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ABSTRACT

The polymerization of vinyl monomer initiated with poly-2-
hydroxyethylmethacrylate (PHEMA) in water was carried out

at 85°C., Cu(Il) ion was not necessary for this polymerization.
Methacrylate monomers were polymerized, while styrene and
acrylonitrile were not. The polymerization was found to proceed
through a radical mechanism in the interior of PHEMA which was
swelled in water. The grafting efficiency of MMA polymer ob-
tained was about 90%. The overall activation energy was esti-
mated to be 32.9 kJ/mol.

INTRODUCTION

In the study on "'the so-called uncatalyzed polymerization," we
carried out the polymerization of methyl methacrylate (MMA) by
starch [ 1], cellulose [ 2], and polyvinyl alcohol [ 3]. These macro-
molecules with OH groups were found to be able to initiate radical
polymerization only in the presence of Cu{Il) or Fe(Ill) ion.
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The present paper deals with the radical polymerization of vinyl
monomer initiated with poly-2-hydroxyethylmethacrylate (PHEMA),
Interestingly, in this case, the polymerization proceeded without
Cu(1I) ion.

EXPERIMENTAL

Materials

PHEMA., PHEMA was prepared according to the Gregonis et
al. method [ 4] by the polymerization of 2-hydroxyethylmethacrylate
(Mitsubishi Gas Co.). The polymer thus obtained was purified by
reprecipitating twice from the ethanol/diethyl ether system and fur-
ther from the ethanol/ethyl acetate system.

The existence of a peroxide group in PHEMA could not be observed
by the KI method. Moreover, it was confirmed by an ESR spectrum
that the free radical was not included in the PHEMA obtained.

The number-average degree of polymerization of PHEMA ob-
tained was estimated to be 2200 from the viscosity measured in
N,N-dimethylformamide at 25°C by Bohdanecky's equation [5].

Other Materials

MMA, other monomers, and organic solvents were purified by the
usual methods. Water was ion-exchanged and distilled. Copper(Il)
chloride was of special commercial grade and used without further
purification,

Procedure

Vinyl monomer, PHEMA, and water were placed in a tube. The
tube was sealed under vacuum after thawing with nitrogen. The tube
was heated at 85°C for a definite time with shaking. The reaction
mixture was poured into a large amount of methanol to precipitate
the polymerization product. A part of the PHEMA went in the filtrate,
This PHEMA was recovered by evaporation of methanol and addition
of ethyl acetate. Thus the amount of PHEMA remaining in the prod-
uct was calculated by subtracting the PHEMA recovered from the
PHEMA used in the polymerization. After drying the product under
vacuum, the conversion was calculated by the following equation:

product {g) - PHEMA remained in product (g)
Conversion (%) = % 100
monomer (g)
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TABLE 1, Polymerization of Vinyl Monomers With and Without
PHEMA?

Monomer PHEMA (g) Conversion (%)
MMA 0 0.59
0.1 8.23
Ethyl methacrylate 0 0.71
0.1 5.86
Isopropyl methacrylate 0 0.79
0.1 6.21
n-Butyl methacrylate 0 0.69
0.1 5.45
Styrene 0 2,00
0.1 4,43
Acrylonitrile 0 0
0.1 0.06

aMonomer, 3 em®; H20, 10 cm®; 85°C; 3 h; with shaking.

The efficiency of grafting (EG) of MMA onto PHEMA was estimated
by extracting homopoly-MMA with benzene for 50 h using a Soxhlet
extractor. EG was calculated by the following equation:

total poly-MMA (g) - homopoly-MMA (g)

EG X 100

total poly-MMA (g)

RESULTS AND DISCUSSION

Polymerization of Vinyl Monomers

The selectivity of vinyl monomers for polymerization by PHEMA
is shown in Table 1. Such a selectivity of vinyl monomers can be ex-
plained by the concept of "hard and soft hydrophobic areas (HA) and
monomers,' that is, a monomer, having a definite hardness as a
measure of the hydrophobicity, can be most easily incorporated into
the HA having a corresponding hardness which is also a measure of
hydrophobicity of the HA [6, 7].
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FIG. 1. Conversion of MMA vs weight of copper(II) chloride.
MMA, 3 cm®; PHEMA, 0.1 g; Hz0, 10 cm®; 85°C; 3 h; with shaking.

