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ABSTRACT: This paper investigates the structural modifica-
tions of castor oil, a renewable resource, to develop functional
organic inorganic hybrid coatings. A novel methodology has
been developed to introduce hydrolyzable −Si−OCH3 groups
in the castor oil backbone that has been used subsequently for
the development of polyurethane/urea−silica hybrid coatings.
The alkoxysilane functional castor oil (ASCO) was charac-
terized by techniques such as 1H, 13C, and 29Si nuclear
magnetic resonance spectroscopy (NMR), Fourier transform
infrared (FTIR) spectroscopy, gel permeation chromatography (GPC), differential scanning calorimetry (DSC), and
thermogravimetric analysis (TGA). The ASCO was further reacted with different ratios of isophorone diisocyanate (IPDI) to
get an isocyanate-terminated hybrid polyurethane prepolymer that was cured under atmospheric moisture to get the desired
coating films. The glass transition temperatures (Tg) of the hybrid networks were found to be in the range of 29−70 °C, and the
water contact angles were in the range of 75°−82°. The Tg and hydrophobic character of the hybrid coating films found to
increase with an increasing NCO/OH ratio. The thermo-mechanical, viscoelastic, swelling, morphological, and contact angle
properties of these films were evaluated. The alkoxy silane-modified castor oil-based coatings have shown better mechanical and
viscoelastic properties in comparison to the control (unmodified castor oil) coatings. This work provides an effective and
promising way to prepare hydrolyzable silane functional castor oil for high performance hybrid coatings.
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■ INTRODUCTION

In recent years, there has been enormous growth on the use of
renewable resources to replace petroleum-based polymeric
materials for coating development. Natural oils are emerging as
an ideal alternative renewable chemical feedstock because oils
derived from both plant and animal sources are found in
abundance in the world and at relatively lower cost.1 Castor oil
(CO), a renewable resource, is a relatively inexpensive plant oil
obtained from the seed of Ricinus communis.2 Additionally,
natural hydroxylated castor oil, extracted from castor beans, has
played an important role in the formative years of the
polyurethane industry before the availability of synthetic polyols.
Because of its hydroxy functionality, this oil is suitable for
isocyanate reactions to make polyurethane elastomers, adhesives,
coatings, interpenetrating polymer networks, etc.3−6 CO-based
polymeric materials are well known for their water resistance and
flexibility; however, they do not show properties of rigidity and
strength required for structural applications by themselves due to
low functionality and relatively lower reactivity due to secondary
hydroxyl groups. Organic−inorganic hybrids (OIH), due to their
unexpected hybrid properties derived from unique combinations
of each component, have drawn considerable interest in recent
times.7 The versatile organofunctional silane coupling agent
provides unique opportunities for the development of hybrids
containing inorganic filler and organic polymer with improved
adhesion and mechanical properties such as tensile strength,
impact strength, and abrasion resistance.8,9 The cross-linking

reactions that occur during formation of OIH materials can
increase the chemical stability or resistance to swelling of the
organic component, and the covalent linkages between the
organic and inorganic components improve the homogeneity of
the silica network within the organic matrix with excellent film
properties and good biodegradability.10

There are several routes to prepare hybrid materials, but one of
the most widely used methods is the sol−gel technique. One of
the attractive features is the generation of an inorganic phase
within the organic polymer matrix after moisture cured
hydrolyzed silanols undergo condensation with other silanols
in the medium, thus leading to cross links.11 OIH coatings have
been developed with plant oils and metal (Ti and Zr)
oxides.12−14 Gallegos et al.15 have developed hybrid polyur-
ethane for calcified tissue repairing. Galia ̀ et al.16 synthesized
silicon-containing polyurethanes with enhanced flame-retardant
properties and polyurethane networks with potential applica-
tions in biomedicine. Lligadas et al.17 prepared new class of
bionanocomposite materials from linseed oil. Hiroshi et al.18

