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ABSTRACT

Organic-inorganic hybrid coatings have been premhby sol-gel method of chitosan with differentrséla. Silane
precursors used in these coatings are glycidoxygtdmethoxysilane (GPTMS), Tetramethoxysilane (BE@nd
vinytrimethoxysilane (VTMS). The hybrid coatingséhheen evaluated by AT-FTIR ai@-NMR analysis for their
structural features, which confirms the formatidrsiboxane-polymer network and provide the evidewfodifferent
silanes used. An XRD result presents crystallinecgire of chitosan-silica hybrid coatings. It ifitrate that the
aggregation of silica in hybrid coatings differstlwithe silane used in hybrid coatings. The struaitunodification
occurring due to different silane precursors ispessible for more thermal stability of hybrid cawgs than pristine
chitosan. Differential scanning calorimetry (DSGggents the glass transition temperature of hybadtings. The
water wettability of hybrid coatings is measured dpntact angle analysis. The contact angle valuehytrid
coatings with respect to polar and non-polar solvassures the surface reorganization during contaatle
measurements. Surface energy explains the behaviimuids on the hybrid coatings. The surface nhaipgy and
roughness of hybrid coatings are well explainedSEBM and AFM studies. The wettability and surfacepmalogy
of hybrid coatings differ by the use of differeitdres used in the hybrid coatings.

Keywords: Sol-gel, Chitosan-silica hybrid coatings, WettdpjlThermal properties, SEM, AFM.

INTRODUCTION

Research and industries interest are on the risehén advanced materials developed by combination of
macromolecules with inorganic species to form oig@morganic hybrid materials [1]. Sol-gel techngjooffers
simple and convenient method for the preparatioargénic—inorganic composite materials based omithiglation

on molecular level [2]. The preparation of thesbrity materials are divided into two methods. Onghéesformation

of composite materials on which organic materiadupported. The other one is hybrid material forragdol-gel
method. This organic-inorganic hybrid material @nfied by the hybridization of organic constituerthwthe
inorganic constituent. Silica has been shown teabgood candidate as supporting material becauses d¢drge
surface area and excellent mechanical resistandg [Bhese organic-inorganic hybrid materials pesseatalytic,
optical, thermal and mechanical properties duehtgsical and chemical interactions between organétinorganic
constituents [5]. Thus, they are widely applicableliverse field46-10]. Sol-gel method develops xerogel coatings
which areeconomical and environmental friendly [11].

Sol-gel method has been widely used for the préijparaf organic-inorganic hybrid materials. The riganic
network is obtained from metal-alkoxysilanes vialtotysis-condensation mechanism. The chemical icectan
be described schematically as follows:

Si OR + H20 Si OH + ROH (1)
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Si OR + HO Si Si O Si + ROH (2)
Si OH + HO Si Si O Si + H20 (3)

The silanol group (Si—OH) produced by the hydraysiaction, (1), is converted into siloxane (Si—P€®sslinks
by either reaction (2) or reaction (3).

Sol-gel process is employed to form biopolymereailnybrid materials which have recently drawn aitendue to
their potential properties, compatibility with Ihng matters and they also relate to biomimmetic ggses [12-16].
These hybrid materials are prepared by a contra@dkglience of hydrolyses and condensations stdrtmg an
alkoxysilane like tetraethyl silicate in alcoholsdaother polar solvents leads to a solution oroddéll suspension of
siloxane polymers (sol) [17]. At this stage, ottla beginning of the process, it is possible t@iporate a soluble
organic polymer in the sol. These organic-inorgdnjibrid materials exhibit unique mechanical projsrsuch as
high ductility, low elastic modulus and high mecttah strength [18]. Literature reveals the formataf different
polyssacharide silica hybrid coatings such as ktisilica [19], chitosan/silica [1, 20-22], chst/titania [23],
and cellulosef/titania [24]. These biopolymer-sillegbrid materials find application in various fislduch as bone
substitutents, cements for bone repair and coriginyeenzyme and cell immobilization, catalysis asshsors [25-
28]. These organic-inorganic hybrid materials pregaby the combination of organic-inorganic hybréle used in
the form of films for membranes or coatings or eecprsors for the preparation of porous mater28§.[

