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Abstract

Preparation and properties of polydimethylsiloxane (PDMS)-modified chitosan are discussed herein. A series of PDMS with systematically
varied molecular weights were first prepared via acid-catalyzed ring opening polymerization of octamethylcyclotetrasiloxane (D,) to obtain
PDMS prepolymers. They were subsequently functionalized with allyl glycidyl ether to obtain epoxy functional groups at PDMS terminals. Their
chemical structures and molecular weights were characterized using'H NMR,'>C NMR and FTIR, and thermal properties were determined by
DSC. The reaction of the epoxidized PDMS and chitosan was carried out in an acidic aqueous solution. Increasing the molecular weights of PDMS
and/or its concentrations improved flexibility and water swellability due to the formation of PDMS microphase. Water contact angle and water
vapor permeability measurements indicated that incorporation of the PDMS enhanced its hydrophobicity as compared to the unmodified one.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, chitin and chitosan have drawn a lot of
attention due to their unique properties such as biocompat-
ibility, biodegradability and economical advantages (Khor &
Lim, 2003; Tanodekaew, Prasitsilp, Swadison, Thavornyuti-
karn, Pothsree and Pateepasen, 2004). Chitin isN-acetyl-p-
glucosamine repeating unit linked by B-(1 —4) linkage and
chitosan is 2-amino-2-deoxy-(1 —4)-B-p-glucan (Prashanth &
Tharanathan, 2003). Chitin is difficult to dissolve in water or
any organic solvents whereas chitosan is well soluble in
various acidic aqueous solutions, e.g. formic and acetic acids
(Kweon, Ha, Um, & Park, 2001). Chitosan has thus been
widely studied for use in various applications such as
pharmaceutics, medicine, textiles, agriculture and other
industrial applications.

Modifications of chitosan with polymers have been
markedly studied to tailor its properties to satisfy basic
requirements for particular applications. These were accom-
plished either by physical blending, chemical grafting, or
crosslinking (Zeng & Fang, 2004; Zeng, Fang, & Xu, 2004).
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For instance, incorporation of poly(ethylene glycol) into
chitosan to improve their swelling properties and blood
compatibility has been investigated for biomedical applications
(Amiji, 1995; Gupta, Majeti, & Kumar, 2001; Zhang, Li, Gong,
Zhao, & Zhang, 2002). Chitosan grafted with acrylonitrile or
methylmethacrylate using potassium persulfate as an initiator
was studied for feasible use as packaging materials (Prashanth
and Tharanathan, 2003). The influence of glutaraldehyde
crosslinking reagent on the transport properties of chitosan
was investigated for the packaging application as well (Tual,
Espuche, Escoubes, & Domard, 2000).

Because the inherent brittleness and stiffness of chitosan
have limited many possible applications, polydimethylsiloxane
(PDMS) was thus incorporated into chitosan in the present
studies to improve their toughness properties. PDMS is of
particular interest for this purpose owing to their low glass
transition temperature (7,) and high flexibility as it is typically
used as an elastomeric modifier in various applications. In
addition to that, other unique properties of PDMS, e.g. low
toxicity, good biocompatibility, high oxygen permeability,
good thermal and oxidative stability, are also suitable for use as
biomaterials (Rutnakornpituk, 2005; Schulze Nahrup, Gao,
Mark, & Sakr, 2004). However, only a few precedents have
incorporated PDMS into chitosan probably due to immisci-
bility between hydrophobic PDMS and hydrophobic chitosan.
Kweon has reported in grafting PDMS homopolymer onto
chitosan and investigated their surface and mechanical proper-
ties (Kweon, 1998). Preparation of PDMS-grafted chitosan
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(Kim, Kim, Shin, Lee, Shin and Kim, 2002) and PDMS/
poly(vinyl alcohol)-chitosan hydrogel (Shin, Kim, Kim, Kim,
Song and Kim, 2002) as well as their swelling behavior were
previously reported.

