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Porous copolymers of methacrylic acid with N-(2-hydroxypropyl) methacrylamide or (2-hydroxy-
ethyl) methacrylate were prepared using 1,3,5-triacryloylhexahydrotriazine as the crosslinking
agent. The copolymers were characterized by their swelling, bulk weight, and morphologically
by scanning electron microscopy. Data thus obtained were used in the interpretation of the forma-
tion of different porous morphology, differing in the size and ordering of globules.

In our research of the sorption of physiologically active compounds on ion-exchange
materials containing methacrylic acid!~3 we showed that the process of sorption
was affected not only by ionic bonds between the sorbent and the compound sorbed,
but also by additional interactions. The process of sorption of a given compound
depends, among other things, on the chemical structure of the given gel and on its
morphology. In order to verify the effect of the presence of a hydrophilic compound
in ion exchange materials on the sorption of a number of compounds, we prepared
new cation exchangers by copolymerizing methacrylic acid with N-(2-hydroxypropyl)
methacrylamide or with (2-hydroxyethyl) methacrylate, using 1,3,5-triacryloylhexa-
hydrotriazine as the crosslinking agent. In this work the copolymers have been
characterized by swelling, bulk weight, and morphologically by scanning electron
microscopy. The formation of porous structure is discussed using up-to-date views of
the genesis of morphology in the precipitation copolymerization®. A forthcoming
paper® deals with the relationship between the structure of these cation exchangers
and their sorption properties.

* The investigation was carried out under the bilatera) agreement on cooperation between
the Czechoslovak Academy of Sciences and the Academy of Sciences of USSR.
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EXPERIMENTAL

Monomers and Chemicals

Methacrylic acid (Chemical Works, Riga) was distilled twice (copper shavings as stabilizer)
through a 40 cm column; b.p. 84°C/133-3 Pa. Purity was checked by gas chromatography (99:96%),
nZ0 14549,

(2-Hydroxyethyl) methacrylate® was prepared by the alkaline reesterification of methyl meth-
acrylate with ethylene glycol. The diester was removed from the reaction mixture diluted with
water (1 : 1) by extraction fifteen times with hexane (volume ratio of the extractant to the aqueous
monomer solution 1 : 1). The purity of distilled monomer (b.p. 79°C/133:3 Pa) was checked by
gas chromatography (99-2%) and by the saponification number, n[z,c' 1-4525.

N-(2-hydroxypropyl) methacrylamide7 was prepared from l-amino-2-propanol and meth-
acryloyl chloride in acetonitrile solution at 0°C. After removal of l-amino-2-propanol hydro-
chloride by filtration, the reaction mixture was concentrated in vacuo and left in the freezing box
at —20°C. Raw N-(2-hydroxypropyl) methacrylamide was twice recrystallized from acetone,
m.p. 67—8°C.

1,3,5-Triacryloylhexahydrotriazine was prepareds by gradually adding paraformaldehyde to
a solution of sulphuric acid and acrylonitrile heated to 70°C. The raw product was recrystallized
from ethanol. M.p. 157°C.

Preparation of Polymers

The polymerization was carried out in ampoules (50 cm3). Water and 5:15 and 30% aqueous
acetic acid solutions were used as the polymerization solvent. The concentration of the monomeric
mixture was 20% each time, 1,3,5-triacryloylhexahydrotriazine was the crosslinking agent
(4 mol.%), and an equimolar mixture of ammonium persulphate and ascorbic acid (26 . 10~ 3 mol
of both compounds per 100 g of the polymerization mixture) was the initiator. The temperature
of the polymerization was maintained at 25°C for 4 h and after that at 100°C for-2 h. The isolated
crosslinked polymer was crushed and covered with 0-5M-NaOH in excess for 14 h. After decanta-
tion with water repeated several times, the polymers were transformed into the H™ cycle by treating
with 1M-HCI for 8 h. After another decantation with water until neutral reaction, the samples
were predried in a desiccator over P,O; for four days, and dried to constant weight in a vacuum
drying box at 40°C. By sifting mechanically crushed polymers on sieves, a fraction 0-1—0:2 mm
was isolated.

Volume Swelling Measurements

The bulk volume of one gram of dry cation exchanger in the H-form (¥, ml/g) was determined
in a graduated test tube. The volume of the swollen cation exchanger in water (V) and in the
phosphate buffer with pH 6-8 (¥,) was measured in a similar way, which approximately corres-
ponds to a 50%; ionization of carboxylic groups®. V.l Vy is regarded as the coefficient of volume
swelling.

