Graft Polymerization of Vinyl Acetate onto Silica
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SYNOPSIS

A method is reported for the surface grafting of polyvinyl acetate (PVAc) onto modified,
nonporous silica. The silica surface was modified by silylation with vinyl ( triethoxy)silane
followed by graft polymerization of vinyl acetate. The graft yield was measured by ther-
mogravimetric analysis and the monomer conversion was monitored by UV spectral analysis.
The rate of the graft polymerization and the graft yield were proportional to the initial
monomer concentration. Vinyl acetate conversion followed first-order kinetics and displayed
a trend of increasing initial rate with increasing monomer concentration.

INTRODUCTION

Inorganic oxide surfaces can be modified by chemical
treatment to obtain desired interfacial properties for
a variety of applications. One such chemical treat-
ment is modification with polymers. Polymers can
be adsorbed or grafted to inorganic oxide surfaces
for use as fillers in composite materials,’ chemically
bonded support packings for liquid chromatogra-
phy,®™* and for gas chromatography,® in the study
of colloid stability,® in biocompatible gels, "® and for
the immobilization of enzymes.!® In all cases the
proper selection of the polymer, along with control
of the molecular weight and the density of the
grafted chains, is needed to obtain the desired prop-
erties of the polymer-grafted particles.

Graft polymerization is the process of growing
macromolecules from a reactive site that is cova-
lently bonded to the surface. Polymer grafting, in
contrast, is the process of attaching living polymer
chains to reactive sites on polymers'! or other sur-
faces. Graft polymerization onto inorganic oxides,
involving the modification of the particle surface ei-
ther for bulk free-radical polymerizations,®®!>-14
anionically initiated polymerizations,®'*® or by
free-radical polymerizations with the initiator bound
to the surface,®'*'® have all been reported in the
literature. Free-radical graft polymerization yields
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a molecular weight distribution of the grafted chains
that is characteristic of bulk free-radical poly-
mers. %%

Free-radical graft polymerization onto silica re-
quires that the surface is modified by bonding
reactive sites—either initiator or reactive function-
al groups—to the silica. The surface modification
can be achieved, for example, with organosi-
lanes.>1%2%-28 A gchematic representation of the
bonding of a vinylsilane to hydroxylated silica is
shown in Figure 1. The covalent bonding of silanes
with the general formula RSiX; where X represents
a hydrolyzable group such as methoxy or ethoxy and
R represents a nonhydrolyzable alkane, alkene, or
aromatic group has been reported by numerous in-
vestigators,>610:23-27

In this article we report the free-radical graft po-
lymerization of polyvinyl acetate (PVAc) onto non-
porous silica that has been modified with vi-
nyl (triethoxy)silane. Many of the low molecular
weight chlorinated hydrocarbons are good solvents
for PVAc, such as chloroform.? Thus, a resin with
a surface-bound PVAc layer should be of interest
for reverse-phase liquid chromatography of chlori-
nated hydrocarbons. Polyvinyl acetate is readily
converted into polyvinyl alcohol by complete alco-
holysis of the pendant acetal group, or into PVAc-
PVA copolymers by partial alcoholysis of the acetal
groups.?®® Thus, the graft polymerization of PVAc
may be of interest for composites where a bonded
polymer layer of PVAc-PVA copolymer would offer
a wide range of polarity and a wide range of com-
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Figure 1 Vinylsilylation of hydroxylated silica.

patibility with various solvents, depending on the
composition of the copolymer.

EXPERIMENTAL

Graft polymerization of PVAc onto nonporous silica
was accomplished in a batch slurry reactor. The
grafting reaction was carried out with silica particles
modified with vinyl( triethoxy ) silane. The free-rad-
ical polymerization at the surface vinyl group re-
sulted in polymer chains covalently bonded to the
surface of the silica. Ethyl acetate was chosen as the
solvent because it was a good solvent for the mono-
mer (vinyl acetate), the polymer, and the initiator.
The progress of the reaction was monitored by ul-
traviolet spectral analysis of the polymer-monomer
solution, and the grafted polymer yield was deter-
mined by thermogravimetric analysis (TGA) of the
silica particles.

Materials

Nonporous silica { Novacite L207-A) with a mean
particle size of 5 ym was provided by Malvern Min-
erals Co. (Hot Springs, AR). Vinyl acetate monomer
and the initiator [a,a’-azobis(2,4-dimethylvaler-
onitrile) ], both reagent grade, were obtained from
Polysciences Corp. (Warrington, PA ), while the vi-
nyl(triethoxy ) silane used in the silylation reaction
was reagent grade purchased from Petrarch Systems
{ Bristol, PA). Ethyl acetate, used as the solvent in
the reaction mixture and for washing the grafted
silica, and methanol and acetone, used for grafted
silica washing, were spectrophotometric grade and
received from Fisher Scientific (Tustin, CA). Cy-
clohexane, used as the diluent for the UV analysis,
was spectrophotometric grade while mixed xylenes

were certified A.C.S. grade (Fisher Scientific,
Tustin, CA).