In the current work, synthesis of PDMS with epoxy
functional groups has been discussed. Its chemical structures
and molecular weights were elucidated by'H NMR,'*C NMR
and FTIR, and thermal properties were studied by DSC. The
study on percent of extractable portions of the PDMS-modified
chitosan was also discussed. Mechanical properties, water
swelling behavior, water vapor permeability and surface
properties of chitosan containing PDMS as a function of
PDMS molecular weights and contents compared with the
unmodified chitosan were also reported.

2. Experimental
2.1. Materials

Chitosan from crabs (Taming Enterprise, Co.) with 98%
deacetylation and approximate number average molecular
weight (M,) of 1.4X 10° g/mol was used as received.
Octamethylcyclotetrasiloxane, D4, 99 + % (Fluka), was stirred
in CaH, and distilled prior to use. 1,1,3,3-Tetramethyldisilox-
ane, 97% (Acros), was fractionally distilled and stored under
N, until used. Karstd’s catalyst (Aldrich) and triflic acid, 98%
(Aldrich), were used as received. Allyl glycidyl ether, 99+ %
(Acros), was dried in activated molecular sieves, fractionally
distilled and stored in a freezer until used.

2.2. Synthesis

The first part of the synthesis of epoxy-terminated PDMS
involved the preparation of controlled molecular weight PDMS
prepolymers with Si—H terminals. The PDMS prepolymers
were then subsequently hydrosilylated with allyl glycidyl ether
to obtain epoxy-terminated PDMS.

2.2.1. Synthesis of PDMS prepolymers with controlled
molecular weights

A procedure for preparing PDMS prepolymer with a
targeted molecular weight of 1000 g/mol is provided. The
PDMS prepolymers with other molecular weights were
prepared in a similar fashion but with different ratios of
octamethylcyclotetrasiloxane (D) to the endcapping reagent.
D, (20g) and 1,1,3,3-tetramethyldisiloxane (3.54 ml,
0.02 mol) were charged into a round-bottom flask filled with
N,. The temperature was increased to 55 °C and trifluor-
omethane sulfonic acid catalyst (triflic acid) (0.13 ml,
0.65 wt% based on siloxane monomers) was slowly added
via a syringe. The reaction was equilibrated at 55 °C for 72 h.
Gel permeation chromatography (GPC) was used to monitor
the molecular weights of the polymer during the reaction and
thereby confirm that the reaction reached equilibrium after 72 h
period. The acidic mixture was cooled to room temperature,
dissolved in diethyl ether, then neutralized by repeatedly
extracting with water. The mixture was dried over sufficient

anhydrous magnesium sulfate with continuously stirring for
30 min, and subsequently filtered through a filter paper. Diethyl
ether was evaporated using a rotary evaporator for 30 min. The
cyclic monomers remaining upon the equilibration were
removed by vacuum stripping at 120 °C overnight.

2.2.2. Synthesis of epoxy-terminated PDMS

Allyl glycidyl ether (0.34 ml, 0.03 mol), toluene (10 ml) and
the Karstd’s platinum catalyst (0.07 ml) were charged into a the
4-neck reaction flask with a dropping funnel, a magnetic stir
bar, thermocouple and nitrogen inlet. A PDMS prepolymer
terminated with Si—H groups with molecular weight of
1000 g/mol (10 g, 0.01 mol) was charged to a dropping funnel.
It should be noted that the amount of allyl glycidyl ether used
was one and a half moles for every mole of Si—H bonds in the
prepolymers. After the temperature was raised to 55 °C, the
PDMS prepolymer were slowly dropped to the reaction
mixture due to highly exothermic reaction. After the reaction
was complete, the temperature was increased to 65 °C for 2 h.
The mixture was cooled to room temperature, and then filtered.
The excess of allyl glycidyl ether was removed by distillation
at 100 °C for 3 h. Preparation of epoxy-terminated PDMS with
different molecular weights was carried out in the same
procedure and the same 1.5:1 molar ratio of allyl glycidyl ether
to Si—H group.

