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ABSTRACT: Graft copolymerization of water-soluble
monomers containing quaternary ammonium onto PVA was
studied in an aqueous medium using ceric ammonium nitrate-
nitric acid as the redox initiator. To optimize the reaction con-
ditions for obtaining a maximum percent of grafting, the con-
centrations of methacryloxyethyl trimethylammonium chlo-
ride (DMC) monomer, ceric ammonium nitrate, and
temperature were varied, and the effects on the grafting copo-
lymerization were discussed. Under optimum conditions, a
series of water-soluble monomers containing quaternary am-

monium, such as methacryloxyethyl trimethylammonium
chloride (DMC), DMAEMAC,H;Br, DMAEMA-C,H,Br,
DMAEMA-C,,H,;Br, and DMAEMA'C,H.,Cl, were success-
fully grafted onto PVA. The resulting grafted PVA were char-
acterized with IR, NMR, and viscosity measurements. © 2005
Wiley Periodicals, Inc. ] Appl Polym Sci 97: 21862191, 2005
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INTRODUCTION

Poly(vinyl alcohol) (PVA) is the only polyvinyl-type
synthetic polymer that has been confirmed to be bio-
degradable.! This feature and its water solubility im-
ply the advantages of easier degradation and elimina-
tion. Due to its biocompatibility, PVA can be used for
a variety of biomedical applications, preferably in the
form of hydrogel. PVA has been chemically modified
with different compounds, such as 10-undecenoyl
chloride,? 2,3-epoxypropyltrimethylammonium chlo-
ride,>* aldehydes,5 carboxylic acid,’ anhydrides,7 and
so forth. But the rate and extent of grafting by this
method are usually low due to hindered diffusion of
preformed polymers. Grafting of vinyl monomers
onto natural polymers like guar gum,® starch,”'® and
cellulose''™'* by employing the ceric ion technique has
been studied. Graft copolymerization is a powerful
tool for obtaining polymers with new properties and
applications. Graft copolymers are finding application
in development of selective permeable membranes'”
and outstanding sorption agents and in fabrication of
drug delivery systems. Above all, the method of graft
copolymerization in comparison to the method of
chemical modification can obtain higher graft yield.
Among graft copolymerization methods, redox-initi-
ated grafting offers advantages because, in the pres-
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ence of redox systems, grafting can be carried out
under milder conditions with minimum side reac-
tions, but the graft yield is still very high. Although
various monomers such as acrylonitrile,'® butyl acry-
late,'” itaconic acid,'® and so on have been used for
PVA modifications, studies on graft copolymerization
of water-soluble monomers containing quaternary
ammonium groups onto PVA are not reported at
present. The graft copolymerization of PVA with am-
monium-containing monomers has attracted greater
interest. PVA grafted by ammonium-containing
monomers has a broad utility in many areas, for ex-
ample, as a flocculating agent in water treatment, re-
tention aids in the manufacture of mineral-filled pa-
per, and effective clay or shale hydration inhibitors in
oilfield treatment.

In this study, we attempted to prepare new water-
soluble grafted PVA by grafting methacryloxyethyl
trimethylammonium chloride (DMC) onto PVA in the
presence of a HNO;/CAN (ceric ammonium nitrate)
initiation system. For this purpose, the effects of var-
ious factors, such as the initiator concentration, mono-
mer concentration, and reaction temperature, on the
grafting of DMC onto PVA were studied. Other mono-
mers with ammonium-groups, such as DMAEMA-
C,HsBr, DMAEMA C HyBr, DMAEMAC, H;;Br, and
DMAEMA C,H,Cl, were grafted onto PVA on the ba-
sis of the optimum reaction conditions of DMC
grafted onto PVA, and the resulting grafted PVA were
characterized with IR, NMR, and viscosity measure-
ments.
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Figure 1 Graft copolymerization of water-soluble monomers containing quaternary ammonium group on poly(vinyl

alcohol) using ceric ions.

EXPERIMENTAL
Materials

PVA white crystalline solid obtained from Shanghai
Chemical Company (Shanghai City, P. R. China) with
average degree of polymerization 1750 *+ 50, and mo-
lecular weight 8 X 10* was used. Methacryloxyethyl
trimethylammonium chloride (DMC, 76 wt % in wa-
ter) was purchased from Wuxi Xinyu Chemical Indus-
try Co., LTD (Wuxi, P. R. China). The other monomers
with quaternary ammonium group were self-synthe-
sized. The ceric ammonium nitrate (CAN) and nitric
acid were reagent grade chemicals and used without
further purification.