Chitosan is a biodegradable polymer obtained bwlimlé deacetylation of chitin. It is a linear copoker of 2-
acetamido-2-deoxy-D-glucopyranose and 2-amino-2egiddglucopyranose joined bf (1,4) glycosidic bonds.
Chitosanis nontoxic, biodegradable, biocompatible polymewihg inherent film forming and heat resistant
property [30]. Chemical modification of chitosarcbenes feasible due to presence of amino and hyHgoayps in

it, which makes itattractive for the preparation of hybrid materif2®-22, 30]. Chitosarhas broad spectrum
antimicrobial activity against fungi, algae and teaia [31-33]. Antimicrobial activity also enhancés application

in various fields such as biomedical [34,35,36,3@hd [38], textile [39], waste water treatment J48dsorption
[41], interior finishing coatings for formaldehyddsorption [42], dyes [43] and complex formatiod][4

Chitosan-inorganic materials have recently attcheteich attention due to its potential in scientdied technical
application which provides combination propertidsboth organic and inorganic species. Chitosarmasitiybrid
materials with different characteristics are applie various fields according to their requiremgnt45s, 46].

In this paper we have prepared chitosan/silica idybraterials using chitosan and different silangssbl-gel
method at ambient temperature. The aim of thisystas to make use of the expected tendency obthgolymer
for association with silicate hydrosols in ordemodify the characteristics of the products. Wesprg a systematic
study of physical and chemical properties of theg®id materials. The chemical structures of chitgsilica hybrid
materials differ by the use of different silanesichhare used for the preparation of these hybritenads. These
differences in their chemical structures are exgldiby AT-FTIR and®C-NMR analyses. The effect of different
silanes on thermal stability, wettability and segfaoughness of hybrid materials are deeply ingattd by various
analyses.

MATERIALSAND METHODS

Chitosan-siloxane hybrid coatings were preparevin steps using sol-gel method. Acid catalyzedgsblmethod
is applied to synthesize hybrid coatings [17]. Watkane ratio, pH and catalyst concentration wapémized in
this reaction depending on the desired end prodluditst stage a sol of TEOS and GPTMS was prephsesol-gel
method. TEOS and GPTMS were reacted in 1:4 motarsran presence of 0.05M HCI. While preparing this the
water ratio with respect to silanes was kept ab tolacquire the desired sol for preparing hybadting. In second
stage 1g of chitosan was dissolved in 1% of 10Qretia acid. Then above prepared sol of GPTMS an@S &as
added dropwise in it and allowed it to stir for [f@urs at room temperature. Throughout the readtierpH was
maintained at 6.8. The reaction was carried out iclosed system as it is being a hydrolysis andieasation
process. Chitosan-TEOS and chitosan-VTMS were pispared by sol-gel method. In chitosan-TEOS system
chitosan solution was prepared in acetic acid iiciwiiEOS was added in equimolar concentration. muthis sol
formation the water and pH were maintained at ojgoh concentration. Chitosan-VTMS sol was also areg in
the same way. During this sol preparation VTMS wadded very slowly in chitosan solution and stirvegbrously
as compared to TEOS and siloxane mixture as saubfl VTMS is less as compared to other two.

Sols prepared above are applied on glass micrasatiges of 17mm x 10mm. The glass slides werenelg@ay
soaking in 1M NaOH for 24 hours and then rinsechwitpious amount of distilled water and ethanokSentreated
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slides were then dried in ambient conditions aneduf®r coating. These slides were coated by dipghatktAll
coated slides were again stored at ambient conditfor at least one week. These coated slides @lsdage then
further analyzed.

Scheme 1 M echanism of Chitosan-(GPTM S-TEOS) hybrid coating
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Attenuated-Fourier transform infrared spectrosc@l-FTIR) was used to record IR of the sols on Sideu 8400
S. The evaluation was done at 256 scans with dutésoof 2 cmi® in the range of 3400 and 600 ¢m

13C Nuclear magnetic resonanc@Q-NMR) spectroscopy:°C solid state NMR spectra of hybrid coatings were
recorded at 79.49 and 100.62 MHz, respectivelya 4 T) Bruker Avance 500 spectrophotometer.

