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Abstract Graft and crosslinked polydimethylsiloxane
(PDMS)-chitosan copolymers were prepared through the
reaction between mono and difunctional glycidoxypropyl-
terminated PDMSs and chitosan. The transformation of
amino groups of chitosan through the reaction with epoxy
groups was confirmed by FT-IR and '*C cross-polarization
(CP) magic-angle spinning (MAS)-NMR analysis. Chitosan-
based materials modified with about 40% and 60%
hydrophobic polydimethylsiloxane were obtained, respec-
tively. As proved by wide angle X-ray analysis, the
crystallinity of chitosan was strongly decreased through the
incorporation of PDMS sequences. However, both graft and
crosslinked copolymers still present a partial crystalline
structure. Their X-ray patterns are not only different as
compared to chitosan but also as compared to each other. For
the graft copolymer, three diffraction peaks were observed at
260=8.4°, 11.2° and 21.2°, indicating the formation of a new
partially crystalline phase and the modification of the
interplanar distances for the phases similar to chitosan. The
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crosslinked copolymer is even less crystalline, the peak
around 260=20° being strongly decreased. Different thermal
behaviour of siloxane modified chitosan was registered for
graft and crosslinked copolymers; the graft sample is less
stable than chitosan, while the crosslinked copolymer
showed an intermediate stability between chitosan and
polydimethylsiloxane precursors.
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Introduction

Last years, much attention has been focused on the use of
natural polymers in respect of environmental pollution.
Among natural resources, chitin—obtained from the pro-
tective cuticle of crustaceans, the exoskeletons of insects
and the cell walls of some fungi and microorganisms—as
well as chitosan—derived by deacetylation of chitin—have
been intensively studied due to their unique properties such
as biocompatibility, non-toxicity, and antimicrobial activity.
Chitosan has been used in detection of metal ion traces and
in recovering the heavy metals from sea water or wastes
[1-3]. Nowadays, the bonding of metal cations to chitosan
continues to attract the interest of scientists [4—7] and the
complexes were evaluated as antioxidants [8] or catalysts
[9, 10]. Chitosan was also used in other applications such
as biotechnology, pharmaceutics, cosmetics, agriculture,
food science and textile industry [11-13]. However, some
unsatisfactory mechanical properties, such as severe shrink-
age, deformation after drying, low solubility in acidic
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media, and compressibility at high operating pressure, limit
its application and processing convenience [14, 15].
Therefore, special attention has been paid to the chemical
modification of chitosan.

Chitosan (CS), an unbranched cationic biopolymer, has
reactive functional groups which allow further chemical
modification, i.e., amino or amido groups at C-2 positions
as well as both primary and secondary hydroxyl groups at
C-6, and C-3 positions, respectively. Crosslinking and graft
copolymerization are well known methods for the modifi-
cation of chitosan and represent convenient and effective
ways for improving the physical and mechanical properties
for practical uses. Various reagents, including epoxy
compounds, glutaraldehyde [16, 17], etc. have been used
as crosslinking agents for chitosan.

On the other hand, the introduction of siloxane moieties,
especially polydimethylsiloxane (PDMS), into biomaterials
can increase the oxygen permeability and/or the biocom-
patibility [18]. The high free volume of siloxane polymers
as compared to the hydrocarbon polymers explains their
solubility in low polar solvents and high diffusion coeffi-
cient for gases [19]. Moreover, it was already demonstrated
that hardness and brittleness of chitosan—which limit its
use, for instance, as wound healing materials [20]—is
strongly modified through the incorporation of elastomeric
PDMS (glass transition temperature around —120 °C).
PDMS-CS graft copolymers [21] and interpenetrating
networks containing poly(vinyl alcohol)-PDMS copolymer
and chitosan components [22] were synthesized and
the swelling of the resulted hydrogels was evaluated.
Organosilica-CS crosslinked nanospheres [23] or mem-
branes [24] were also prepared by crosslinking CS with y-
glycidoxypropyltrimethoxysilane.

This paper deals with synthesis of CS-PDMS graft and
crosslinked copolymers by reacting mono or difunctional
epoxy terminated PDMSs with CS. The microstructure of
CS-PDMS copolymers induced by the grafting or cross-
linking of CS was followed through wide angle X-ray
diffraction. The synthesized copolymers were further
proved to undergo complexation of metal cations [25].