Synthesis of quaternary 2-(dimethylamino)ethyl-2-
methacrylate derivatives

N-(2-Methacryloyloxy)ethyl-N,N-dimethylethyl-ammo-
nium bromide (DMAEMA-C,H;Br) was prepared as de-
scribed earlier'® using DMAEMA and ethyl bromide as
starting materials. The synthesized monomers were iso-
lated and purified by precipitation many times from
acetone and dried in a vacuum oven at 35°C for 24 h.
The other monomers, such as DMAEMAC,H,Br,
DMAEMA C,¢H;,Br, and DMAEMAC,H,Cl, were pre-
pared by the same methods (Fig. 1).

Graft copolymerization

The graft copolymerization of DMC onto PVA was
carried out by adding a calculated amount of PVA

(0.44 g) to 50 mL water in a 100 mL three-necked
round-bottom flask that was fitted with a magnetic
stirrer, an N, gas inlet, a reflux condenser, and a
thermometer, and kept in a water bath maintained at
35°C. The solution was purged with nitrogen gas for
about 30 min after adding DMC monomer into the
flask, then a calculated amount of nitric acid and CAN
was added to initiate the graft copolymerization. A
constant supply of nitrogen in the reaction mixture
was maintained until graft copolymerization was ac-
complished. The mixture was kept at 35°C for 3h. At
the end of the reaction, the mixture was poured into a
beaker containing an excess amount of methanol, sep-
arated by filtration, and washed repeatedly with
methanol to remove unreacted DMC and existing
PDMC. The purified grafted products were finally
dried in vacuum at 60°C for 24h. Graft copolymeriza-
tion of different monomers containing quaternary am-
monium onto PVA was also done according to the
aforementioned methods. The percent graft yield (mol
%) was calculated by 'H NMR spectroscopy.

Characterization methods

Infrared spectra of grafted and ungrafted PVA were
measured with a Nicolet Nexus FTIR 470 spectropho-
tometer. '"H NMR spectra were recorded at 500 MHz
with a Bruker DRX 500 NMR spectrometer. D,O was
used as solvent, and Me,Si was used as an internal
reference. Viscosity measurements were performed by
an Ubbelohde viscometer at 25°C. The reduced viscos-
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Figure 2 FTIR spectra of PVA (A) and graft copolymer of
PVA-g-DMC (B).

ity of the graft copolymers was measured in H,O
solution (PVA, ¢ = 0.5% w/v; PVA-g-polyDMC, c
= 0.25% w/v).

RESULTS AND DISCUSSION
Characterization of PVA-g-poly(DMC)

The existence of the grafting was first confirmed by
observing the difference between the IR spectra of
PVA and the grafted copolymer. As seen from Figure
2, the IR spectrum of the grafted copolymer shows not
only the characteristic absorption bands of PVA but
also additional characteristic absorption bands of the
carboxylic ester carbonyl group at 1727cm ™' and the
quaternary groups at 954.7cm ™ '. This indicates that
the monomer DMC has been grafted onto PVA.
Further evidence of the grafting was provided by
the "H NMR spectrum (Fig. 3). From the '"H NMR
spectrum of PVA-g-DMC, we can observe a signal
centered at 3.3 ppm, which was due to the methyl
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Figure 4 Reduced viscosity plots for the PVA (c = 0.5%
w/v) and the PVA-g-polyDMC (c = 0.25% w/v), measured
in water at 25°C. C’ is relative concentration, ¢ = ¢’ X ¢, (c
is actual concentration, ¢, is initial concentration).

proton of DMC. A signal corresponding to the me-
thine proton of the PVA appears at 4.0 ppm. A similar
result was reported in the literature. Imai and cowork-
ers” modified PVA with vinyl sulfoxide and reported
signals at 4.0 ppm due to the methine proton. Accord-
ing to the integral area ratio of the methyl proton of
DMC to the methylene proton of PVA, we calculated
the percent of graft yield (mol %).

