the ratio is equal to or greater than 1 (Table 2). Higher
molecular weight polymers of AcAm were obtained by increasing the
molar ratio, while the D-value was gradually reduced. These results
suggest that the new formation of the complex reflects the polymeriza-
tion of AcAm. It seems that HMPA forms the stable complex and
prevents polymerization with hydrogen migration. The polymerization
of AcAm with this complex catalyst is of the coordinate anionic type.

TABLE 2. Effect of HMPA on the Polymerization of AcAm with
AlEt 2

Methanol
Expt. HMPA/AIEt, insoluble
No. molar ratio polymer (%) nsp/c D-value
0.0/1.0 7.0 0.17 0.16
9 0.5/1.0 8.6 0.20 0.12
1.0/1.0 12,3 0.35 0.10
10 2.0/1.0 12,0 0.35 0.09

aAcAm, 0.035 mole/ AlEt;, 1 mole % (on monomer); PBNA, 0.05 g;
toluene, 20 ml; polymerization for 20 hr.

In an anionic polymerization, polar solvents such as dioxane and
pyridine solvate the countercation in the propagation moiety, and the
concentration of the free propagating anion is increased with a cor-
responding increase in the rate of polymerization. However, the
results observed in Table 3 show a constant rate of polymerization
in dioxane and in pyridine. These results are quite different from
those with n-BuLi [3]. The fact that the activating propagation end
is not a free anion nor a solvent separated ion-pair supports selective
vinyl polymerization with the AlEt,-HMPA complex.

Table 4 presents the results of the polymerization of AcAm and
methyl substituent derivatives of AcAm with the complex catalyst
system.

The complex shows lower catalytic activity toward methacrylamide
and N,N-dimethylacrylamide such as is found with n-BuLi [ 13, 14].
However, this catalyst shows no catalytic activity toward crotonamide.
It seems that the steric hindrance of this monomer limits the approach
of the catalytic active site.
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TABLE 3. Polymerization of AcAm in Various Solventsa

Methanol
Expt. insoluble
No. Solvent polymer (%) ngp/ € D-value
5 Toluene 12.3 0.35 0.10
11 Dioxane 15.2 0.32 0.07
12 Pyridine 12.0 0.32 0.07

3AcAm, 0.035 mole; AlEt,, 1 mole % (on monomer); HMPA/AIEt, =
1.0/1.0 (molar ratio); PBNA, 0.05 g; solvent, 20 ml; polymerization for
20 hr.

TABLE 4. Polymerization of AcAm and Its Methyl Substituent
Derivatives with the AlEt,-HMPA Complex?

Methanol insoluble polymer

Expt.

No. Monomer Yield (%) nsp/c
13 Acrylamide 17.4 0.36
14 Methacrylamide 3.8 0.25
15 Crotonamide 0.0 -

16 N,N-Dimethylacrylamide 10.3 0.23

aMonomer, 0.035 mole; AlEt,, 1 mole % (on monomer); HMPA/
AlEta = 1,0/1.0 (molar ratio); PBNA, 0.05 g; toluene, 20 ml; polymer-
ization for 40 hr.

Table 5 presents the resuits of the copolymerization of AcAm with
AN initiated by both catalysts. The rate of copolymerization with the
complex catalyst is higher than that with AlEt; alone at all monomer
compositions, and the nsp/c of the copolymer is low. Figure 4 shows

the dependence of the D' -value of the copolymer on the molar ratio of
AN to AcAm. The AN content in copolymers increased with the
complex catalyst as compared with AlEt,.
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FIG. 4. Plot of D'-~value vs molar ratio of AN to AcAm: (e)
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-HMPA; (o) AlEt,.
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