591
Pelagia Research Library



Prerna Dhawadeet al Der Chemica Sinica, 2012, 3(3):589-601

Scheme 2 M echanism of Chitosan-TEOS hybrid coating
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X-ray diffraction (XRD) patterns of hybrid coatingsere recorded on Rigaku XRD-6000 diffractromefimr
characterizing their crystalline patteii-filtered Cu Ko radiation was used as the X-ray soufee D range was
10° to 40°.

Thermal gravimetric analysis (TGA) of hybrid coafinwere conducted with a Q-1500 D, TA instrumemiden N
atmosphere at a heating rate of 2°C/min to chaniaet¢heir thermal behavior. The range of scanné@rmgperature
was 50°C to 500°C.

Differential scanning calorimetry (DSC) measurersemére obtained using TA instruments. Scans wetarad in
the range of 20°C to 500°C with a heating rateG3CImin.

Dynamic advancing and receding Contact angles werasured with distilled water on Kruss G10 contaule
meter at room temperature. These were recordede whiter was added to and withdrawn from the drop,
respectively, by a syringe pump. An average valug drops of CA giving constant values was repartuarface
energy measurements of hybrid coatings were detednby first measuring the contact angle of wated a
hexadecane on hybrid surfaces and then calculdtengurface energy by Fowkes’ equation [52]:

5= 1 (1+c09)%4

The surface morphology of the coatings were obsemwéh a JEOL Model JSM 6380LA scanning electron
microscope (Japan). A platinum coating was depsitethe samples to avoid charging the surface.

Coating samples were imaged with a “JPK Bio AFMnblaVizard 11”. The intermittent contact mode wapkgd
for analyzing the samples. AFM imagination wasq@ned at a set-point amplitute of 600mV. The diweplitude
was 0.05V and imaging was conducted just belowc#maliver resonant frequency of 298-300 kHz.
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RESULTSAND DISCUSSION

2. 1. Synthesis
Sol gel is the proficient method of forming hybddatings. pH and water to silane ratio are sonth@parameters

which rule the reaction conditions responsibletfar formation of the desired hybrid material [1Bilinker [17] has
reported that, at pH of 2-7 gel time decreasesilseadd metastable state of sol is obtained at pH Phe pH of 6.8
is maintained throughout these reactions to acqieséred product. Brinker [17] has mentioned that tiydrolysis
process in sol-gel method is performed between rngilsne ratio of 1:25 depending upon the desinextipct. In
the formation of these hybrid coatings the watdiorés maintained at molar ratio of 15 with respéetsilane
concentration considering maximum hydrolysis akeeping the reaction for 72 hours. The ethoxy amdhoxy
groups of TEOS and GPTMS respectively undergo Hydi® and condensation converting these groups into
hydroxyl groups leading to sol formation. This s$slthen further added into chitosan solution whagain
hydrolysis and condensation takes place formingrganic-inorganic hybrid sol. The Si-OH group of sbTEOS
and GPTMS reacts with hydroxyl group at C-2 and @e6ition of chitosan as well as condensation af 8i+OH
groups forms Si-O-Si network forming polymer. Tleaction is depicted irStheme 1) of Chitosan-Mix hybrid. In
chitosan-TEOS sol, the ethoxy group of TEOS undesgoydrolysis giving hydroxyl group which then het
reacts with the hydroxyl group of chitosan whictsi®wn in Scheme 2). The chitosan-VTMS hybrid coating is
formed by hydrolysis of methoxy group of VTMS whithen further reacts with chitosan forming siloxane

polymer network as exhibited is¢heme 3).