developed green nanocomposites with an acid-catalyzed curing
of epoxidized plant oils in the presence of organophilic clay. de
Luca et al.19 synthesized novel OIH films through the reaction of
epoxidized castor oil with glycidoxypropyltrimethoxysilane and
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tetraethoxysilane. These films have shown good adhesion on
aluminum surfaces, and the hardness and tensile strength were
found to be increased with increasing amounts of inorganic
precursors. Uyama et al.20 developed oil-based hybrid materials
with acid-catalyzed curing of epoxidized triglycerides in the
presence of an organophilic montmorillonite (a modified clay),
and the hybrids have shown high thermal stability. In all these
materials, incorporation of silicones in the polymeric matrix have
improved the properties due to many unusual features. Even
addition of a very small amount of silicones can cause a crucial
improvement in the properties of modified materials. We have
also observed a continuously growing interest in applications of
reactive silanes and renewable resources in many different fields
of materials science and chemical technology.
Most of the hybrid materials have been developed by methods

involving addition of external organosilane coupling groups.
However, in our attempt to find new applications and uses for
CO, we have investigated the synthesis of an alkoxy silane castor
oil (ASCO) functional compound through 3-glycidoxypropyl-
trimethoxy silane (GPTMS) by chemical reaction. Herein, we
describe the synthesis as well as thermal and mechanical
properties, contact angle, and morphological and swelling
properties of hybrid films based on ASCO (Scheme 1). To
develop a high-performance moisture curable coating composi-
tion, we studied the effect of the NCO/OH ratio on ASCO and
how it affects the thermo-mechanical properties in moisture
curable processes. ASCO reacted with IPDI at different NCO/
OH equiv ratios to get NCO-terminated hybrid prepolymers.
The physical and thermal properties were studied using
differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), dynamic mechanical thermal analysis
(DMTA), and tensile property measurements. Our research
efforts are focused on the development of a novel synthesis
method for hybrid composites, which can be a potential
candidate for replacing or partially replacing petroleum-based
polyurethane hybrids.

■ EXPERIMENTAL SECTION
Materials. Castor oil was obtained from the local market, with

characteristic properties of hydroxyl no. 160−165 mg/KOH g−1 and an
acid value of 3 mg/KOH g−1. Isophorone diisocyanate (IPDI) and
succinic anhydride (SA) were supplied by Alfa Aesar (Ward Hill, MA,
U.S.A.). 3-Glycidoxypropyltrimethoxysilane (GPTMS) was supplied by
Dynasilan, Germany. Dibutyltin dilaurate (DBTDL) was obtained from
Aldrich (Milwaukee, WI, U.S.A.). All other chemicals were analytical
grade and were used without further purification.

Synthesis of Acid-Terminated Castor Oil. The CO was dried in a
vacuum for 6 h at 70 °C in an oil bath before being used. The dried CO
and SA were placed in a three-necked round-bottomed flask equipped
with a mechanical stirrer and thermometer. Acid-terminated castor oil
(COSA) was synthesized in a four-necked reaction flask by charging CO
(20 g) and SA (0.4 g) in a weight ratio. The reaction was maintained at
100 °C in the presence of 1 wt % of SnCl2 as a catalyst. The reaction was
stopped when the anhydride peak at 1850 cm−1 disappears in the FTIR
spectra. The modified oil was named COSA. The acid value (AV) and
hydroxyl value (OHV) of COSA were measured according to ASTM
standards D 1639-89 and D 4274-94, respectively. Their characteristics
are summarized in Table 1. The reaction scheme for the synthesis of the
COSA is shown in Scheme 1. 1H NMR (CDCl3, 500 MHz): δ (ppm) =
0.85−0.89 (s, CH3), 1.22−1.25 (broad singlet, CH2 chain), 1.31−1.45
(CHCH−CH2−CH(OH)−CH2), 2.2 (CHCH−CH2−CH-
(OH)−CH2), 5.4−5.5 (d, CHC H), 5.3(−OH), 4.13 (m, CH-
(OCO)CH2CH2COOH), 2.55 (CH(OCO)CH2CH2COOH), 2.65
(CH(OCO)CH2CH2COOH).

13C NMR (CDCl3,125 MHz): δ(ppm)
= 72 (CHCH−CH2−CH(OH)C H2),75.1(−CHCH−CH2−CH-
(OCO)CH2),174.4(CH(OCO)CH2CH2COOH),173.1 (CH(OCO)-
CH2 CH2COOH).