Effect of Cu(Il) Ion on Polymerization

The so-called "uncatalyzed radical polymerization' can be clas-
sified in two groups. The first group requires the presence of a
metallic ion, particularly Cu(Il) ion, The polymerizations of MMA
initiated with starch [ 1], cellulose [ 2], polyvinyl alcohol [ 3], nylon-3
[8], a-amylase [ 9], lysozyme [ 10], etc. belong to this group. The
second group does not require the coexistence of metallic ions. Ex-
amples could be obtained, for instance, with sodium polystyrene~
sulfonate [ 12] and sodium poly-p-vinylphenolate [ 13],

The effect of Cu(ll) ion on the conversion of MMA was investigated
by shaking MMA, water, and PHEMA in the presence of various amounts
of Cu(Il) ion, The results obtained are shown in Fig. 1. As can be seen,
even when Cu(Il) ion was absent, the conversion of 8,23% was observed.
Accordingly, it was concluded that the present polymerization belongs
to the second group.

Proof for Radical Mechanism

Into a mixture of 3 cm® of MMA, 0.1 g of PHEMA, and 10 cm® of
H:0, 0.1 g of radical scavenger | hydroquinone (HQ), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), or 1,3,5-triphenylverdazyl (TPV)] was added
and then the system was shaken at 85°C for 3 h. The results, which
are listed in Table 2, show that the addition of these radical scavengers
inhibits polymerization. Thus it was concluded that the polymeriza-
tion proceeds through a radical mechanism.
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TABI.éE 2, Effect of Radical Scavenger on the Polymerization of
MMA

Radical scavenger Conversion (%)
None 8.23

HQ 0.89

DPPH 0

TPV 0

AMMA, 3 cm®; PHEMA, 0.1 g; H20, 10 cm®; 85°C; 3 h; with
shaking.

Necessity of Water

Keeping the amounts of MMA and PHEMA constant at 3 cm® and
0.1 g, respectively, and varying the amount of water, polymerizations
of MMA were carried out with shaking. The results obtained are shown
in Fig, 2. As can be seen, the existence of water was indispensable
for the polymerization initiated with PHEMA, Conversion of MMA in-
creased with the amount of water up to 1 cm® of water, while conver-
sion is independent of the amount of water beyond that amount.

Phase Where the Polymerization Takes Place

In order to ascertain the phase in which polymerization took place,
polymerization was carried out on standing. The reaction tube was
allowed to stand at 85°C for 3 h. As shown in Fig. 3, the polymerized
system consisted of three phases: a clear MMA layer, a muddy water
layer, and the swelled PHEMA, These layers were separately poured
into methanol. The conversions seen were 1.02, 0,20, and 5.1% respec-
tively. Thus it is clear that this polymerization takes place in the
interior of the clump of PHEMA swelled in water,

Effect of the Amount of PHEMA on the Polymeri-
zation

Polymerization of MMA was carried out in ethanol, acetone, or
water with shaking with varying amounts of PHEMA. PHEMA is
soluble in ethanol and insoluble in water and acetone. The results
obtained are shown in Fig. 4. In the case of water, conversion of
MMA increases linearly with the amount of PHEMA, However, in
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FIG. 2. Amount of water vs, conversion of MMA, MMA, 3 cm®;
PHEMA, 0.1 g; 85°C; 5 h; with shaking,.
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FIG. 3. Polymerization on standing. MMA, 3 cm®; PHEMA, 0.1 g;
H20, 10 cm®; 85°C; 3 h.

the cases of acetone and ethanol, very little polymerization takes
place. Accordingly, polymerization takes place only in the swelled
phase of PHEMA,

Efficiency of Graifing

Figure 4 also shows that EG was marvelously large. An EG as
large as 90% has never been observed before as far as our literature
search reveals.