Scheme 3 M echanism of Chitosan-VTM S hybrid coating
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2.2. Characterisation

The AT-FTIR graph of hybrid materials is illustrdtéen Figure. 1. The hydroxyl stretching of chitosan occurs at
3353 cnt which overlaps with amine band. —CH stretchingespp at 2924cth —C=0 appears at 1630-1670tm
—NH (hydrogen bonded) gives a peak at 1557.cReak appearing at 1023¢ns attributed to —C-O stretching.
These results indicate presence of hydrogen bonalitign the molecular chain in pristine chitosan.all the three
hybrid coatings formed by incorporation of silicaditu, all the above mentioned chitosan bands iremachanged
in hybrid coatings. The inorganic phase gives IRdsain the following regions: 1137-1000, 950-90d &00-700
cmi® assigned respectively to Si-O-Si (stretch), Si-@tdetch) and Si-O-Si. The broad peak appearir@8&8cnt

in chitosan becomes narrow in all the hybrid cagtidue to incorporation of silica. The intensitytlodé interaction
of hydrogen bonding between Si-O on silica and fional groups on chitosan decreases in the —N-kbmneim
chitosan-silica hybrid coatings. Such a decreasbserved in intensity of the peak at 1557anhich is attributed
to hydrogen bonded amine group with Si-O on silidae band of chitosan- (TEOS and GPTMS) hybrid cgati
appearing at 2946¢his due to presence of —Glef GPTMS of hybrid. Intensity of the band appegrat 1100-
1000 increases mostly due to overlapping of th©-& and —C-O-C- of glycosidic linkage. The ovefdaq of
these bands is reported previously in literatu@.[Zhe IR graph of chitosan-TEOS hybrid coatingwh all the
peaks of pristine chitosan as well as peaks ofmoic moiety. In IR graph of chitosan-VTMS hybridlating all the
above mentioned peaks for chitosan as well as amcgpeaks are present besides it gives a chasdictgreak of
vinyl group at 1639 cfh confirming the presence of vinyl group in hybris mentioned earlier the intensity of
hydrogen bonding decreases in the —NH region itosan-silica hybrid is seen even in the hybrid ioggt which
are formed here.

Figure 1. FTIR spectra of chitosan-siloxane hybrids: a) Chitosan-(GPTM S-TEQS); b) Chitosan-TEOS; ¢)
Chitosan-VTM S hybrid coatings.
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3C-NMR spectra of chitosan-siloxane hybrid coatings apeesented ifFigure. 2. where appearance of signals at
61.99 and 66.47 confirms the formation of the beidgetween siloxane network to the polymer. Shif2aub4

confirms primary amine of chitosan. Chemical shift11.93 is assigned for -Gléf GPTMS. Band appearing at
77.22 confirms -C-O-C- linkage of chitosan chaijaadnt to —-CHOH, whereas the band appearing at 105.10 is due
to -C-O-C- linkage adjacent to oxygen present & glycosidic ring. Chitosan-TEOS also shows all ¢themical
shifts appearing in chitosan-(GPTMS-TEOS) but tasgyslightly shifted to upfield as the electronegitis less in
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Chitosan-TEOS as compared to chitosan-(GPTMS-TE®S}hitosan-VTMS all the chemical shifts are samito
chitosan-(GPTMS-TEOS), in addition to it peaks 38 &nd 132 are ascribed to vinyl group presertiéntybrid.

Figure 2. *C- NMR of chitosan-siloxane hybrid coatings: a) Chitosan-(GPTM S-TEOS); b) Chitosan-TEOS;
¢) Chitosan-VTM S

ma
7733 |

¢ l
M { 11.93 J! it 4‘? ‘5199
5 | us.r1 sll.;-o ]‘ 1' 138 132 |

10510 J W‘ I | | '\,'|
I M ’ ] J | lll 'I lI u‘
. “ W iuf h‘ ¥ \L\* m J.ﬁ u‘ i
IM fﬂ w’u l‘ t '}M {l M WL q; /i i""\? ’;f'l H' %{W* ‘i‘ W jy#f Hw