Synthesis of Alkoxy Silane Castor Oil. ASCO was synthesized by
charging COSA, GPTMS (0.01 mol), and triethylamine catalyst into a
two-necked flask placed over an isomantle bath equipped with
mechanical stirrer and nitrogen inlet. The reactant mixture was slowly
heated to 75 °C and maintained at 75−80 °C under a nitrogen
atmosphere for complete reaction of epoxy groups. The reaction was
monitored periodically by FTIR analysis and by determining acid value
(AV) of the reaction product. The reaction was stopped when the epoxy
peak at 910 cm−1 disappeared in FTIR. The modified oil was named

Scheme 1. Synthetic Route for Alkoxy Silane Castor Oil

Table 1. Characteristics of CO, COSA, and ASCO

polydispersity

sample code Mw Mn Mz Mw/Mn Mz/Mw HV AV Tg (°C) viscosity (η) (mPa s) at 25 °C

CO 1181 1150 1205 1.02 1.02 165 3 −13.1 220
COSA 1442 1235 1668 1.16 1.15 135 26 −15.2 227
ASCO 1512 1302 1754 1.16 1.15 159 2 −14.4 225
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ASCO. The characteristics of the obtained oils are summarized in Table
1. The products were further characterized by FTIR and 1H and 13C
NMR. 1H NMR (CDCl3, 500 MHz): δ(ppm) = 4.19(−OCH2CH-
(OH)CH2O−), 4.14(−OCH2CH(OH)CH2O−), 3.59 (−OCH2CH-
(OH)CH2O−), 3.56 (s,Si−OCH3), 3.55 (−OCH2 CH (OH)CH2O−),
3.41 (t,SiCH2CH2CH2O), 1.65 (q, SiCH2CH2CH2O), 0.65
(t,SiCH2CH2CH2O−). 13C NMR (CDCl3,125 MHz):δ(ppm) =
72.8(−CH2OCH2CH(OH)), 72 (−CH2OCH2CH(OH)), 70.8
(−CH 2OCH 2 CH (OH ) ) , 5 0 . 5 ( S i ( OCH3 ) 3 ) , 2 3 . 7
(−SiCH2CH2CH2CH2 ‑), 22.55 (−SiCH2CH2CH2O−), 9.52
(−SiCH2CH2CH2CH2−), 4.9 (SiCH2CH2CH2O−).
Synthesis of Polyurethane/Urea Hybrid Films. The hybrid

composites were prepared using the formulation as summarized in
Table 2. ASCO was further reacted with IPDI in the presence of 0.01 wt

% of DBTL as catalyst with different NCO/OH equiv ratios of 1.2:1,
1.4:1, and 1.6:1 at around 70−80 °C to get different −NCO-terminated
hybrid prepolymers. The above-prepared −NCO-terminated hybrid
prepolymers (ASCOPU) were used further for the preparation of the
final coatings. The hybrid −NCO-terminated prepolymer films were

cast on tin foil supported on a glass plate using a manual driven square
applicator. The films were kept in an atmospheric moisture and
laboratory humidity condition for 40 days for moisture curing and also
to carry out the hydrolysis reactions of the alkoxy silane groups of
ASCO. Thus, the silanol groups e condensed to form Si−O−Si cross
links. They were removed from the glass plate, and the free films of the
coatings were obtained by amalgamation technique. The disappearance
of −NCO peak at 2270 cm−1 from FTIR spectroscopy was taken as a
measure of complete cure. The compositions of the different hybrid
composites and mole ratios are shown in Table 2.

Characterization. Characterization of modified oils were carried
out by gel permeation chromatography (GPC: C-R4A Chrotopac;
Shimadzu, Kyoto, Japan). Oils were dissolved in THF by taking 0.1 g/10
mL, and experiments were carried out at a flow rate of 1.0 mL/min using
THF as the mobile phase. Columns were calibrated with Aldrich
polystyrene standards cross-linked with divinyl benzene. The structures
of oils and hybrid materials were characterized by Fourier-transform
infrared spectroscopy (FTIR) using a Thermo Nicolet Nexus 670
spectrometer. The 1H and 13C nuclear magnetic resonance spectroscopy
(NMR) spectra were recorded in CDCl3 solution using a Varian-Inova
500 MHz spectrometer. The solid state 29Si CPMAS NMR spectra were
recorded on a UNITY-400 (Varian, Switzerland) spectrometer
connected with high wattage amplifier. A dynamic mechanical thermal
analysis (DMTA) IV instrument (Rheometric Scientific, Piscataway, NJ,
U.S.A.) in tensile mode at a frequency of 1 Hz with a heating rate of 3
°C/min and scanning the films from −70 to 150 °C has been used to
study the viscoelastic properties of the films. Thermogravimetric
analysis (TGA) Q500 (TA Instruments, Inc., New Castle, DE, U.S.A.)
with a heating rate of 10 °C/min−1 under a N2 atmosphere has been