Silylation

The silylation procedure followed the procedure of
Chaimberg et al.’? and Chaimberg and Cohen.?® The
novacite silica was converted to its hydroxylated
state by washing batch-wise with strong acid. A
batch of approximately 50 g of novacite was stirred
in 500 mL of 0.12 M HCI solution for 24 h. The acid
slurry was then vacuum filtered and washed with
distilled, deionized water until the filtrate pH was
no longer acidic. This washed novacite was air-dried
for 5 days and then dried under vacuum for 1 day
at 150°C. The hydroxylated silica was kept at 150°C
under vacuum until the start of the reaction. Vi-
nylsilylation was carried out in a 500-mL batch
slurry reaction in a 10% (v/v) solution of vi-
nyl (triethoxy)silane in mixed xylenes.” The reac-
tion mixture was stirred vigorously and maintained
at the boiling temperature of the solution for 8 h.
The temperature of the condenser was kept above
80°C to drive off the ethanol produced from the
bonding of the vinylsilane to the silica.!* The re-
sulting silica slurry was filtered through a Teflon
membrane (1.0 gm pore diameter) and washed with
2 liters of xylene and allowed to cure at 50°C under
vacuum for 24 h.*! The replacement of the remaining
ethoxy groups by hydroxyls was achieved as de-
scribed in Figure 2. The silylated silica was subse-
quently washed exhaustively with distilled, deionized
water, air-dried in a suction flask, and then oven-
dried at 105°C under vacuum in preparation for graft
polymerization.

Graft Polymerization

The graft polymerization reactions at 60°C were
performed in a jacketed reactor under a nitrogen
atmosphere (see Fig. 3). The nitrogen atmosphere
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HC CH HC CH HC CH
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Figure 2 Silane alcoholysis and condensation on silica
surface.
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Figure 3 Slurry reactor for graft polymerization.

was necessary to exclude oxygen, which promotes
the formation of acetaldehyde, a known chain-
transfer agent.?*% The reactions were carried out at
60°C in an ethyl acetate solvent at initial vinyl ac-
etate concentrations of 10, 25, and 40% (v/v}. Ethyl
acetate is a good solvent for the monomer, the poly-
mer, the initiator, and the vinyl-modified silica; thus,
it allowed for better mixing and eliminated the pos-
sibility of a lag time in reaction at the surface due
to improper wetting of the silica particles. The ini-
tiator, o,a’-azobis(2,4-dimethylvaleronitrile) was
used at an initial concentration of 0.0279 M based
on the work of Ito.2* In all cases the reaction was
allowed to proceed for about 10 h.

The graft polymerization procedure consisted of
first adding the vinylsilylated silica and solvent to
the temperature-controlled reactor with vigorous
stirring until the reaction mixture reached the de-
sired temperature. Subsequently, the monomer was
added followed immediately by the initiator. Slurry
samples of 5 mL volume were taken from the reactor
at various times and centrifuged at 10,000 rpm for
2 min in a centrifuge (IEC Centra 4b, International
Equipment Co., Needham Heights, MA) to separate
the silica particles from the solution. The filtered,
grafted silica samples were immediately washed with
100 mL of ethyl acetate, methanol, and acetone over
a 1.0-um polyester filter on a fritted glass funnel. It
was found that washing the grafted silica samples
with the three solvents was sufficient for removing
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any homopolymer that may have adsorbed. In ad-
dition, a blank grafting reaction with unmodified
silica revealed that the amount of polymer adsorbed
onto the surface of the particles during the reaction
was negligible.

The polymer graft yield was determined by TGA.
The amount of grafted polymer was determined by
the difference between the weight loss of the sample
at 700°C and the weight loss of the vinyl-modified
silica at the same temperature. All TGA samples
were held at 100°C until no further weight loss was
noticed for 10 min before heating at a rate of 25°C/
min to 700°C, a temperature sufficiently high to re-
move all of the bonded silane.®