T T T
10 w0 o s 70 & 2 10 ppm B0 o 10 12 10 10 % 0 0 & 50 40 % ppm

.z

105.10

\l Vo
WM W‘

14 m 100 %2 &0 o 50 S a0 30 pEm

To investigate the structure of hybrid coatinge %RD measurement was carried out with result shgwn
Figure. 3. The peak observed at 20.02° is associated wélctistalline structure of chitosan. The charastieri
diffraction peaks of silica are generally obsenasd®= 17.8°, 19.1° and 20.6°. In every chitosan/siligdorid
coatings only one peak a620.4° is observed. This is consequently due ttudiance of crystalline form. This
disturbance occurs due to interaction between sait@nd silica in hybrid coatings, due to which rgion of 2
from 15° to 20° becomes broad. This broadness ak [ more in chitosan-(GPTMS-TEOS) than chitos&®$
hybrid coatings as the amount of silica in it isrendue to which silica aggregation disturbs thestljinity. The
shoulder appearing at 10° in pure chitosan is laedrio other form of ordering within the chitosdrainis, with a
characteristic distance of 8.5+0.3A°. In hybrid thogs the peak at 8.5+0.3A° is not seen but twaablrand weak
humps are present at 8.5-9.0 and 12.0-12.5. THegraarging at low angles, 6° in hybrid materiaks assigned to
interparticle scattering interference and indicatighly non-periodic fluctuation of the electrordensity in these
hybrid materials. This peak is characteristic ajragation of silica at high silylating agent [4The crystallinity of
hybrid coatings decreases as compared to chitosaaddition of silylating agent. This attributes lioeaking of
intrinsic hydrogen bonding between hydroxyl and reengroups of chitosan chains and formation of fuyty
interchain linkages between polysiloxane and chitashains [47]. This phenomenon is observed inyesitosan-
silica hybrid coatings which are formed. In chitesATMS hybrid coating the peaks appearing at 6° 20dl° are
evident than chitosan-(GPTMS-TEQOS) and chitosan-SE@brid coatings. This phenomenon in chitosan-VTMS
hybrid coating is attributed to formation of siliaggregation and steric hindrance of vinyl group.
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Figure 3. XRD curves of chitosan and chitosan-siloxane hybrids: a) Chitosan-(GPTM S-TEOS); b) Chitosan-
TEQOS; c) Chitosan-VTM S hybrid coatings.
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The thermal stability of chitosan-siloxane hybridatings is evaluated by thermogravimetric analy3ike
thermograms are shown Figure. 4. The first weight loss at around 100°C is attiéouto loss of water molecules
present in the hybrid coating. The second weigés lmppearing at around 280°C-300°C indicates dexsitigm of
hybrid coatings and the third weight loss is obedrnear 380°C. Such changes clearly indicate hyhtidn
between organic and inorganic parts. In hybrid iogatthe polymeric matrix is forming due to covaléinkage
between chitosan and silylating agents and the -Si-Gnkages. AT-FTIR supports formation of thislymer
linkage. The weight loss appearing at around 288%lie to unstable parts of polymeric matrix whertéee third
weight loss is occurring due to complete decomosiof the backbone of the polymeric matrix. ltcisnsidered
that the improvement in thermal stability which oxin hybrid coatings is due to different silangs.it is evident
from the thermograms of hybrid coatings, chitosa®{MS-TEOS) is more thermally stable than chitoS&®S
and chitosan-VTMS. The chitosan-(GPTMS-TEQOS) hybivass mixture of silylating agents therefore it isrm
stable, as inorganic portion is increasing in thibrid. In literature it is mentioned that thernséability of chitosan
increases on high content of silylating agent [4Termal stability of chitosan-TEOS hybrid is masecompared to
chitosan-VTMS because for Si@ take shape is hard due to steric hindrancenyt group of chitosan-VTMS. It
can be seen that chitosan-silica hybrid coatingsexhibited better thermal stability than the jmistchitosan. It is
reported that silica formed serves as a protectigéerial which impedes thermal degradation of claitoresulting
in retardation on thermal degradation and enhanoenrechar formation [48]. Thus, the same trendhiserved in
temperature of weight loss of hybrid coatings wisbiifts towards higher temperature area and evewchhr yield
of hybrid coatings is more than the pristine cliatosas can be seen from (Table 1), indicating highermal
stability of hybrid coatings which is due to fornaet of stable silica.