The PVA and the PVA-g-polyDMC (graft yield
= 9.9 mol %) were also characterized by viscosity
measurements in water at 25°C. Figure 4 gives the
reduced viscosity (1) plots of the PVA (c = 0.5%
w/v) and PVA-g-polyDMC(c = 0.25% w/v). When
the PVA is grafted by DMC, reduced viscosity of the
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Figure 3 'H NMR spectrum of the graft product of PVA with DMC (D,O, 500MHz, graft yield of DMC is 36.5 mol %).
Assignments of a-m are marked in Figure 1 (PVA-g-polyDMC).
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TABLE 1
Graft Yield Obtained from the Calculation of "H NMR
Spectra
Graft yield
Entry Monomer (mol %)
1 DMC 36.5
2 DMAEMA-C,H,Br 2.9
3 DMAEMA-C,H,Cl 23.7
4 DMAEMA-C,H,Br 21
5 DMAEMA-C, H,,Br 0

graft copolymer shows the analogue to polyelectro-
lytes.”! Comparing PVA with PVA-g-polyDMC, the
reduced viscosity of PVA-g-polyDMC exhibits the
trend of a parabola plot. This is probably because the
graft copolymer has brought PVA the characteristics
of polyelectrolytes. The result confirms that DMC has
succeeded in grafting onto PVA. Moreover, there will
be an obvious difference in viscosity behavior between
the grafted product and a physical mixture of PVA
and DMC homopolymers. The plot of 1, ;.- versus c of
unquaternized PVA homopolymer is straight lines,
and the 7, values are lower than those of the quat-
ernized PVA grafted product. The viscosity behavior
of the physical mixture of PVA and DMC homopoly-
mer is the additivity results of a polyelectrolyte and a
common polymer.

Characterization of graft copolymers of DMAEMA-
C,H;Br, DMAEMA-C,H,Br, DMAEMA-C,H;;Br,
and DMAEMA-C,H,Cl on PVA

Graft copolymers of DMAEMA-C,H;Br, DMAEMA-
C,HyBr, DMAEMA-C,(H;;Br, and DMAEMA-C,H,Cl
(Fig. 1) on PVA were characterized by IR and NMR.
For example, the assignment of the NMR spectrum of
the graft copolymer PVA-g-poly(DMAEMA-C,H,Cl)
was as follows: & (ppm), 0.8 (m, CH;-3'), 1.5 (m, CH,-
a,d,jle), 2.98(s, Me-5), 3.98(m, H-2'), 3.89(m, CH-k’),
4.45(m, CH,-6', CH,-1"), 7.4(m, C;Hs5-7") (the number
of a-j and 1-7 were marked in Fig. 1). DMAEMA C,H,Cl
was assigned as follows: 8 (ppm), 1.83 (s, 3H, Me-3),
3.03 (s, 6H, Me-5), 3.70 (t, 2H, H-2), 4.50 (s, 2H, H-6),
4.59 (t, 2H, H-1), 5.65 (s, 1H, H-4), 6.05 (s, 1H, H-4),
7.45 (d, 5H, H-7). Analysis of NMR revealed that the
DMAEMA C,H,Cl was successfully grafted onto
PVA. The IR spectrum of the grafted copolymer PVA-
g-poly(DMAEMA-C,H,Cl) showed the characteristic
absorption bands of DMAEMAC,H,Cl and PVA.
Characterization results confirmed the structure of
graft copolymer of DMAEMA-C,H;Br, DMAEMA-
C,HyBr, and DMAEMA-C,H,Cl on PVA.

The graft yields of different monomers are shown in
Table I. From Table I, we can see that the PVA grafted
by water-soluble monomers shows graft yield content
in the range 0.0-0.40. Comparison of the graft yield of

quaternized monomer with the two different anions
studied (Cl™ and Br™) shows that the nature and size
of the halogen counter ion have important influence.
As the monomer is quaternized with bromoalkyl, the
graft yield is very low. The reason is probably due to
the bromine ion, which makes the initiator (ceric am-
monium nitrate) inactive. Furthermore, the results of
Table I showed that the different chain length of quat-
ernized monomer influenced the graft yields. The
graft yield decreases when the monomer is quater-
nized from methyl chloride to cetane alkylogens.

Effect of monomer concentration on graft
copolymerization

To optimize the experimental conditions for a maxi-
mum graft yield, the graft copolymerization of DMC
has been carried out as a function of concentration
variation of monomer, initiator, and reaction temper-
ature.