The monomer concentration in the reaction mix-
ture was determined from UV analysis (8452a Diode
Array Spectrophotometer, Hewlett-Packard, Palo
Alto, CA). An appropriate dilution factor in cyclo-
hexane was used such that the absorbance was below
1.6 (i.e., a transmittance greater than 20%). The
ester group has an absorption maximum at 218 nm,
whereas the absorption maximum for vinyl acetate
diluted in cyclohexane is at 197 nm. The dilution
factor required for ethyl acetate was about 200 times
less than that for vinyl acetate since the vinyl group
absorbs at a wavelength of 198 nm much more
strongly than the ester group absorbs at 217 nm.
The extinction coefficients are reported in Table 1.
Monomer conversion was defined as

[monomer],-; — [ monomer],

Conversion =
[monomer], -

where from Beer’s law, [ monomer] = absorbance
(at 198 nm) /(e [). The amount of monomer con-
sumed in the formation of the grafted polymer ac-
counted for less than 0.05% of the total monomer
consumed in the reaction. Therefore, the contribu-
tion of grafted polymer to the calculated monomer
conversion in the bulk solution was negligible.

In order to determine the extent of polymer ad-
sorption that may have occurred during the reaction,
a limited number of PVAc adsorption studies (at

Table I Wavelength of Absorbance Maximum
and Extinction Coefficients for Vinyl Acetate
and Ethyl Acetate

€ at 198 nm
Species Solvent (L/mol cm)
Vinyl acetate Cyclohexane 7.77E+3
Ethyl acetate Cyclohexane 42.6
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22°C) were carried out. Two different molecular
weights of polymer were used (90,000 and 500,000)
to assess the potential adsorption of PVAc onto the
unmodified and vinylsilylated silica. The adsorption
studies were done in 14-mL vials sealed with Teflon-
lined screw-cap tops. Carefully weighed quantities
of silica were mixed with an accurately measured
aliquot of polymer solution and rotated end over
end for an equilibration period of one week. Blanks
{silica and solvent, no polymer) and controls (poly-
mer solution, no silica) were run concurrently. No
detectable amount of polymer adsorbed onto the
control vials. The amount of adsorbed polymer was
determined from knowledge of the initial and final
PVAc concentrations that were measured with a re-
fractive index monitor (Model 1750, Bio-rad, Cam-
bridge, MA).

RESULTS AND DISCUSSION

The surface silylation results (Table II) obtained by
TGA indicated a surface concentration of between
23 and 26 vinyl units /nm? (32 to 40 umol/m?). An
example of the TGA of a vinylsilylated silica sample
is shown in Figure 4. Graft yields as high as 3 mg
PVAc/m? silica were obtained. Surface hydroxyl
concentrations for silica are reported between 4.6
and 9.0—O0OH/nm?.* Thus, the silylation method
employed in the present study resulted in the bond-
ing of approximately 3-5 vinyl groups for each

available surface hydroxyl group. This high degree
of silylation indicates a multilayer coverage due to
the polycondensation of the ethoxy groups on the
silica surface.?’ In contrast to the organic phase si-
lylation method, aqueous silylation results in a sur-
face vinyl concentration between 0.05 and 2.1 vinyl
units/nm?, indicating less than the theoretical
monolayer brush coverage.?

The yields of grafted polymer expressed as mil-
ligrams of PVAc/m? of silica are plotted as a func-
tion of time in Figure 5. The progress of the hom-
opolymerization and graft polymerization reactions,
for the three different initial monomer concentra-
tions, all approximately followed first-order kinetics
(see Figures 5 and 6); the least-squares fits to the
data also indicated that the graft yields were nearly
proportional to their respective initial monomer
concentrations. Assuming an equal reactivity of the
bonded vinyl groups in the three cases, an increase
in PVAc yield would correspond to an increase av-
erage degree of polymerization for the grafted chains.
This trend is consistent with the study of Ito® who
documented a degree of polymerization proportional
to initial monomer concentration for homopoly-
merization of vinyl acetate in ethy! acetate.

The results for PVAc adsorption (at the adsorp-
tion plateau), from ethyl acetate onto unmodified
and vinylsilylated silica, are shown in Table III. In
both cases it can be seen that the maximum ad-
sorption value was significantly less than even the
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Table II Surface Coverage by
Vinyl(triethoxy)Silane and PVAc

Initial Monomer Vinylsilane Highest
Concentration Surface Coverage Polymer Graft
v/v) (umol/m?) Yield (mg/m?)
10% 39 1.7
25% 32 2.8
40% 40 3.2

Table III Plateau Adsorption Values
for Polyvinylacetate

Molecular Vinylsilane Modified Unmodified
Weight (mg/m?) (mg/m?)
90,000 ND* ND*
500,000 0.31 0.26

® The adsorption level was below the detection limit (< 0.001
mg/m?).

lowest amount of grafted PVAc achieved. Hence, it
was unlikely that any of the given homopolymer ad-
sorbed during the grafting reaction. Given the var-
ious washing steps, it is concluded that the reported
polymer graft yields are free from any potential er-
rors due to polymer adsorption.