Table 1 Characteristics of end functionalized polydimethylsiloxanes

Experimental
Materials

Low molecular weight CS with a degree of deacetylation of
75-85% was used as received (Aldrich). The precise value
of the deacetylation degree was found to be about 80%, as
determined from nitrogen content of the sample (8.23%).
The intrinsic viscosity of CS sample was determined in
0.25 M acetic acid/0.25 M sodium acetate aqueous solution
using an Ubbelohde viscometer kept in a constant temper-
ature bath at 25 °C. The viscosity molecular weight was
found to be approximately 380 kDa using the Mark—
Houwink—Sakurada equation (MHS), [n]=KxM", where
[1] is the intrinsic viscosity and the empirical constants for
the MHS equation were K=1.81x10" (cm’/g), a=0.93
[26-28]. Octamethylcyclotetrasiloxane (D4, 98%; Fluka),
1,1,3,3,-tetramethyldisiloxane (TMDS, 97%; Fluka),
pentamethyldisiloxane (PMDS, 97%; Aldrich), sulfonated
styrene-divinylbenzene ion exchange resin (Vionit CS
34C, Romanian product; exchange capacity=4.2 meq/g,
porosity=39.42%, granulation=0.4+0.65 mm, specific
surface=35 m?/g) and allyl glycidyl ether (AGE, 99%;
Aldrich) were used as received. Hexachloroplatinic acid
monohydrate (Aldrich) was used as 2% by weight solution
in isopropanol. Toluene was distilled under nitrogen on
sodium wire before use.

Measurements

Infrared spectra (FT-IR) were obtained by using a Nicolet
60 SX FT-IR under dry air, at room temperature, on KBr
pellets, in the range of 4,000-400 cm .

"H-NMR spectra were registered on a Bruker Avance
400 spectrometer in CDCls. '*C cross-polarization (CP)
magic-angle spinning (MAS)-NMR spectra were performed
on a Bruker 125 MHz NMR '*C {'H} spectrometer.

X-ray diffraction patterns were recorded on a Rigaku K
max-r Ax diffractometer with scanning scope of 5-40°,
scanning speed of 4°/min, using Cu K« radiation.

H-PDMS GP-PDMS

Sample code Active H content (%) Mn Mw/Mn GPC 7 (cSt) Sample code M,°
Chemical analysis® GPC®

H-PDMS; 0.0698 1,430 1,520 1.21 31.5 GP-PDMS; 1,660

H-PDMS, 0.1945 1,020 1,100 1.25 26.4 GP-PDMS, 1,340

?As determined by modified Zerewitinoff method’
“In toluene, using polystyrene calibrating standards
°From '"H-NMR spectra
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Themogravimetric analysis (TGA) was conducted with ~ modified Zerewitinoff method [29] and from the integral
a Q-1500 D, MOM Budapest System at a heating rate of ~ ratio of the specific protons in 'H-NMR spectra,

10 °C/min under air atmosphere. respectively.

Active hydrogen in H-PDMS and epoxy group Nitrogen content was obtained on a Perkin Elmer ele-
content in GP-PDMS precursors were determined by  mental analyser. Silicon content in PDMS-CS copolymers
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Scheme 1 Synthesis of CS-PDMS copolymers
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Table 2 Composition of CS-PDMS copolymers

Sample code Si (%) fi° 5° £P
Calc. Found®

CS-PDMS, 30.99 30.33 0.40 0.40 0.20

CS-PDMS, 20.86 21.46 0.47 0.33 0.20

*As determined by gravimetric analysis (see Experimental part)

%, f>» and f; are the fractions of nonreacted deacetylated CS units, of CS units bonded to PDMS chains and of acetylated CS structural units,

respectively.

was established gravimetrically by sample decomposition
with concentrated H,SOy, according to ref. [30].
Calculation:

R x 28.09 o
a x 60.09

where R: mass of SiO, residue resulted by combustion (g);
a: sample mass (g).

% Si = 100

Synthesis of active hydrogen functionalized
polydimethylsiloxanes (H-PDMS)

A monofunctional hydro-terminated polydimethylsiloxane
(H-PDMS;) with predicted molecular weight was prepared
by equilibration of D, with PMDS as end-blocker (43.6 g
D4/7.42 g PMDS) in the presence of 2.5% by weight dried
Vionit CS 34 C catalyst under stirring for 2.5 h at 90 °C,
according to a procedure previously described [31]. Cyclic
compounds and unreacted chain stoppers were removed by
distillation at 160 °C and 20 mmHg. The same procedure
was used for the preparation of a difunctional hydro-

Fig. 1 FT-IR spectra of CS and
of CS-PDMS

terminated polydimethylsiloxane (H-PDMS,) in the pres-
ence of TMDS as end-blocker (46.6 g D4/13.7 g TMDS).
IR: (KBr), cm ', 2,960-2,700 (CH,, CHs); 2,120
(Si-H); 1,260 (Si—CHa); 1,100-1,000 (Si—O-Si); 841 and
800 (Si—CHy).
"H-NMR: (CDCl3), § (ppm), 0.06-0.11 (Si (CHs),);
0.08-0.10 (CH;Si H); 4.74 (Si-H).