2.2.3. Preparation of PDMS-modified chitosan films

Chitosan (5.0 g) was dissolved in 100 mL of a 0.5 M acetic
acid aqueous solution. Desired weight and molecular weight of
the epoxidized PDMS was dissolved in 10 mL of isopropanol and
was introduced into the chitosan aqueous solution with
continuous stirring for 2 h. Sonication was applied to remove
air bubbles in the reaction mixture for 4 h. The solution was then
poured into a glass mold to obtain a square sample film with 10X
10 cm? and kept at 50 °C for 2 days. The films were neutralized in
a 0.5 M NaOH solution and dried at 50 °C for another 2 days
under reduced pressure. The PDMS-modified chitosan was
somewhat opaque as compared to the unmodified chitosan.

2.3. Characterization

2.3.1. Characterization of PDMS

Proton (lH NMR) and carbon magnetic resonance
(3C NMR) were performed on a 400 MHz Bruker NMR
Spectrometer and CDCl5 used as a solvent. Fourier transform
infrared spectrometer (FTIR) spectra were measured from
Perkin—-Elmer Spectrum GXO Series FTIR Spectrophotometer.
GPC data was conducted on PLgel 10 um mixed B2 columns
and a refractive index detector. Tetrahydrofuran (THF) was
used as a solvent with a flow rate of 1 mL/min at 30 °C.
Thermal analyses were performed on a Perkin—Elmer Pyris-1
differential scanning calorimeter (DSC). The samples were
heated from — 140 to 0 °C with a 10 °C/min heating rate.

2.3.2. Measurement of the percent of dissolvable parts
The neutralized PDMS-modified chitosan was submerged
into a 0.5 M aqueous acetic acid solution with consistently
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stirring at room temperature for 24 h. to dissolved uncros-
slinked chitosan. The undissolvable chitosan was filtered using
a sinter glass and submerged again into an additional acetic
acid solution. The undissolvable chitosan was again filtered
and washed with distilled water followed by acetone to remove
uncrosslinked PDMS. It was dried at 50 °C in a vacuum oven
for 24 h. Percent of extractable parts was calculated as follows:

(W, — W,)100

Percent of extractable part (%) = W
1

whereW, andW, are the weights of the samples before and after
dissolution of the extractable parts, respectively. The reported
values are the average of three different measurements.

2.3.3. Water swelling properties of chitosan

The pre-dried samples were precisely weighed (70-80 mg)
and submerged into water at room temperature. At a given time
interval, the swollen samples were removed from water, wiped
off excess water on surface and weighed. Percent of water
swelling was calculated as follows:

W, —Wg)100
Percent of water swelling (%) = %
d

whereW, andW, are the weights of the swollen and dry
samples, respectively. The reported values are the average of
three different measurements.

2.3.4. Scanning electron microscopy (SEM)

The morphology of the sample surface was carried out
through LEO 1455 VP scanning electron microscopy (SEM)
with an accelerating voltage of 20 kV. The neutralized chitosan
with different submerging times in water were dried in a
vacuum oven at 50 °C for 2 days. They were cut into 1 X 1 cm?
in size and adhered onto an aluminum stub.

2.3.5. Water contact angle of chitosan

Contact angle (f) between water and chitosan films was
measured on a Kriiss DSA 10 contact angle meter at room
temperature. Water was carefully dropped on chitosan films
and contact angles were quickly determined before the films
started to swell. The reported values are the average of five
different measurements.