CONCLUSIONS

A method for the free-radical graft polymerization
of PVAc onto nonporous silica was described. The
grafting procedure is based on an adaptation of the
procedure of Chaimberg et al.'? for graft polymer-
ization of vinylpyrrolidone. With the present sily-
lation procedure, a multilayer vinylsilane coverage
of 23-26 vinyl groups/nm? (32-40 pmol/m?) was
achieved. Grafted polymer yields, at 60°C, were
roughly proportional to the initial monomer con-
centration, and the overall rate of grafting followed
first-order kinetics with respect to monomer con-
centration. Conversion of the monomer, vinyl ace-
tate, also followed first-order kinetics at 60°C. Ho-
mopolymer adsorption studies in ethyl acetate re-
vealed that a negligible amount of polymer adsorbed
onto the vinyl-modified silica. Thus, in the present
graft polymerization method, any homopolymer
produced during the course of the grafting reaction
would not adsorb appreciably onto the vinyl-modi-
fied silica particles in the mixture.

Studies are currently underway to evaluate the
utility of PVAc-grafted silica resins for the selective
removal of organics from aqueous systems and the
reverse-phase liquid chromatography of chlorinated
hydrocarbons.
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Substances Control Grant CDR-86-22184, the Water Re-
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and the University of California Academic Senate.

REFERENCES

1. N.V. Yablokova, Y. A. Aleksandrov, and O. M. Titova,
“Styrene Polymerization on Mineral Filler Surfaces,
Modified with Organosilicon Peroxides,” Polym. Sci.,
U.S.S.R., 28(9), 2122-2128 (1986).

2. B. B. Wheals, “Chemically Bonded Phases for Liquid
Chromatography; Modification of Silica with Vinyl
Monomers,” J. Chrom., 108, 402-406 (1975).

3. B. Monrabal, “Polystyrene Bonded Silica as GPC
Packing: A Variable Pore Diameter Packing Concept
in GPC,” in Liquid Chromatography of Polymers and
Related Materials I1I, Chromatography Science Series,
Vol. 19, J. Crazes, Ed., Dekker, New York, 1981.

4. K. K. Unger, N. Becker, and P. Roumeliotis, “Recent
Developments in the Evaluation of Chemically
Bonded Silica Packings for Liquid Chromatography,”
J. Chrom., 125, 115-127 (1976).

5. B. Monrabal, “Polystyrene Bonded Silica Particles in
Gas Chromatography: Separation Mechanisms,” Adv.
Chrom., II, 117-136 (1979).

6. R. Laible and K. Hamann, “Formation of Chemically
Bound Polymer Layers on Oxide Surfaces and Their
Role in Colloidal Stability,” Adv. Coll. Int. Sci., 13,
65-99 (1980).

7. D.Cohn, A. S. Hoffman, and B. D. Ratner, “Radiation-
Grafted Polymers for Biomaterial Applications. 1. 2-
Hydroxyethyl Methacrylate: Ethyl Methacrylate
Grafting onto Low Density Polyethylene Films,” oJ.
Appl. Polym. Sci., 29, 2645 (1984).

8. B.D. Ratner and A. S. Hoffman, J. Appl. Polym. Sci.,
18, 3183 (1974).

9. H. Inoue and S. Kohama, “Surface Photografting of
Hydrophilic Vinyl Monomers onto Diethyldithiocar-
bamated Polydimethylsiloxane,” J. Appl. Polym. Sci.,
29, 877 (1984).

10. T. Nakatsuka, “Polyacrylate-Graft Silica Gel as a
Support of Lipase Interesterifying Triacylglycerol in
Organic Solvent,” J. Appl. Polym. Sci., 34, 2125-2137
(1987).

11. F. Rodriguez, Principles of Polymer Systems, 2nd ed.,
McGraw Hill, New York, 1982, p. 93.



12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. M. Chaimberg, R. Parnas, and Y. Cohen, “Graft Po-
lymerization of Polyvinylpyrrolidone onto Silica,” J.
Appl. Polym. Sci., 37, 2921-2931 (1989).

E. Papirer, H. Balard, Y. Rahmani, A. P. Legrand, L.
Facchini, and H. Hommel, “Characterization by In-
verse Gas Chromatography of the Surface Properties
of Silicas Modified by Poly(ethylene Glycols) and
Their Models ( Oligomers, Diols),” Chromatographia,
23(9), 639-647 (1987).

