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The grafting of 3-(trimethoxysilyl)propyl methacrylate (TMSPM) onto chitosan by ceric ion initiation was studied under homogeneous con-
ditions in 2% acetic acid solution. The grafted polymer was characterized by FT-IR, "H-NMR, TGA and XRD and swelling studies. TGA
results showed that the incorporation of TMSPM to the chitosan chains decreased the thermal stability of the grafted chitosan. Due to the
grafting of TMSPM, the crystallinity of chitosan derivatives was found to be destroyed. The solubility of the grafted chitosan in water was
improved. The effects of reaction conditions such as initiator concentration, monomer concentration, reaction temperature and reaction time
were studied by determining the grafting parameters such as grafting and grafting efficiency. Under optimum conditions, the grafting

parameters were achieved as 1440 and 97%, respectively.

Keywords: chitosan; 3-(trimethoxysilyl)propyl methacrylate; graft copolymerization; ceric ammonium nitrate; thermal studies

1 Introduction

Chitosan, poly[B-(1-4)-linked-2-amino-2-deoxy-O-glucose],
is chemically prepared by N-deacetylation of naturally-occur-
ring chitin, which is the second most abundant natural poly-
saccharide and exists largely in the marine crustacean. It
displays interesting properties such as biocompatibility, bio-
degradability (1, 2) and its degradation products are non-
toxic, non-immunogenic and non-carcinogenic (3, 4). It has
been shown to be a reactive and functional polymer which
has a wide range of applications in biomedicine, pharma-
cology, waste water treatment and agriculture. Recently,
there has been growing interest in chemical modification of
chitosan to improve its solubility and widen its applications
(5—11). Among various methods, graft copolymerization is
most attractive because it is a useful technique for modifying
the chemical and physical properties of chitosan. Graft copo-
lymerization of vinyl monomers onto chitosan and other
natural polymers can introduce desired properties and
enlarge the field of potential applications by choosing
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various types of side chains. Recently, researchers have
shown that after primary deviation followed by graft modifi-
cation; chitosan would achieve much improved water solubi-
lity and bioactivities such as antibacterial and antioxidant
properties (12—14). Grafting chitosan is a common way to
improve chitosan properties such as increasing chelating or
complexation properties, bacteriostatic effect or enhancing
adsorption properties (15—19). Although the grafting of
chitosan modifies its properties, it is possible to maintain
some interesting characteristics such as mucoadhesivity
(20), biocompatibility (21, 22) and biodegradability (23, 24).

In recent years, a number of initiator systems such as, ceric
ammonium nitrate (CAN), ammonium persulfate (APS), pot-
assium persulfate (KPS) and ferrous ammonium sulfate
(FAS) have been developed to initiate grafting copolymeriza-
tion (25, 26). By using these initiator systems, chitosan has
been graft copolymerized onto butyl acrylate (27), 2- acryla-
mido-2-methylpropane-sulfonic acid (28), 4-vinylpyridine
(29), acrylamide (30), acrylic acid (30), poly(N, N-dimethyl-
N-methacryloxyethyl-N-(3-sulfopropyl)Jammonium) (31), and
methylmethacrylate (32). To our knowledge, no attempt has
been made to graft chitosan onto 3-(trimethoxysilyl)propyl
methacrylate (TMSPM). In this paper, the grafting of silicone
containing monomer, TMSPM, onto chitosan using CAN as
redox initiator in acetic acid solution was investigated. The
effects of reaction conditions such as initiator concentration,
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monomer concentration, reaction temperature and reaction
time on graft copolymerization were studied. Some properties
of the grafted chitosan were compared with that of the unmo-
dified chitosan.

2 Experimental

2.1 Materials

Chitosan (Viscosity average molecular weight, 6.7 x 10° g/
mol; degree of N-deacetylation, 75—85%) was purchased
from Sigma Chemical Company. Before used, it was
purified by the method of dissolving in acetic acid and separ-
ating with alkali. TMSPM and CAN were supplied by Sigma
Chemical Company and used as supplied. Acetic acid and
sodium hydroxide used were of analytical grade.