2.3.6. Water vapor permeability of chitosan

Water vapor permeability of chitosan was investigated
following the method described by Khan, Peh, and Chang
(2002). The sample films were tightly adhered onto the top of
glass vials with an approximately volume of 24 cm®. Each vial
was filled with preweighed anhydrous calcium chloride,
whereas glass vials for control contained small glass beads of
approximately identical weights to that of the sample vials.
They were kept in a desiccator with 75 £ 3% relative humidity
(RH) maintained with a saturated sodium chloride solution at
2813 °C. The vials were weighed again after 14 days after
kept in the close desiccator. Rate of water vapor permeability
was calculated as follows:

Rate of water vapor permeability(g/day/liter)

_ [(T¢ -T7) — (C¢ — €;)11000
B (14v)

whereT; and7; are the initial and final weights of the sample
vials, respectively,C; andCy are the initial and final weights of
the control vials, respectively, andv is the volume (cm3 ) of each
vial. The reported values are the average of three different
measurements.

2.3.7. Tensile strength and percent elongation of chitosan

Tensile strength and elongation properties were performed
on a universal testing machine (Instron Model 4301). The
samples free from air bubbles were cut into a dumbbell shape
type IV (ASTM D638). The samples were performed at 25 mm
gage length with the speed of 50 mm/min and 1 kN load cell.
Tensile strength and percent elongation at break were
calculated as follows:

Tensile strength(N/mmz)

Breaking force(N)

" Cross — sectional area of the sample(mm?)

Percent elongation at break (%)

__The increase in length at breaking point(mm) 100

Original length(mm)

The results presented were the average numbers of five
independent measurements.

3. Results and discussion
3.1. Synthesis of epoxy-terminated PDMS

PDMS containing epoxy functional groups at the ends was
prepared following a two-step synthesis: (1) preparation of
PDMS prepolymers containing Si—-H terminals, and (2)
epoxidation of the PDMS prepolymers with allyl glycidyl
ether to obtain PDMS with diepoxy end groups (Fig. 1). In the
first step, PDMS prepolymers with systematically varied
molecular weights (1000, 5000 and 10,000 g/mol) were
synthesized through the acid-catalyzed ring opening equili-
brium polymerization of octamethylcyclotetrasiloxane (Dy)
using 1,1,3,3-tetramethyldisiloxane as the endcapping reagent.
One mole of the endcapping agent was used for every mole of
the polymer in order to control the molecular weight of the
polymer. GPC indicated the existence of cyclic species
remaining after the reaction equilibrium. These cyclics were
removed by evaporation under reduced pressure at 120 °C
overnight. The molecular weight of the prepolymer was
estimated from a'H NMR spectrum. The peak at 0.1 ppm
corresponding to methyl protons along the PDMS backbone
(Si—CH3y) relative to the peak at 4.7 ppm corresponding to the
protons at the chain ends (Si—H) was used for the molecular
weight determination. The observed molecular weights were
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Fig. 1. Synthetic scheme for preparation of chitosan modified with PDMS.

1300, 5300 and 10,700 g/mol, respectively, which are slightly
higher than the targeted values. This is probably owing to the
partial loss of low molecular weight linear species during
vacuum stripping off the equilibrium cyclics.

Si—H groups at each end on the PDMS prepolymers were
hydrosilylated with allyl glycidyl ether to obtain epoxidized
PDMS. One and a haft mole of allyl glycidyl ether per mole of
Si—H group were incorporated to provide sufficient allyl groups
to completely react with Si-H ends of the prepolymers. An
excess of allyl glycidyl ether was quantitatively removed once
the reaction was complete. Because this hydrosilylation
reaction was highly exothermic, it was important to add the
PDMS prepolymers into an excess of allyl glycidyl ether
dropwise. FTIR was used to observe the disappearance of the
strong Si—H stretching peak at 2150 cm ™' (Fig. 2). In addition
to FTIR, the reaction progress was also investigated via proton
NMR by observing the disappearance of the signal at 4.7 ppm
corresponding to Si-H in the prepolymers (Spectrum A
inFig. 3). Proton NMR of the complete reaction before
purification indicated the existence of toluene and the
remaining allyl glycidyl ether (Spectrum B inFig. 3). The
signals corresponding to these residues were completely
disappeared after purification by vacuum stripping off whereas
the signals corresponding to the hydrosilylated products
appeared (signalb—i in Spectrum C,Fig. 3).