Effect of the Amount of MMA on the Yield of Poly-

MMA

Polymerization was carried out with shaking while keeping PHEMA
and water constant and varying the amount of MMA. The effect of the
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FIG, 4, Effects of amount of PHEMA on the conversion of MMA
and EG. MMA, 3 cm®; solvent, 10 cm®; 85°C; 3 h; with shaking,
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FIG. 5. Effect of the amount of MMA on the polymer yield. H:0,
10 cm®; 85°C; 3 h; with shaking. (e, o ) PHEMA, 0.1 g; ( o) PHEMA,
0g.

amount of MMA on the polymer yield in grams is shown in Fig. 5.

By subtracting the thermal yield from the overall yield, the corrected
yield is obtained. The thermal yield indicates the poly-MMA in grams
obtained in the absence of PHEMA, Beyond a certain amount of MMA,
the corrected yield became independent of the amount of MMA. This
result means that the reaction in the swelled clump of PHEMA was
limited,
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FIG. 6. Time-conversion curves for (A) polymerization in the
presence of 0.1 g of PHEMA and (B) polymerization in the absence
of PHEMA. MMA, 3 cm®; H=0, 10 cm®; with shaking. ( ©) 75°C;
(°)80°C; (@) 85°C; (*)90°C.

Estimation of Overall Activation Energy

Time-conversion curves were obtained by carrying out polymeri-
zations at 75-90°C with a system of 3 cm® of MMA and 10 cm® of H20
in the presence or absence of 0.1 g of PHEMA, The results obtained
are shown in Fig, 6. No induction period was observed, and there
was a good linear relationship between the conversion and polymeri-
zation time. The rate of polymerization (Rp) of MMA was calculated
by

overall poly-MMA obtained _ { poly-MMA obtained in
in the presence of PHEMA (g) the absence of PHEMA (g)

R, (g/n) =
time (h)

On applying the values of Rp to the Arrhenius equation (Fig. 7), the
overall activation energy was calculated to be 32.9 kJ/mol.

A Proposed Mechanism of Polymerization

In 1968, Kinoshita et al. [ 14] reported that some cross-linked
polymers could polymerize MMA without any initiator and solvent.
Their reasoning was that the bond fission of the cross-linked polymer-
gels occurred through the swelling of the net-structure which produced



07:45 25 January 2011

Downl oaded At:

VINYL POLYMERIZATION. 401 1259

-1.0-

-1

logRy / gh

FIG. 7. Arrhenius plots,

10

Conversion | %
O
O

FIG 8. Conversion of MMA vs pH of aqueous solution. MMA,
3 cm®; PHEMA, 0.1 g; buffer solution, 10 cm®; 85°C; 3 h; with
shakmg The butter solution was as follows: pH 3- 4 M/ 10 sodium
citrate-M/10 HC1; pH 5-6, M/10 sodium citrate- M/10 NaOH; pH
10-12, M/20 NazB4O7-M/20 NaOH.
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FIG. 9. hitiation mechanism of the radical polymerization of
MMA with the system of PHEMA and water.

free radicals. The case of the present paper differs from these be-
cause PHEMA is not cross-linked. PHEMA incorporates water and
MMA molecules and swells. In the interior of the swelled clump of
PHEMA, which is called hydrophobic areas (HA) by the present
authors, radical initiation occurs., As mentioned above, the co-
existence of water is necessary. Based on the formerly proposed
mechanism [ 3] which was assigned to the uncatalyzed polymerization
of MMA by polyvinyl alcohol, we suggest the initiation mechanism by
PHEMA as written in Fig. 9.
In this mechanism, the occurrence of H' is assumed, Nakaya et al,
[ 15] calculated the stabilization energy of H' by the LCAO MO method
when the H® was surrounded by three O-H groups, and they concluded
that the energy amounted to 109 kJ/mol.
The present paper reports that the EG of MMA onto PHEMA is a sur-
prising 90%. Such a large EG can be explained by the above mechanism,
It is concluded that the rate of polymerization is most favored at
pH 7. This conclusion can also be supported by the above mechanism;
the OH group of PHEMA should exist freely and be untouched by HsO*
or OH™ ions,
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