2.2 Graft Copolymerization

A definite amount of chitosan (0.125 g) was dissolved in
25 ml acetic acid solution (2% v/v) in a two-necked round
bottom flask. To control the reaction temperature, the flask
was placed in a thermostated water bath fitted with a
magnetic stirrer. The mixture was heated to the desired temp-
erature with constant stirring and was bubbled by a slow
stream of nitrogen for 30 min to remove the dissolved
oxygen. A predetermined amount of aqueous solution of
CAN in 0.1 N nitric acid was added to the flask while
purged with nitrogen. The solution was agitated for 15 min,
followed by the addition of a predetermined amount of
TMSPM monomer. The nitrogen atmosphere was maintained
throughout the reaction period. After the specific reaction
period, the pH of the final suspension was adjusted to about
12 by adding a 10% NaOH solution to precipitate the
product. The product was then filtered, washed with cold
and hot water until neutral. TMSPM homopolymer was
removed by refluxing the raw products in methanol for 5 h
and then the purified copolymers were dried in a vacuum
oven at 60°C. The grafting parameters were calculated
using the following equations:

Grafting (G), % = (W; — W5)/W;, x 100
Grafting efficiency (GE), % = (W — W;)/W3 x 100

where W1, W,, and W3 denote the weight of graft copolymer,
chitosan, and monomer charged, respectively.

2.3 Characterization

The IR spectra of chitosan derivatives were recorded with a
double-beam Perkin-Elmer 1600 FT-IR spectrometer in the
range of 4000—400 cm ™', using KBr pellets. The 'H-NMR
spectra were conducted on a 300 MHz 'H-NMR instrument
(Varian Unity Plus 300 MHz spectrometer) with deuterium
oxide. Thermogravimetric analysis (TGA) was conducted
with a Perkin-Elmer TGA-7 thermogravimetric analyzer at
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a heating rate of 10°C/min from 25 to 600°C. XRD exper-
iments were performed in a Philips PW 1710 diffractometer
using a Cu K, radiation source. Solubility tests were carried
out as follows: 0.1 g graft copolymers were dissolved in
20 ml of solvent under stirring for 24 h.

3 Results and Discussion

Many researchers have studied the reaction mechanism and
kinetics of the reaction of vinyl monomer with starch (33),
cellulose (34) and chitosan (35). It has been shown that the
starch or cellulose anhydroglucose units are predominantly
oxidized through C,-C; bond cleavage induced by Ce*"
ions. In the case of chitosan, the reactive vicinal OH and
NH, groups may form a complex with ceric ion. The
complex may dissociate, giving rise to free-radical sites to
the polysaccharide backbone. The general reaction mechan-
ism for grafting chitosan onto TMSPM is given in Figure 1.

3.1 Characterization of Chitosan Derivatives

3.1.1 FT-IR and 'H-NMR Analysis

The FT-IR spectra of chitosan and chitosan-g-TMSPM are
shown in Figure 2. From the chitosan spectrum, it can be
found that the distinctive absorption bands at 1650 cm ™!
(Amide TI), 1593 cm™' (-NH, bending) and 1380 cm™'
(Amide III). The absorption bands at 1151 cm ™' (anti-sym-
metric stretching of the C-O-C bridge), 1080 and 1033 cm ™'
(skeletal vibration involving the C-O stretching) are character-
istics of its saccharide structure. In the IR spectrum of chitosan-
g-TMSPM, the strong peak at 920 cm ™' could be assigned to
the stretching vibration of Si-OH groups. The relative intensity
of the band at 1000-1150 cm ™' of chitosan-g-TMSPM is much
higher and broader than the intensity of 1000—1150 cm ™"
band of chitosan. This observation could be attributed to the
presence of Si-O-C bonds in chitosan-g-TMSPM. The new
absorption band at 1723 cm™~' (C=O0 of the ester group
stretching vibration) can be detected from the spectrum of
chitosan-g-TMSPM. In addition, the intensity of absorption
bands at 2850 and 2950 cm ™' were increased which are associ-
ated with the stretching vibration of aliphatic groups (-CH,)
present in the grafted chitosan. These bands are taken as
evidence of grafting of TMSPM onto the chitosan backbone.
The proton NMR spectra of chitosan and chitosan-g-
TMSPM are presented in Figure 3(a) and (b), respectively.
As shown in the spectrum of chitosan-g-TMSPM, the signals
at 3.5—4.2 ppm are multiplet and those are originated from
chitosan. In comparison with the spectrum of chitosan, the
spectra of chitosan-g-TMSPM showed three broad signals at
0.7, 1.8 and 1.94 ppm due to the methylene and methyl
protons, respectively. Also, a new peak at 3.57 ppm was
observed as the -OCHj3 groups were introduced into the
chitosan-g-TMSPM. These results indicate that TMSPM has
been successfully graft copolymerized onto chitosan.
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Fig. 1. General mechanism for ceric (IV) ion initiated graft copolymerization of TMSPM onto chitosan.