Synthesis of glycidoxypropyl terminated
polydimethylsiloxane (GP-PDMS,)

GP-PDMS; were synthesized by the hydrosilation of allyl
glycidyl ether with H-PDMSs in toluene, in the presence of
hexachloroplatinic acid 2% by weight solution in isopro-
panol, according to a procedure previously described [32].
The complete conversion of Si—H groups to Si—C linkages
was monitored by the IR spectra of the reaction mixture,
through the disappearance of Si—H characteristic band at
2,120 cm '. As confirmed by 'H-NMR spectra of GP-
PDMSs, the hydrosilation reaction yielded mainly the (3-
addition products.
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Fig. 2 '>*C CP MAS NMR
spectra of chitosan and PDMS
modified chitosan
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solution was then poured into a glass mould and dried at
40 °C under vacuum up to constant weight to give 15 g of
CS-PDMS; (total yield, 42%). CS-PDMS, crosslinked

'H-NMR: CDCl3, & (pmm): 0.014 (Si(CHz),); 0.46-0.54 (Si—CH2); 1.55-1.65 (CH>—~CH2-CH>),

2.57-2.60 and 2.76-2.79 \(C/H—Cﬂz); 3.12—3.13‘\(—/CH—CH2); 3.36-3.50 and 3.67-3.71 (-CH,-O-
o

CH>-).

The properties of siloxane precursors are presented in
Table 1.

Synthesis of polydimethylsiloxane modified chitosan
(CS-PDMS)

CS-PDMS graft and crosslinked copolymers were
obtained by addition reaction between amine groups of
chitosan and epoxy groups of polydimethylsiloxane
(epoxy/amine groups=1.4 molar ratio). The method is
outlined as follows: 3 g chitosan were dissolved in
180 ml 0.5 M acetic acid aqueous solution (pH=3). The
solution was stirred at room temperature for 24 h,
filtered to remove the insoluble material, and then
bathed in an ultrasonic bath for 20 min. After standing
for 24 h, the solution was added to 28.77 g GP-PDMS;
and 0.2 ml isopropyl alcohol. The reaction mixture was
stirred for 24 h at 70 °C. The modified chitosan does not
separate from solution. The solution was extracted in a
funnel with diethyl ether to remove any unreacted
polysiloxane (about 58% from initial amount). The

crosslinked copolymer was obtained by the same procedure
starting from the difunctional GP-PDMS, (epoxy/amine=
0.7 molar ratio). The unreacted GP-PDMS, recovered by
extraction was about 39%.

A0+
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2
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=
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o > 0 ) 20 ' 2
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Fig. 3 XRD spectra of chitosan (CS), CS-PDMS; and CS-PDMS,
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Table 3 Interplanar distances of CS and CS-PDMS copolymers

Sample code d (A)

CS 8.67 4.67

CS-PDMS; 10.55 7.90 4.19

CS-PDMS, 7.76 4.31 291

Results and discussion
CS-PDMS graft and crosslinked copolymers

CS-PDMS copolymers were prepared according to
Scheme 1 by reacting mono or difunctional GP-PDMSg
with CS. It is well known that the primary amine groups
quickly undergo nucleophilic substitution with epoxy rings.
In a first step, secondary amino groups are formed; they
further undergo a second substitution yielding tertiary
amines [32]. The reaction of amine groups of CS with
epoxy rings linked to siloxane chains is quite difficult due
to the very different solubility parameters of the mentioned
polymers. In fact, the reaction takes place in a heteroge-
neous system, at the interface between CS aqueous solution
and oil siloxane phase. After 24 h of reaction at 70 °C, only
part of the siloxane polymer was linked to CS. However, in
these reaction conditions, the yield of polysiloxane bonding
to chitosan was as high as 42% or 61% for mono- and
difunctional GP-PDMSs, respectively. The proportion of
siloxane in CS-PDMS copolymers was established by
silicon analysis and the fractions of nonreacted (f;), bonded
to PDMS chain (f;) and acetylated CS structural units (f3)
were calculated (Table 2).

IR and NMR analysis

The structure of CS-PDMS copolymers was proved by
FT-IR and "*C-NMR analysis.