S. W. Fujisawa, M. Kobayashi, K. Hashimoto, and R.
Yosomiya, “Studies on Graft Polymerization onto
Glass Fibers. I1. Graft Copolymerization of Glass Fi-
bers Having Pendent Mercaptan Groups and Its Ap-
plication,” J. Appl. Polym. Sci., 27, 4849-4860 (1982).
E. Papirer and V. T. Nguyen, “Anionic Grafting on
Silica,” Polym. Lett., 10, 167-170 (1972).

E. Papirer and V. T. Nguyen, “Etude Cinetique du
Graffage de Polystyrene Anionique sur les Silices;
Contraction des Macromolecules sur la Surface Sol-
ide,” Die Angew. Makromol. Chem., 28, 31-55 (Nr.
411) (1973).

E. Papirer, V. T. Nguyen, and J. B. Donnet, “Solvent
Resistance of a Polymer Chain Chemically Linked
onto a Solid Surface,” J. Appl. Polym. Sci., 17, 1015-
1018 (1979).

K. Bridger, D. Fairhurst, and B. Vincent, “Nonaque-
ous Silica Dispersions Stabilized by Terminally-
Grafted Polystyrene Chains,” J. Coll. Int. Sci., 68(1),
190-195 (1979).

G. C. Eastmond, C. Nguyen-Huu, and W. H. Piret,
“Graft Polymerization from Glass Surfaces,” Polymer,
21, 598-603 (1980).

M. Chaimberg and Y. Cohen, “Note on the Silylation
of Inorganic Oxide Supports,” J. Coll. Int. Sci., 134,
576579 (1990).

G. Schomburg, A. Deege, J. Kohler, and U. Bien-Vo-
gelsang, “Immobilization of Stationary Liquids in
Reversed- and Normal-Phase Liquid Chromatogra-
phy; Production and Testing of Materials for Bonded-
Phase Chromatography,” J. Chrom., 282, 27-39
(1983).

R. E. Majors and M. J. Hopper, “Studies of Siloxane
Phases Bonded to Silica Gel for Use in High Perfor-
mance Liquid Chromatography,” J. Chrom. Sci., 12,
767-778 (1974).

GRAFT POLYMERIZATION OF VINYL ACETATE

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

677

D. P. Herman, L. R. Field, and S. Abbott, “The Size-
Exclusion Chromatographic Behavior of Synthetic
Water-Soluble Polymers on Diol Bonded Phase Sup-
ports,” J. Chrom. Sci., 19, 470-476 (1981).

H. Traitler, “A Cold Silanization Method for Prepa-
ration of Medium Polarity Capillary Columns,” J.
High Res. Chrom. and Chrom. Comm., 6, 60-63
(1983).

M. Gimpel and K. Unger, “Hydrolytically Stable
Chemically Bonded Silica Supports with Metal Com-
plexating Ligands: Synthesis, Characterization and
Use in High-Performance Ligand-Exchange Chro-
matography (HPLEC),” Chromatographia, 16, 117-
125 (1982).

H. Engelhardt and D. Mathes, “Chemically Bonded
Stationary Phases for Aqueous High-Performance
Exclusion Chromatography,” J. Chrom., 142, 311-
320 (1977).

S. H. Chang, K. M. Gooding, and F. E. Regnier, “Use
of Oxiranes in the Preparation of Bonded Phase Sup-
ports,” J. Chrom., 120, 321-333 (1976).

J. Brandup and E. H. Immergut, Eds., Polymer Hand-
book, Interscience, New York, 1966. p. IV-93.

W. R. Sorenson and T. W. Campbell, Preparative
Methods of Polymer Chemistry, 2nd ed., Interscience,
New York, 1968. pp. 239-241.

I. Ahmed and J. G. Pritchard, “Partly Alcoholized
Poly (vinyl Acetate) Polymers: Properties of Polymers
Hydrolysed by Different Routes,” Polymer, 20(12),
1492-1496 (1979).

E. P. Plueddemann, D. E. Leyden, and W. T. Collins,
Eds., Silylated Surfaces, Gordon and Breach, New
York, 1979.

G. E. Ham, Ed., Vinyl Polymerization, Vol. I, Part 1,
Marcel Dekker, New York, 1967, Chap. 4.

S. R. Sandler and W. Karo, Polymer Synthesis, Vol.
11T, Academic Press, New York, 1980, Chap. 7.

K. Ito, “Radical Polymerization of Vinyl Acetate with
Primary Radical Termination,” J. Polym. Sci.: Part
A-1, 10, 1481-1490 (1972).

R. K. ller, “Silanol Groups on Silica Gel,” J. Chrom.,
209, 341-342 (1981).

Received February 25, 1991
Accepted April 11, 1991