Molecular weights of the epoxidized PDMS were calculated
based on'H and'*C NMR. In'H NMR, the molecular weights
were determined based on the integration ratio of the signal at
3.15 ppm (peakg) corresponding to the protons in the epoxy

ring to the signal at 0.1 ppm corresponding to Si—~CHj3 (methyl
protons on Si) (Fig. 3). In'>C NMR, the methylene carbons
attached to the terminal silicons (peakb at 14 ppm) were used
in conjunction with methyl peaks in the repeating units (peaka)
to calculate its molecular weights (Fig. 4). In all cases, the
molecular weights of the epoxidized PDMS were slightly
higher than those of the PDMS prepolymers due to the
incorporation of two epoxy functional groups at both ends
(Table 1). In addition to that, determination of the molecular
weights and polydispersity index of the polymers was carried
out using GPC. The molecular weights of 5000 and
10,000 g/mol PDMS estimated from GPC were comparable
to the targeted numbers and also close to the molecular weights
determined from'H and'?C NMR techniques. However, the
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Fig. 2. FTIR spectra of PDMS before and after hydrosilylation with allyl
glycidyl ether.
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Fig. 3. "H NMR spectrum of 1000 g/mol PDMS, (A) prepolymer with Si—H terminal, (B) after hydrosilylation with allyl glycidyl ether before purification, and (C)

after purification.

molecular weight of 1000 g/mol PDMS oligomer estimated
from GPC was significantly higher than the targeted value.
This is likely due to the molecular weight of the oligomer was
so small that GPC could not determine their molecular weights
precisely. Polydispersity indexes of PDMS were decreased as
increasing the molecular weights of the polymers. The thermal
behavior of the polymers was investigated using DSC. TheT,’s
of epoxidized PDMS were approximately — 125 °C regardless
of the molecular weights of the polymers.

3.2. Preparation of PDMS-modified chitosan films

To prepare the PDMS-modified chitosan films, approxi-
mately 10% by volume of isopropanol were used to dissolve
PDMS and added into the chitosan aqueous solution to enhance
the miscibility between PDMS and chitosan. Addition of
isopropanol more than 10% by volume resulted in aggregation
of chitosan in the mixture. One to ten weight percent of PDMS
in chitosan were prepared. Phase separation during drying
process was troublesome when mixing more than 10 wt% of
hydrophobic PDMS into hydrophilic chitosan. Moreover, it is
thought that a small quantity of PDMS should enhance
flexibility and modify surface of the chitosan-based films
without sacrificing their swelling properties. This might be
important in some applications, e.g. wound healing materials,

CH, zs b ; d e f
/lea\o/%i;J/uo\l/k,: a

—.—
100 75 50 25 0 ppm

Fig. 4. *C NMR spectrum of 1000 g/mol epoxidized PDMS.

which need to retain excellent water swellability of chitosan.
Incorporation of the functionalized PDMS into chitosan in an
acidic aqueous solution is thought to essentially open the epoxy
rings and form vicinal diols (1,2-diols) at each PDMS terminal.
The amphiphilic characteristics due to the formation of
hydrophilic hydroxyl terminals and hydrophobic PDMS
backbone apparently enhanced the miscibility between
PDMS and chitosan. This phenomenon was evidenced by the
significantly lower concentration of the unfunctionalized
PDMS that can be introduced into chitosan solutions without
phase separation. It is hypothesized that the hydroxyl terminals
formed hydrogen bonding with chitosan and left PDMS
backbone to aggregate microscopically. Crosslinking and/or
grafting reactions of the difunctionalized PDMS with chitosan
were also possible (Fig. 1). Extraction of the dissolvable
portions was carried out in acetic aqueous solutions to remove
uncrosslinked chitosan followed by acetone to remove
uncrosslinked PDMS. It should be noted that chitosan without
PDMS is well soluble in acetic aqueous solution. Lower
percent of extractable portion implies that there is higher
degree of crosslinking. Chitosan containing 1000 and 5000 g/
mol PDMS did not show any significant difference in percent
of extractable parts (Fig. 5). On the other hand, chitosan
containing 10,000 g/mol PDMS exhibited more than 90%
extractable parts, which indicated that there were less PDMS
crosslinked with chitosan than those of the low molecular
weight ones. This was likely because high degree of
hydrophobicity of the high molecular weight PDMS enhanced
microphase separation, allowing less PDMS to react with