Table 1 Thermal properties of chitosan-siloxane hybrids: a) Chitosan-(GPTM S-TEOS); b) Chitosan-TEQOS;
¢) Chitosan-VTM S hybrid coatings

Material Thermal pesties Char Yield
T(°C) T(°C) (%0)
Chitosan 245 315 36
Chitosan-(GPTMS-TEQOS) 203 722 40
Chitosan-TEOS 158 360 37
Chitosan-VTMS 218 393 38

T® Temperature at 10% loss
T° Temperature at maximum weight loss

The glass transition temperatures measured by D8Chitosan-silica hybrid coatings are displayedrigure. 5.
The glass transition temperature of hybrid coatargsdetermined according to ASTM standard E13&6dstrd test
method for assignment of glass transition tempegatby differential scanning calorimetry. This gitee midpoint
temperature between extrapolated onset and endsehdmtherm. Glass transition temperature increases
incorporation of silica in chitosan as it is regartin cases of silica containing polyimides [49Y &f pristine
chitosan is at around 58°C (Figure not shown fewvity). It is being observed that the glass tramsitemperature
(Tg) of hybrid coatings is shifted to higher valuésn the pristine chitosan. In chitosan-(GPTMS-Btdg is
observed at 75°C, this behavior is related to tlgification of chitosan with siloxane. The restidtsegmental
mobility in chitosan-(GPTMS-TEOS) hybrid is dueditica network formation in chitosan as this pheeoon is
supported by AT-FTIR. Hybrid of chitosan-VTMS illuates Tg at 68°C. It is observed that the glasssition
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temperature of chitosan-VTMS is higher than prestiitosan indicating limitations of segmental ntibbinduced
by silica network as well as double bond of VTM3ag3 transition temperature of chitosan-TEOS i<C7®hich is
less than chitosan-(GPTMS-TEOS) due to absencd”dG in chitosan-TEOS.

Figure 4. TGA thermograms of chitosan-siloxane hybrids: a) Chitosan-(GPTM S-TEQOS); b) Chitosan-TEOS,
¢) Chitosan-VTM S hybrid coatings.
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Figure 5. DSC curves of chitosan-siloxane hybrids: a) Chitosan-(GPTM S-TEOS); b) Chitosan-TEOS; c)
Chitosan-VTM S hybrid coatings.
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The surfaces of hybrid coatings are characterizeddmtact angle and it is summarized in table 2e Thntact
angles are important to ascertain the hydrophjlicit hydrophobicity of these hybrid coatings. THéee of
different silanes on hydrophobicity of chitosan ailita hybrid coatings is discussed. In chitos@R{MS-TEOS)
hybrid coating where chitosan is modified using ¥ @nd GPTMS, the contact angle is measured atTHe®.
contact angle of chitosan-TEOS hybrid coating isesbed at 67° and the contact angle of chitosan-8Thybrid
coating is measured at 75°. Silanes provide hyaroigity or hydrophilicity by changing the interamti of boundary
layer of solids with water [50]. Therefore chitoshas been modified with different silanes consiatgrihat this
modification will provide different hydrophobicitgr hydrophilicity to hbrid coatings. It has beensetved that
chitosan-VTMS hybrid coating shows more hydrophibpithan the other two hybrid coatings. This indé&samore
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hydrophobic nature developed due to VTMS. Silicamamarticles on modification by vinyl groups develop
superhydrophobic silica nanoparticles. The modiiica results in surface reorientation in which thgdroxyl
groups on the surface are substituted by vinyl gsoand the hydroxyl groups present inside remanmthanged
[51]. Chitosan-TEOS system is more hydrophilic asnpared to other two hybrid coatings. This hydrbpity
appears in this coating due to more of hydroxylugoas well as more of hydrogen bonding sites aviailfor
bonding with water in it. The surface energies yirid coatings have been evaluated using mean coatales of
hybrid coatings (Table2). The surface energy ofodain-VTMS hybrid has very low as compared to otiner
hybrid coatings, which would confirm the presendevioyl groups on the surface creating hydrophdbicirhe
surface energy of chitosan-(GPTMS-TEOQOS) is lessoaspared to chitosan-TEOS resulting due to presehatkyl
groups of GPTMS which provides hydrophobicity. Bueface energy illustrates the roll-on effect otevan these
hybrid coatings whereas in case of hexane theorokffect decreases explaining that the hybridrhase affinity
towards hexane than water.