Table 2. Various Mole Ratios Used To Prepare Different
Hybrid Coatings

sample code IPDI (OH:NCO)

ASCOPU2 1:1.2
ASCOPU4 1:1.4
ASCOPU6 1:1.6

Figure 1. 1H NMR spectrum of CO, COSA, and ASCO.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc3001756 | ACS Sustainable Chem. Eng. 2013, 1, 910−918912



carried out to study the thermal properties. The differential scanning
calorimetry (DSC) analysis was recorded on a Mettler Toledo DSC 821
(Columbus, OH, U.S.A.). The samples were heated from−70 to 150 °C
at a heating rate of 20 °C/min under nitrogen atmosphere at a flow rate
of 30 mL/min. The viscosity was determined by using a HAAKE
rotational viscometer 2.1 system M5/SV2 (Haake, Germany). Contact
angle was measured by a G10 (KRUSS) instrument through sessile drop
method. Stress−strain measurements were performed on dumbbell-
shaped samples cut from the cured free films using Universal Testing
Machine (UTM) AGS-10k NG (Shimadzu, Japan). Morphology of the
hybrid samples was studied using a Hitachi S520 scanning electron
microscope (SEM) instrument operating at 10 kV.
Swelling Properties. The water resistance of the films was

measured by calculating the percentage swelling by weight. To do
this, preweighed dry films were immersed in deionized water for 50 h to
study the water resistance at room temperature. After removing the
samples from the immersion bath, they were blotted with soft tissue
paper and weighed to calculate the swelling ratio (Q, %) using the
following equation.

= − ×Q W W WSwelling ratio ( ) % [( s d)/ d 100]

where Wd is the weight of the dry sample and Ws is the weight of the
swollen sample.
Toluene Swollen. A known weight (W0) of cured hybrid films was

immersed in a toluene bath for 48 h. The towel-dried sample weight

(W1) and the oven-dried sample weight (W2) was obtained. Toluene
swollen (Wt, %; amount of toluene absorption by hybrid film) and the
weight loss (WL, %; amount of hybrid films dissolved into the toluene
solution) of hybrid films in toluene were calculated according to the
following equations.

= − ×W W W Wt (%) [( )/ ] 1001 2 2

= − ×W W W W(%) [( )/ ] 100L 0 2 0

The volume swelling ratio (qv) of hybrid films was calculated by using
following equation.

=q V V( v) sw/ dr

where Vsw and Vdr are the volume of the swollen and dried sample,
respectively

■ RESULTS AND DISCUSSION
Characterization of CO, COSA, and ASCO. 1H and 13C

NMR spectra of CO, COSA, and ASCO are shown in Figure 1
and 2, respectively. The exact resonance positions have been
reported from the expanded spectrum for each resonance area
.The 1H NMR spectrum of ASCO was recorded, and the signals
are not observed at δ = 3.86 ppm, δ = 2.82 ppm, and δ = 2.68 ppm

Figure 2. 13C NMR spectrum of CO, COSA, and ASCO.
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due to the methylene group and the two diastereotopic protons
of the glycidyl ether groups OCH2 (glycidyl), OCH2