Table 1

Number average molecular weights and polydispersity index of PDMS

Mn of the PDMS pre-  Mn of the epoxidized PDMS (g/mol)  Polydisper-
polymer (g/mol) sity Index*
Targeted 'HNMR 'HNMR '"'CNMR GPC

Mn

1000 1300 1500 1600 2600 1.70

5000 5300 5700 5500 6000 1.60
10,000 10,700 11,500 11,000 12,000 1.35

Based on GPC.



234 M. Rutnakornpituk et al. / Carbohydrate Polymers 63 (2006) 229-237

100

80

i

e
\\%

2

7

N

60 +—

40 +—

20 T

Percent of extraction part (%)

N\

7
/

7

Y

N

_

N

chitosan containing chitosan containing chitosan containing
1,000 g/mol PDMS 5,000 g/mol PDMS 10,000 g/mol PDMS

Fig. 5. Percent extraction part of PDMS-modified chitosan as a function of molecular weights and percent of PDMS in chitosan. n]]] is chitosan containing 1 wt%
PDMS. [i&] is chitosan containing 5 wt% PDMS. is chitosan containing 10 wt% PDMS.

chitosan. Incorporating different amounts of PDMS in chitosan
in each sample did not exhibit any significant difference in
percent extractable portions. This might imply that the
increment of the PDMS crosslinker did not enhance percent
crosslinking between PDMS and chitosan but enhanced
microphase separation instead.

3.3. Water swelling properties

Fig. 6 exhibits swelling behavior of unmodified chitosan and
chitosan containing 1, 5 and 10 wt% of 10,000 g/mol PDMS.
The unmodified chitosan reached the equilibrium rapidly
within 10 min with equilibrium water content (EWC) of
approximately 120%. Percent of water swelling of modified
chitosan in all cases reached equilibrium within the first hour of
the investigation. These swollen chitosan remained intact
without observed debris throughout the investigation. Increase
of PDMS content in chitosan from 1 to 10 wt% resulted in a
significant increase of EWC.Fig. 7 exhibits the effect of
molecular weight and content of PDMS on EWC. EWC was
consistently increased as increasing the molecular weight or/
and content of PDMS in chitosan. This dramatic increases of
EWC were probably due to the presence of microphase
separation of PDMS amphiphile in chitosan matrix. Namely,
hydrophobic segments of PDMS backbone might microscopi-
cally aggregate and leave hydrophilic parts due to hydroxyl

1800

—_ o
P2
o O
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Percent weight increased(%)

EEDO00O0 O 0 O o o o o I o o o

0 0'5 1'00 1'50 260 250
Time (minutes)

Fig. 6. Swelling behavior of chitosan without PDMS (O), containing 1 wt%
(W), 5wt% (A), and 10 wt% (#) of 10,000 g/mol PDMS.