Figure 6. SEM images of chitosan-siloxane hybrids: a) Chitosan-(GPTM S-TEQS); b) Chitosan-TEOS; ¢)
Chitosan-VTM S hybrid coatings.

18 mm Zakll

Table 2 Contact Angles and Surface ener gies of chitosan-siloxane hybrids: a) Chitosan-(GPTM S-TEOS); b)
Chitosan-TEQOS; c) Chitosan-VTM S hybrid coatings

Materials Contact andie Surface energy (S.E)
mN/m
Water ladecane Water Hexadechne
AdV Red° Advo° Red°

Chitosan-

(GPTMS-TEOS) 73 20 18 8 30.39 26.14
Chitosan-

TEOS 67 29 216 35.20 25.67
Chitosan-

VTMS 75 18 12 9 28.84 13.28
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(S.Ef: vy (1+ coay/4

Whereyy is the surface tension of wetting liquid.
I of water = 72.8 mN/m
I' of hexadecane = 27.47mN/m

The surface morphology of the hybrid coatings &seealed by scanning electron microscopy. Fig. @atashows
needle like structures. Therefore, it is evideit tthese hybrid materials which are made of chitasad GPTMS
and TEOS in them have an acerose surface withsppaiees for less inorganic Si0 he dentritic structure is more
in chitosan-TEOS as compared to chitosan-(GPTMSS)E® can be considered that TEOS is forming this
structure. Chitosan-VTMS exhibits a firm and impassurface. The homogenous distribution of silicghitosan
hybrid is evident from the bright spots represemtime silicon element in Fig. 6c¢.

AFM technique is used to evaluate the surface textd the hybrid coatings. Roughness profiles & kiybrid
coatings are shown iRig.7. The surface roughness is measured as averagenesgywhich is calculated as the
distance between the deepest and highest poititeogiven surface of 2.5um x 2.5um. The roughnessmeters of
the hybrid coatings are analyzed to show the aeeragghness of these hybrid coatings. It is beingeoved that
the surface roughness of chitosan-(GPTMS-TEOS]isr8 chitosan-TEOS is 24nm and chitosan-VTMS isn20n
The surface roughness increases on increase latigity agent. The roughness of chitosan-(GPTMS-TH@Sing
two silylating agents exhibits more surface rougisniman the other two hybrid coatings. The AFM grapall the
hybrid coatings shows wavy open texture as caneke from Fig.6 indicates smoothness of the hyboikings.
This is attributed to even distribution of chitosand silica in hybrid coatings.

Figure 7. AFM images of chitosan-siloxane hybrids: a) Chitosan-(GPTM S-TEQS); b) Chitosan-TEOS; ¢)
Chitosan-VTM S hybrid coatings.

CONCLUSION

The present work deals with the structural, physica thermal investigation of chitosan-silica hgbcoatings
constructed by sol-gel process from chitosan affdrdint silane precursors. Modification of chitosaith different
silanes was successful by the sol-gel method. ATRFEhd**C-NMR analysis exhibits formation of hybrid coating
from chitosan and different silanes. These analgsegirm the attachment of siloxane moieties tataddan and
formation of siloxane-polymer network. These aniglyslso reveals the presence of different silameghe
respective hybrid coatings. The thermal stabilityhgbrid coatings is achieved due to silanes. Whwem silane
precursors were used thermal stability has inceeagmpreciably. The glass-transition phenomenon rebdeby
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DSC in these hybrid materials correspond to thalte®f TGA. The hybrid coatings show good wettigpilThe
surface energy results explain the roll-on effefchybrid coatings. SEM results indicate the preseotdifferent
silanes used in hybrid coatings due to distingusim®rphological structures showed by every sildre surface
morphology of hybrid coatings shows homogenousitigion of silane in chitosan polymer. The surfaceghness
of these hybrid coatings is increasing on increasitylating agent is obtained from AFM analysihe§e hybrid
coatings show the potential of being used as biwactoating materials for marine application. Farth
investigations of coatings are in progress in otdarse these hybrid coatings especially in anfiifigucoatings.
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