Scanning Electron Microscopy

Dried samples grain size 0-1 ~0-2 mm, were fixed with polybutene on a metal support and vacuum
coated with carbon and gold while rotating, in order to make the surface conductive and to raise
the emission of secondary electrons. Micrographs were taken with a JSM 35R JEOLCO scanning
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microscope at an accelerating voltage of 25 kV. The diameter of microglobules, D, is given in
Table 1.

RESULTS AND DISCUSSION

A number of porous copolymers of methacrylic acid (I) with N-(2-hydroxypropyl)
methacrylamide (1) or (2-hydroxyethyl) methacrylate (111) were prepared; their
composition and properties are summarized in Table I.

The composition of the copolymerizing mixture has a decisive influence on the
heterogeneity of the polymer (from here onwards, the copolymer composition always
means the composition of the original mixture of monomeric components in mol.%).
The opacity of dried samples shows that copolymers I + 1] are macroporous over
the whole range of compositions studied (0—75%), while copolymers I + II are

TabLE 1
Characterization of Copolymers of Methacrylic Acid (1)

Comonomers: N-(2-hydroxypropyl) methacrylamide (II), (2-hydroxyethyl) methacrylate (I1).
Concentrations expressed in mol.%.

Initial polymerization mixture” Characteristics of polymersb
Solvent (1] 11} V4231 Vo Ve Ve D, pm

H,0 0 100 — 15 18-5 18-5 homog.
H,0 30 70 — 15 14-8 22-8 0-16 4- 0-07
H,0 50 50 - 43 151 26-8 10 £ 02
H,0 75 25 — 31 75 157 16 + 04
5% CH;COOH 75 25 — 1-5 77 16:0 04 4+ 02
15% CH3;COOH 75 25 — 1-5 75 12:6 —
309 CH;COOH 75 25 — 1-4 71 11-5 homog.
H,0 0 — 100 2:8 41 41 20 £06
H,0 10 — 90 4-3 96 113 144 £+ 03
H,0 30 - 70 44 83 125 10 + 03
H,0 50 - 50 55 107 193 1,0 £ 02
H,0 75 - 25 43 87 173 13 £07
5% CH,COOH 75 - 25 42 92 16:6 -
15% CH;COOH 75 - 25 14 46 10-4 -
30% CH,COOH 75 - 25 1-4 51 14-0 -
H,0 100 - - 14 72 11’6 homog.

91,3,5-Triacryloylhexahydrotriazine was the crosslinking agent (4 mol.%, calculated per the
mixture of monomers). b Symbols defined in the Experimental.
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macroporous only at 50—75% of I, but already at 30% no macroporosity can be
seen, while microheterogeneity can be perceived. These conclusions are also corro-
borated by results of a comparison of the morphology of polymers and copolymers
by scanning electron microscopy (Figs 1 —3*).

Within a limited composition range of opaque samples, globular morphology
can be observed, which is typical of polymers prepared by the precipitation poly-
merization®. In systems with limited solubility the polymer is separated from solu-
tion in the monomeric mixture during the polymerization in the form of globular
particles, which increase in size and agglomerate at higher conversions. In this way,
a macroporous skeleton is formed with communicating pores between the globules.
Table T shows the dependence of the globule size on composition.-The crosslinked
polymers of I, II, and III are homogeneous (Fig. 1*); the globule size of copoly-
mers I + II increases from 016 to 1-60 pm in the case of samples with 30, 50 and
75% of I. Compared to the sample with 75% of I, in the case of the sample with 10%
of I the polymer is separated from the better solvent, which makes a larger number
of particles separate from the volume unit of the monomer. In the sample with 759
of I, the nuclei may increase to form larger globules, but I in excess makes them
swell, which is reflected in a more pronounced collapse of the particles. The highest
porosity is attained for the sample with an average composition (50%), where the
globule size is average (c. 1 um), and the globules are least agglomerated.

In the series of copolymers I + III, globular morphology can be seen within a
broad range of compositions from 0 to 75% of I; the polymer with the highest poro-
sity having the smallest and least sintered globules is formed at 50% of I (Fig. 3*).
In this series too an increased agglomeration of globules is observed-at 75% of I.

The dependence of bulk weight on composition in both series of copolymers
(Fig. 4a*) is in good agreement with results of the morphological investigation. It has
been confirmed that evidently macroporous samples exhibit low bulk weights (below
0'5 g/ml), the most porous being copolymers with 50% of I. )

The relatively large size and low agglomeration of globules of the copolymer
with 50% of I' (highest porosity) indicate the smallest solubility of the copolymer
having the given composition. A likely explanation may- consist in a specific inter-
action between the components of copolymers I + II containing the amide and the
carboxyl group, which is most pronounced at the 1 : 1 ratio.