endgroups hydrogen bonding with chitosan. The presence of
microphase separation resulted in significant increase of
surface area of chitosan owing to porous-like morphology.
The existence of PDMS microphase could be confirmed by
scanning electron microscopy (SEM) technique.Fig. 8A-C
show SEM images of chitosan containing 10 wt% of 5000 g/
mol PDMS in various stages of swelling test andFig. 8D shows
the cross-section of the same sample. Chitosan containing
different PDMS molecular weights and contents exhibited
similar results. Before submerging the film into water, the
sample contained spherical PDMS phase with size ranging
from 15 to 25 pum in diameter (Fig. 8A). These spheres became
smaller after prolonged swelling for 1 h (Fig. 8B) and became
even smaller (less than 20 um) after 24 h of the experiment
(Fig. 8C). This indicated that chitosan absorbed water at the
PDMS-chitosan interface resulting in enhanced water absorb-
ability of PDMS-containing chitosan as compared to the
unmodified one. The existence of the spherical PDMS phase
throughout the materials even further enhanced water
swellability due to the significant increase of the PDMS-
chitosan interface (Fig. 8D). However, the sizes of these
spherical PDMS (2-3 um) were significantly smaller than
those at the surface (15-25 pm). It is hypothesized that, due to
its inherently low surface tension, PDMS can exhibit
microphase separation in chitosan during the drying process
and then slowly migrate to chitosan-air interface, resulting in
PDMS-rich surface and large PDMS phase sizes. Incorporation
of higher molecular weight and content of PDMS resulted in a
larger PDMS phase size, and, thereby, increased EWC, as
shown inFig. 7. However, addition of PDMS more than 10 wt%
resulted in phase separation between hydrophobic PDMS and
hydrophilic chitosan as observed by the presence of PDMS on
chitosan surface after the film preparation process.

3.4. Water contact angle

It is well known that PDMS is a hydrophobic polymer with
extremely low surface tension, and therefore it has been used as
a surface modifier in various applications (Huang, Yao, Huang,
& Yunzhao, 2001; Janocha, Hegemann, Oehr, Brunner, Rupp
and Geis-Gerstorfer, 2001). Therefore, in the present work,
incorporation of small amount of PDMS into chitosan was not
only aimed to improve their toughness properties, but also to
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modify its surface. To compare the wettability of PDMS-
modified chitosan to the unmodified one, contact angles
between sample surface and water were measured in air
using the sessile method (Huh, Kang, Lee, Kim, Lee and Park,
2001; Ishihara, Iwasaki, Ebihara, Shindo, & Nakabayashi,
2000).Fig. 9 exhibits the results of water contact angles as a
function of PDMS molecular weights and contents. The water
contact angle of the unmodified chitosan was 66.2+3.9 °,
which is significantly lower than those of the PDMS modified
chitosan ranging from 80 to 105 °, meaning that incorporation
of PDMS rendered the surface less water wettable. The result is
in agreement with SEM images (Fig. 8), showing the presence
of the large PDMS phase on the surface, indicating the PDMS-
enriched surface. However, there was no significant change in
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water contact angles as the molecular weights or/and contents
of PDMS increased (Fig. 9). Although incorporating small
amount of PDMS into chitosan enhanced surface hydrophobi-
city of the materials, good water swelling properties of the
materials still retained due to the significantly increase of
PDMS-chitosan interface in the bulk. This might be a good
candidate for some applications that require materials with
hydrophobic surfaces and good water swelling properties.

3.5. Water vapor permeability

Permeability of moisture through membranes is an
important property for various applications, e.g. wound healing
materials, artificial skin, and packaging materials (Mi, Shyu,
Wu, Lee, Shyong and Huang, 2001; Tual et al.,, 2000).
Incorporation of other components to materials in order to
modify their properties has been extensively studied (Kweon
et al., 2001). In the present work, addition of PDMS was not
only to improve its mechanical properties and modified its
surface, but also modified its transport properties, e.g. water
swelling and water vapor permeability.Fig. 10 exhibits the
influence of PDMS with various molecular weights and
contents on water vapor permeability. Small amount of
PDMS can significantly lower water vapor permeability of
chitosan. This suggests that the hydrophobic characteristics of
PDMS presented in chitosan, especially at the surface,
rendered the films resistant to moisture, resulting in inhibiting
water vapor to permeate through the membranes. Increasing
the molecular weight of PDMS tended to increase water vapor
permeability of the films. This is probably due to low
miscibility of high molecular weight PDMS in chitosan,
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Fig. 8. Scanning electron micrographs (SEM) of chitosan containing 10 wt% of 5000 g/mol PDMS, (A) before submerging in water, (B) after submerging in water
for 1 h, (C) after submerging in water for 24 h, and (D) cross section of the material before submerging in water.
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Fig. 9. Water contact angle of PDMS-modified chitosan as a function of
molecular weights and percent of PDMS in chitosan. is chitosan without
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5 wt% PDMS. is chitosan containing 10 wt% PDMS.