3.1.2  Thermal Analysis

The thermograms of chitosan and chitosan-g-TMSPM are
shown in Figure 4. The thermogram of chitosan exhibits
two distinct stages. One in the 22—120°C range with
maximum decomposition rate at 70°C is associated with
the evaporation of moisture, the other in the range of

400036003200 2800 24002000 1600 1200 800 400
Wavenumber, cm™

Fig. 2. FT-IR spectra of (a) chitosan and (b) chitosan-g-TMSPM.

220—415°C with maximum decomposition rate at 303°C is
ascribed to a complex process including dehydration of the
saccharide rings, depolymerization and decomposition of
the acetylated and deacetylated units of the polymer (36).

6 4 2 0
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Fig. 3.
TMSPM.

"H-NMR spectra of (a) chitosan and (b) chitosan-g-
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Fig. 4. Thermogravimetric curve of (a) chitosan and (b) chitosan-
g-TMSPM.

The differential thermogravimetric curve of the grafted chitosan
shows three degradation steps. For the grafted chitosan, the
second degradation stage starts at about 195°C and exhibits a
maximum degradation rate at approximately 200°C, which is
lower than that of chitosan. In the third stage of degradation
in the range of 290—525°C, the grafted chitosan degrades less
slowly than that of chitosan. The appearance of this stage indi-
cates the structure of chitosan chains has been changed, which
might be due to the grafting of TMSPM chains.

3.1.3 X-Ray Diffraction

X-ray diffraction profiles of chitosan and its graft copolymer
are shown in Figure 5. Chitosan has two reflection falls at
20=10 and 20°. The reflection fall at 260= 10" was
assigned to crystal forms I. The strongest reflection appears
at 20 = 20°, which corresponds to crystal forms II (37).
Compared with chitosan, the grafting decreases the intensity
at both peaks. The graft copolymer shows only one broad
peak at around 260 = 27°. It suggested that the ability of

4000
3000; /\
2000: /\w/// \\'\\W

100&'// ®
4/M

Intensity

26°

Fig.S. X-ray diffraction pattern of (a) chitosan and (b) chitosan-g-
TMSPM.

Prabaharan and Mano

Table 1. Solubility of chitosan-g-TMSPM

Solvent Observation
Water Soluble (slowly)
1% Acetic acid Soluble (slowly)
Ethanol Insoluble

1% Acetic acid: ethanol (1:1) Swelling
Glacial acetic acid: ethanol (1:1) Swelling

DMF Insoluble
DMSO Insoluble

THF Insoluble
Acetone Insoluble

forming a hydrogen bond of chitosan was decreased after
grafting. When TMSPM was grafted onto chitosan, the
original crystallinity of chitosan was destroyed.

3.1.4  Solubility Tests

The results of the solubility tests are shown in Table 1. The
grafted products are slowly soluble in both water and
dilute acetic acid. However, they are insoluble in organic
solvents and found to be swelling in 1:1 and 1:2 mixtures
of glacial acetic acid and ethanol. TMSPM is soluble in
ethanol, DMF and DMSO, and chitosan in glacial acetic
acid. The solubility of the grafted samples in water indi-
cates the structure of chitosan has been changed, which
might be due to the grafting of TMSPM onto chitosan
chains.

3.2 Effect of the Reaction Conditions

3.2.1 Initiator Concentration

To study the effect of the initiator concentration, graft copo-
lymerization was studied at various CAN concentrations by
keeping other reaction conditions constant. As shown in
Figure 6, with the increase of the concentration of initiator,

1800
14000 ——G % ﬁﬁg 1100
—e—GE, %
12001 180
1000}
160
32 800 I_Gln
O 600t 40 =
400} /
. {20
2000

1 1 1 1 1 1 0
0,002 0,004 0,006 0,008 0,010 0,012 0,014
Initiator concentration, mol/L

Fig. 6. Effect of initiator concentration on G and GE. (Reaction
condition: Chitosan: 5 g/L; TMSPM: 0.3 mol/L; Time: 2 h; Temp-
erature: 70°C).
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G% and GE% had a slow increase at first, then a rapid
increase to a maximum value, and finally a decrease. The
increase of G, % and GE% may be ascribed to the increase
of macroradicals. With the increase in initiator concentration,
more CAN attacked the saccharide unit of chitosan, more
chitosan macroradicals were generated, and thus more
active sites of chitosan could react with TMSPM, and
initiated the propagation reaction of TMSPM. With the
further increase of CAN concentration (>0.010 mol/L), the
GP% and GE% were decreased. The decrease in G% and
GE% may be attributed to primary radical termination, i.e.,
the reaction of free radicals on the chitosan backbone with
excess of ceric ion to yield oxidized products, which are
incapable of initiating polymerization.