The swelling properties measured for the copolymers prepared in this work and
the interpretation given above are confirmed by Fig. 4b*, in which the copolymers are
characterized by the coefficient of volume swelling (V,,/V;). Obviously, for a macro-
porous gel to be formed, it is necessary that V,,/V, < 4. In the same figure one can

See insert facing page 1930,
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also see the dependence of V,/V,, on the content of methacrylic acid in the polymeri-
zation mixture. This value expresses a relative change in the gel volume, if these gels
are swollen in a phosphate buffer (pH 6~8) and in water. The change in swelling
may be assigned to a change in the degree of ionization of methacrylic acid. Neither
the effect of different morphology nor that of different chemical constitution of the
polymers under study is operative in this case.

In the final part of the work we attempted to characterize qualitatively the effect of
composition of the solvent on the heterogeneity of copolymers. As shown by Fig. 5%,
an addition of acetic acid to the polymerization mixture improves the quality of the
solvent in both systems. For copolymers I + II the change in the thermodynamic
quality of the solvent is much more pronounced than for copolymers I + III. In the
former case, an addition of 5% CH3;COOH to the polymerization mixture is suffi-
cient to make the character of the polymer change from heterogeneous to homo-
geneous (V,,/V, > 4). In the latter case, the thermodynamic properties of the solvent
are changed gradually; in the concentration range 0—30% CH,COOH, the system
changes from a heterogeneous into a homogeneous one. For copolymers I + II,
these changes in structure are demonstrated by electron micrographs (Fig. 6*).

In the case of copolymer I + II (25 :75), one can see a refinement of globular
morphology with increasing concentration of acetic acid in the copolymerization
mixture. This agrees well with the finding that in a better solvent the free energy of
formation of polymeric nuclei decreases, and the latter are therefore separated in
a larger amount*. In a solution containing 30% of acetic acid, a pseudohomogeneous
copolymer is formed. In such case one can speak about microporosity, or swelling
porosity with heterogeneities lower by two orders of magnitude than those observed
with macroporous copolymers.

The results just described show that, similarly to other systems, in our case too
phase separation occurs and a heterogeneous copolymer is formed, if the polymer—
solvent interaction parameter attains the critical value!'®. Since this work had as its
objective preparation of new sorption materials, the conditions of formation of
a heterogeneous copolymer were determined only by the composition of the original
monomeric mixture and confirmed by an electron-microscopic characterization of
the polymers under study. A more detailed thermodynamic description of such sy-
stems goes beyond the scope and aims of this and forthcoming® papers.
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Porous Copolymers of Methacrylic Acid

FiG. 1

The Morphology of Crosslinked Poly[N-(2-Hydroxypropyl) Methacrylamide] (a), Poly-
methacrylic Acid (4), Poly[(2-Hydroxyethyl) Methacrylate] (c)

FiG. 2

The Morphology of Crosslinked Copolymers of Methacrylic Acid (/) with N-(2-Hydroxypropyl)
Methacrylamide

The concentration of / in the initial mixture of monomers, mol.%: a 30, b 50, ¢ 75. Poly-
merization solvent: water.



FiG. 3
The Morphology of Crosslinked Copolymers of Methacrylic Acid (I) with (2-Hydroxyethyl)
Methacrylate .

The concentration of 7 in the initial mixture of monomers, mol.%: a 10, & 30, ¢ 50, d 75.
Polymerization solvent: water,
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FiG. 4

The Dependence of Bulk Weight in the Dry State (1/¥,, g/ml) and of the Coefficient of Volume
Swelling (¥,,/¥,), or Vy/V, on the Content of Methacrylic Acid (I) in Copolymers with (2-
Hydroxyethyl) Methacrylate (@) or N-(2-Hydroxypropyl) Methacrylamide (0)
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Copolymerization of Methacrylic Acid (75
mol.%) with (2-Hydroxyethyl) Methacrylate
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FiG. 6

The Effect of the Concentration of Acetic Acid as the Polymerization Solvent on the Mor-
phology of the Crosslinked Copolymer Methacrylic Acid (/) — N-(2-Hydroxypropyl) Metha-
crylamide (1)

The concentration of components in the mixture of monomers: 75 mol.% I, 25 mol.% II.
Solvent: @ H,0, b 5% CH;COOH, ¢ 30% CH;COOH.