The IR spectrum of modified chitosan (Fig. 1 shows the
characteristic absorptions of CS-PDMS, sample as typical
example) presents the characteristic absorption of both
precursors. A strongly diminished absorption band (large
band centred at around 3,429 cm™ ") associated to OH and
NH, groups in CS was evidenced in both CS-PDMS
copolymers. The vc_o_c, Vsim c—on, and Vu c_op bands
appearing at 1,157, 1,087, 1,026 cm ™" in CS are superposed
on Vsi_os; strong band in CS-PDMSs. CS-PDMSs IR
spectra also contain Si—~CHj characteristic bands at 1,258
and 804 cm™'. The bands associated to partially acetylated
CS centred at 1,650 (vc.o) and 1,596 cm ™' (va_y) are
enlarged between 1,654 and 1,550 cm ! after modification of
CS with PDMS.

Figure 2 presents for comparison the '*C-CP MAS NMR
spectra of CS and CS-PDMS,. The spectrum of CS-PDMS,

@ Springer

copolymer shows the characteristic peaks of CS but they
are broadened as compared to pure CS. The presence of
siloxane sequences is evidenced in CS-PDMS spectrum by
the peaks at §, ppm, 0.0-0.8 (Si—CH3), 14.3 (Si—CH,), 25.5
(-CH,~CH,—CH,-), 50.2 (CH,-NH-), 63.1 (-CH-OH),
71.5 and 73.7 (-CH,—CH,—O—-CH,).

X-ray analysis of CS-PDMS copolymers

X-ray spectra of CS, CS-PDMS, and CS-PDMS, are
shown in Fig. 3. The great intramolecular hydrogen
bonding leads to chitosan crystalline character that distin-
guished it from other carbohydrate polymers [33]. As
shown in Fig. 3, the XRD pattern of chitosan exhibits its
characteristic crystalline peaks at 20=10.2° and 19°. X-ray
diffraction of CS-PDMS copolymers indicated that the
bonding of PDMS to chitosan chains decreases the
crystallinity. However CS-PDMS; and CS-PDMS, still
presents a partial crystalline structure. It is interesting to
notice that the graft and crosslinked copolymers present
different X-ray patterns not only as compared to CS but
also as compared to each other. For CS-PDMS;, three
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diffraction peaks were observed at 20=8.4, 11.2 and 21.2°,
indicating the formation of a new crystalline phase and the
modification of the interplanar distances for the phases
similar to CS. CS-PDMS; is even less crystalline, the peak
around 260=20° being strongly decreased.

The above observations are also exemplified by the
interplanar distances (d; Table 3) calculated using the
Bragg’s equation A=2dsinf, where 60 is the diffraction
position and A is the wavelength.

Thermal behaviour of CS-PDMS copolymers

The thermal stability of graft and crosslinked copolymers
was evaluated by thermogravimetric analysis and com-
pared with CS, and epoxy-terminated PDMS precursors.
As seen from Fig. 4, the most stable product is the epoxy-
terminated PDMS that presents a weight loss of about
18% up to 345 °C and 65% up to 515 °C. Chitosan sample
is less stable than PDMS. Up to about 340 °C it is loosing
about 50% of the sample weight and at 750 °C it is
practically completely decomposed. CS-PDMS, cross-
linked copolymer showed an intermediate behavior be-
tween CS and PDMS precursors. The weight loss of about
7% registered up to 150 °C could be attributed to the
traces of solvent and to still adsorbed water. The
compound starts to decompose at 150 °C, loosing a total
of about 39% and 85% up to 360 and 750 °C, respectively,
the remaning residue being mainly silicon dioxide. It is
interesting to notice that CS-PDMS; graft copolymer
presents a quite strange decomposition curve. The copoly-
mer is less stable than chitosan, showing a more rapid
decomposition up to about 550 °C. Moreover, it is totally
decomposed up to 750 °C. No silicon dioxide is formed as
a result of the decomposition of siloxane sequence. This
feature is probably due to a synergistic effect of chitosan
on the thermal decomposition of siloxane component, with
the formation of volatile silicon containing cyclic and
linear oligomer species, which occurred during heating of
graft copolymer but was not observed for the crosslinked
copolymer.

Conclusions

Chitosan was successfully modified with polydimethylsi-
loxane by the ring opening reaction of epoxy groups
linked to siloxane chain with primary amino groups of
chitosan. Due to the large difference between solubility
parameters of chitosan and polysiloxane, the reaction
occurred in heterogeneous conditions. However, a quite
large amount of siloxane moieties were linked to the
biopolymer. The modified chitosan presents lower crys-
tallinity as compared to the pure polymer. The thermal

stability was found to be dependent on the copolymer
structure; the graft copolymer is less stable than both
chitosan and epoxy-terminated polysiloxane precursors,
while the crosslinked copolymer shows an intermediate
behaviour. The known ability of chitosan to bind metal
cations is maintained after the modification with poly-
siloxane, as proved elsewhere [25].
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