The graft copolymerization has been done at differ-
ent concentrations of DMC ranging from 1.6 X 10~ to
10.0 X 10~" mol dm™? at constant concentration of the
ceric ammonium nitrate (10.0 X 10> mol dm ) and
nitric acid (8.0 X 10~ 2 mol dm?) at 35°C. The effect of
monomer concentration on percent grafting as well as
percent conversion is shown in Figure 5. The percent
grafting increased as the monomer concentration in-
creased from 1.6 X 107" mol dm ™ to 5.0 X 10~" mol
dm 3, and thereafter, it decreased with further in-
crease of monomer concentration. The rapid increase
of graft yield by increasing monomer concentration up
to 5.0 X 107" mol dm > could be due to the greater
availability of grafting sites to the monomer. How-
ever, the decreasing trend of percent grafting beyond
the optimum monomer concentration was probably
ascribed to the competition between homopolymer-
ization and graft copolymerization, where the former
prevailed over the latter at higher DMC concentration.
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Figure 5 Effect of DMC concentration on percent grafting.
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Enhancement in percent conversion at higher DMC
concentration could be associated with the greater
availability of monomer molecules in the vicinity of
PVA as well as in the polymerization medium. This
greater availability would favor greater opportunity
for DMC to graft PVA, and also allow greater collision
of initiated DMC molecules with its own molecules,
thereby promoting homopolymerization. This analy-
sis was in agreement with the results obtained in the
grafting of AA onto starch.”> On the other hand, the
drop in conversion with increasing DMC concentra-
tion is also due to the covering of the initiation sites on
the PVA backbone with growing DMC grafts. As the
DMC concentration increases even more, the mono-
mer “sees” a cationic cloud around the PVA and is
repelled by the charge—eliminating the ability to ini-
tiate polymerization.

Effect of temperature on graft copolymerization

The graft copolymerization of DMC onto PVA was
studied at different temperatures (20°C, 30°C, 35°C,
and 40°C). Figure 6 showed that the optimal temper-
ature for the HNO,;/CAN (ceric ammonium nitrate)
initiation system was 35°C. The percent of grafting
increased gradually with temperature in the range of
20-35°C and decreased quickly at 40°C. The maxi-
mum graft extent was 36.5%. A relatively high graft-
ing percent could also be obtained even at the low
temperature of 20°C. The lower grafting percent at
higher temperature may be because the termination
rate of free radicals on the grafted monomer increased
with the further increase of temperature.

Effect of concentration of ceric ammonium nitrate
on graft copolymerization

When the concentration of the ceric ammonium nitrate
was in the range from 5.0 X 107° mol dm™° to 25.0
X 1072 mol dm 3, the effect of the CAN concentration
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Figure 6 Effect of temperature on percent grafting.
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Figure 7 Effect of CAN concentration on percent grafting.

on grafting is shown in Figure 7. It can be found that
the optimal CAN concentration was 10.0 X 10~ mol
dm . For the grafting of DMC onto PVA, the increase
in the grafting percent with an increase in the CAN
concentration from 5.0 X 107° mol dm > to 10.0
X 10"*mol dm > maybe resulted from the production
of more radical sites, which was favorable for grafting.
However, a decrease of grafting percent at a higher
CAN concentration may be due to the efficiency of Ce
(IV) taking part in the termination of growing grafted
chains and homopolymerization. With the increase of
the concentration of the initiator, the color of the prod-
uct gradually changed from flavescent to brown be-
cause of the excessive initiator.

Reaction mechanism

Although several reports have been published on the
graft copolymerization mechanisms of the vinyl
monomer onto PVA, the proposed mechanism used in
this study was based on the same principle as that
used by Zhang.'” The first step of the mechanism is
that the cerium ion attacks the PVA molecules and
forms a PVA-ceric complex. The Ce** ion in the com-
plex is then reduced to a Ce®*, and a hydrogen atom
is oxidized. Consequently, a free radical is formed
onto PVA, and the polymeric PVA free radical formed
may react with the monomer to initiate graft copoly-
merization. In the presence of vinyl monomers, the
PVA free radical was added to the double bond of the
vinyl monomer, resulting in a covalent bond between
the monomer and PVA to create the chain reaction for
propagation. Termination of the graft copolymeriza-
tion is through a combination of two radicals.

CONCLUSIONS

Water-soluble quaternary ammonium monomers graft-
ed PVA were synthesized by the methods of using ceric
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ammonium nitrate as the catalyst. The main factors af-
fecting the grafting percent, including the initiator con-
centration, monomer concentration, and temperature,
were studied. With this study, the optimum reaction
conditions for obtaining the maximum grafting degree
were found. Different monomers with ammonium-
groups, such as DMAEMAC,H;Br, DMAEMA"C,H,Br,
DMAEMA-C,H;;Br, and DMAEMA C,H,Cl were stud-
ied under the optimum conditions. The resulting grafted
PVA were characterized with IR, NMR, and viscosity
measurements.

The authors thank the Key Project of Scientific Research
Funds of Zhejiang Province (2004C21024) for support of this
work.
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