which might enhance hydrophobic PDMS to separate
microscopically from chitosan. As a result, chitosan contained
less PDMS and exhibited higher water vapor permeability.
However, significant change of water vapor permeability was
not observed when PDMS contents in chitosan were increased
from 1 to 10 wt%.

3.6. Mechanical properties

Measurement of tensile strength and elongation at break
provides an indication of the strength and elasticity of
materials. Tough and flexible properties of materials are
preferable for some applications, e.g. wound dressing material
and skin scaffold (Khan, Peh, & Chang, 2002). Since PDMS is
a well-known elastic polymer, incorporating PDMS into
chitosan-based films is thought to toughen the materials, and
thereby improve their flexibility. According to the mechanical
measurement, tensile strength and elongation at break of the
unmodified chitosan were 75.6+3.2MPa and 1.61+0.7%,
respectively. A low percent elongation value indicated that the
material was rather brittle because it was in a dry state. In all
cases, the PDMS-containing chitosan films exhibited a low
tensile strength and high elongation at break as compared to
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Fig. 10. Water vapor permeability of PDMS-modified chitosan as a function of
molecular weights and percent of PDMS in chitosan. is chitosan without
PDMS. ﬂﬂ] is chitosan containing 1 wt% PDMS. is chitosan containing
5 wt% PDMS. is chitosan containing 10 wt% PDMS.
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Fig. 11. Tensile strength (A) and elongation (B) properties of PDMS-modified
chitosan as a function of molecular weights and percent of PDMS in chitosan.
is chitosan without PDMS. [|:[[] is chitosan containing 1 wt% PDMS. is
chitosan containing 5 wt% PDMS. 7] is chitosan containing 10 wt% PDMS.

the unmodified chitosan films, indicating that the PDMS-
modified films were tougher and more flexible (Fig. 11).
Further increases in the molecular weights of PDMS from 1000
to 5000 and 10,000 g/mol did not show any significant change
in tensile strength but exhibited an increase in percent
elongation. Considering the effect of percent PDMS in chitosan
on its mechanical properties, further increases in PDMS
content tended to lower their tensile strength in all cases and
increase percent elongation only in 1000 g/mol PDMS-
containing chitosan. There was no trend observed upon
increasing amounts of 5000 and 10,000 g/mol PDMS in
chitosan.

4. Conclusions

PDMS with controlled molecular weight was prepared via
the cationic ring opening polymerization of D, followed by
hydrosilylation with allyl gylcidyl ether to obtain epoxy-
functional endgroups. Mixing the functionalized PDMS with
chitosan in an acidic aqueous solution allowed the formation of
hydroxyl PDMS terminals, which improved solubility between
the hydrophobic PDMS and hydrophilic chitosan. The
extraction of the uncrosslinked portion implied that chitosan
containing lower molecular weight PDMS exhibited higher
degree of crosslinking. Incorporation of the PDMS into
chitosan rendered the films more flexible as compared to
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the unmodified ones. Equilibrium water content (EWC)
increased as the PDMS contents and molecular weights
increased due to the presence of PDMS microphase as
indicated by SEM. In addition, it was found that addition of
the PDMS into chitosan enhanced hydrophobicity of chitosan
as indicated by the increase of water contact angles and the
decrease in water vapor permeability of the PDMS-containing
chitosan when compared to the unmodified one.
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