3.2.2 TMSPM Concentration

The influence of the amount of the monomer on graft copoly-
merization is presented in Figure 7. With the increase in con-
centration of TMSPM, G% increased continuously, reached
the maximum value when the concentration of TMSPM
was 0.4 mol/L, and then decreased. This behavior could be
explained by the fact that an increase of monomer concen-
tration led to the accumulation of monomer molecules in
close proximity to the chitosan backbone. The decrease of
G% after saturation could be associated with depletion in
the available TMSPM concentration, as well as a reduction
in the active sites on the chitosan backbone as the graft copo-
lymerization proceeded. The decrease of GE% with the
increase in TMSPM concentration may be due to the
amount of TMSPM, which was more useful to copolymeriza-
tion than grafting in the concentrations determined. On the
other hand, TMSPM had a high affinity for its copolymer sub-
strate, which meant that the copolymerization would occur in
the polymer phase to a large extent. Thus, it was likely that
homopolymerization had moreof a chance to occur, and as
a result a decrease in GE% was observed.

1800 80
—— G % 5 ]
18000 o GE % 180
1400F ° ]
1200} 17°
) L ER ()]
2 1000 . GOJ_n
O soof I
600} - ]
u 440
a00f T e,
200 1 1 1 1 L 30
0,1 0,2 0,3 04 0,5

Concentration of monomer, mol/L

Fig. 7. Effect of monomer concentration on G and GE. (Reaction
condition: Chitosan: 5 g/L; CAN: 0.0075 mol/L; Time: 2 h; Temp-
erature: 70°C).
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Fig. 8. Effect of reaction temperature on G and GE. (Reaction con-
dition: Chitosan: 5 g/L; CAN: 0.0075 mol/L; TMSPM: 0.3 mol/L;
Time: 2 h).

3.2.3 Reaction Temperature

To study the effect of reaction temperature on graft copoly-
merization, we chose the range of temperature from 50 to
90°C and the results are shown in Figure 8. As can be seen,
G% and GE% increased with the increase in reaction temp-
erature and reached a maximum at 60°C. This behavior
could be attributed to the increased rate of polymerization
at higher temperatures. A further increase in temperature
could increase the rate of chain transfer reactions which
would not result in grafting. It is also known that CAN is
unstable at elevated temperatures (38). This would lead to
less efficient initiation, causing a decrease in grafting. Conse-
quently, the combined factors of less efficient initiation and
increased rate of termination cause a decrease in grafting at
elevated temperatures.

3.2.4 Reaction Time

The effect of reaction time on graft copolymerization is
shown in Figure 9. Both G% and GE% increased gradually
with the increase in the reaction time and then leveled off
after 3 h. This observation could be attributed to the depletion
of initiator and monomer concentration with the progress of
the reaction. It is also likely that during the course of
grafting, chitosan undergoes modification, as some of the
amino group sites are now occupied by the graft chains, and
the modified chitosan derived is not amenable for grafting
as the unmodified chitosan.

4 Conclusions

Grafting of TMSPM onto a chitosan backbone was successfully
achieved by CAN as aredox initiator, in 2% acetic acid solution,
under homogeneous conditions. The graft copolymerization
was confirmed by FT-IR and 'H-NMR spectral analysis. The
TMSPM grafted chitosan was characterized by TGA, XRD,
and solubility studies. TGA results showed that the thermal
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Fig. 9. Effect of reaction time on G and GE. (Reaction condition:
Chitosan: 5 g/L; CAN: 0.0075 mol/L; TMSPM: 0.3 mol/L; Temp-
erature: 70°C).

properties of chitosan are changed after grafting with TMSPM.
XRD studies showed that due to the grafting of TMSPM onto
the chitosan backbone, the original crystallinity of chitosan
was destroyed. The incorporation of TMSPM to the chitosan
chains increased its solubility in water. The reaction conditions
such as initiator concentration, monomer concentration,
reaction temperature and time had a great influence on
grafting copolymerization. The optimum conditions for graft
copolymerization were determined to be the following:
chitosan amount 5 g/L; acetic acid 2% v/v; reaction tempera-
ture 70°C; TMSPM 0.3 mol/L; CAN concentration 0.01 mol/
L; time 2 h. The maximum grafting and grafting efficiency
obtained under these conditions were 1440 and 97%, respect-
ively. Chitosan-g-TMSPM is a novel kind of silicone containing
biomaterial that can be useful for several biomedical appli-
cations. Since chitosan-g-TMSPM is amphiphilic in nature, it
may be formed by polymeric micelles in aqueous solution.
These micelles can be used as a promising delivery carrier for
the entrapment and controlled release of hydrophobic drugs.
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