(epoxy ring), andOCH2 (epoxy ring).
21,22The chemical shifts

appearing at 3.56 ppm are associated with methyl protons of Si−
OCH3, indicating methoxysilyl moieties of GPTMS. The spectra
of the ASCO show the disappearance of the resonances
associated with the methylene group of the epoxy fragment
peaks at 45 and 52 ppm because the epoxy ring carbons have not
been observed. The signals of the Si (OCH3)3 fragments at 50.5
ppm appear in the final product, and we also found that no signals
attributable to the 51−55 ppm region were detected, indicating
that the RSi(OCH3)3 is not involved in hydrolysis and the
epoxide ring is not involved in secondary reactions such as
homopolymerization or hydrolytic cleavage.23,24 The spectrum
of acid-terminated castor oil is shown in Figure 3. The spectrum
shows a significant decrease in hydroxyl groups in the region of
3200−3600 cm−1. This result indicates the reaction of the acid
group of COSA with the epoxy group of GPTMS. The progress
of the reaction between GPTMS and COSA is studied by FTIR
spectroscopy, and the resulting spectrum is shown in Figure 3. In
fact, the absorptions due to residual silanol groups and the
uncleaved epoxide ring cannot be confidently assigned due to
several medium and weak intensity bands in the range of 900−
980 cm−1. In our work, the progress of the reaction through the
opening of the epoxy rings can be monitored following the
decrease in the IR absorption bands associated to −C−H
stretching (−C−H stretch in the epoxide) at 3050−2995 cm−1

and the disappearance of bands of epoxide at 1260−1240 cm−1

(ring breathing). The intensity bands in the range of 1490−1390
cm−1 correspond to the bending vibrations of the −C−H bonds.
A strong peak near 1090 cm−1 is commonly present in the IR
spectrum of compounds with a Si−O−C unit, whereas an 1190

cm−1 band is typical for Si−O−CH3 compounds.25,26 The
presence of the −OH group can be seen in the region; it is a
broad absorption band peaking around 3500 cm−1. The FTIR
spectra of the hybrid films showed (Figure 4) characteristic
bands of urethane stretching −N−H at 3500 cm−1, a
combination of urethane carbonyl −NH−CO−O and esteric
carbonyl −CO−O at 1742 cm−1, and a combination of −N−H

Figure 3. FTIR spectrum of CO, COSA, and ASCO.

Figure 4. FTIR spectra of cured films.
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out-of-plane bending and −C−N stretching at 1532 cm−1. The
disappearance of absorption bands at 3400 and 1412 cm−1

confirm the absence of free hydroxyl groups in the hybrid. It
was also determined that all the castor oil hydroxyl groups had
reacted with the −NCO groups of the diisocyanate because the
broad band that corresponded to the −OH groups at 3400 cm−1

was not detected in the urethane spectra. The intensity of the
−N−H vibration region around at 3300 cm−1 is higher for hybrid
sample with higher a NCO:OH ratio in formulation ASCOPU6.
This suggests more urethane linkages. Consequently, more
hydrogen bonds may have been formed, and this improves the
mechanical properties of the cross-linked polyurethane hybrids.
All of the absorbance present in the spectra of the hybrid films are
characteristic of castor oil-based hybrid films, symmetric and
asymmetric stretching vibration of the aliphatic −CH2 group
absorptions at 2,927 and 2856 cm−1 for the ester carbonyl
functional groups of the triglycerides at1746 cm−1, bending
vibrations of the−CH2 and−CH3 aliphatic groups at 1465 cm

−1,
and −CH2 bending vibrations at 1377 cm−1. FTIR spectra of
cured hybrid films show the peak in 1000−1200 cm−1 regions is
wider for moisture-cured hybrid films in comparison to
ASCOPU2; this wider peak is assigned to the overlapping of
the peaks corresponding to −Si−O−Si−, −C−Si−O−, and
−Si−O−C− stretching. Small bands at 1028.1−1022.2 cm−1

relate to the stretching vibrations of −Si−O−Si− from silicates
seen only in cured hybrid film and also additional bands at 484
cm−1 (−Si−O−Si− bending), 795 cm−1(−Si−O−Si− sym-
metrical stretching), and 1088 cm−1 (−Si−O−Si− asymmetrical
stretching) due to the presence of the −Si−O−Si− bond. In
addition, the appearance of the peak corresponding to −Si−O
stretching vibrations after moisture curing shows that the cross
linking was achieved in the moisture-curing process. The broad
band between 3000 and 3650 cm−1 is due to the Si−OH groups
and moisture. The band between 2800 and 3000 cm−1 is due to
the −CH stretching vibrations (asymmetric −CH3 stretching,
2957 cm−1; asymmetric−CH2 stretching, 2920 cm

−1; symmetric
−CH3 stretching, 2872 cm−1; and symmetric −CH2 stretching,
2851 cm−1.
Moreover, 29Si NMR studies were carried out to determine the

structure of the silica groups in the final polyurethane/urea
hybrid films after drying at room temperature for a minimum of
40 days. In Figure 5, the 29Si solid-state NMR spectra of three
hybrid films are represented. In the solid-state 29Si NMR spectra,
the chemical shift of unsubstituted, mono-, di-, and tri-
substituted siloxanes appear at −41, −49, −59, and −68 ppm,
respectively.27 Because GPTMS monomers have trialkoxy silane
functionality at each end group, it should form 100% T3 species
when completely condensed. As shown in Figure 5, the peak
centered at −68 ppm corresponds to T3 structure, in which all
three hydroxyl groups took part in the condensation reaction.
There is no evidence of any peak associated to T1 or T0

structures, indicating that the condensation reactions have
been almost completed.
Themolecular weight andmolecular weight distribution of oil-

based polymers were monitored by GPC technique. The average
molecular weight, polydispersity, and viscosity data of oils are
reported in Table 1. It is found that the average molecular weight
of ASCO is slightly higher (Mw 1512) in comparison to the
molecular weight of COSA and CO (Mw 1442 and 1181,
respectively). The viscosities of oils were determined with a
rotational viscometer at a shear rate of 23.3 s−1. The viscosities of
the modified oils changed in the following order: COSA < ASCO

<CO. COSA has the higher viscosity (225 mPa s) in comparison
to that of ASCO and CO (225 and 220 mPa s).
The viscoelastic behavior of the hybrid coatings were studied

by DMTA instruments, and the results are shown in Figure 6.

DMTA measures the deformation of a material in response to
oscillating forces. The DMTA technique is used to detect the
viscoelastic behavior of polymeric materials and yields
quantitative results for the tensile storage modulus E′ and the
corresponding loss modulus E″. The loss factor tan δ can then be
expressed as the quotient of loss and storage, E″/E′. E′ and E″
characterize the elastic and viscous component of a material
under deformation, and E′ is a measure of the mechanical energy
stored under load. The tan δ compares the amounts of dissipated
and stored energy. The Tg values of hybrid films are obtained
from the peaks of tan δ curves.The cross-link density (υc) of
hybrid coatings was calculated by using eq 1.

υ = ′ RTc E /3 (1)

where R is the universal gas constant, andT the temperature in K.
E′ values in the rubbery region at T > Tg were taken to calculate
υe by using eq 1

Figure 5. Solid-state 29Si NMR spectrum for hybrid films.

Figure 6. DMTA spectra of hybrid films.
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To observe the effect of the NCO:OH ratio on dynamic
mechanical properties, the E ′ and tan δ temperature curves for
the representative coating films are shown in Figure 6, while the
data is reported in Table 3. The glass transition temperature
(Tg), E′ at 30 °C, and cross-link density [calculated at (Tg + 5
°C)] for the samples ASCOPU2, ASCOPU4, and ASCOPU6 are
29, 57.88, and 69.77 °C; 2.179 × 107, 2.745 × 107, and 5.173 ×
107 Pa, and 1.402 × 10−3, 1.421 × 10−3, and 1.528 × 10−3 mol/
cm3, respectively. These data suggest that the material stiffness,
Tg, and cross-linked density of the ASCOPU coatings increases
with the increase in the NCO/OH ratio. This figure as well as the
data given in Table 3 suggests that the Tg and cross-link density
for the above samples increase with increasing NCO content.
This may be due to the formation of more urethane/urea
segments in the matrix with an increasing NCO/OH ratio, which
restricts the chain mobility through hydrogen bonding.28,29As
shown in Figure 6 and reported in Table 3, the effect of the alkoxy
silane group on castor oil has resulted in higher cross-link density,
Tg, and E′ as compared to castor oil-based polyurethanes .This
may be due to the formed Si−O−Si network and cross-linked
structures, which retard segmental motion of the polymer.30,31

The effects of the alkoxy silane and NCO content on the
tensile strength and percent elongation of the hybrid films are
summarized in Table 4. The mechanical behavior of the cross-

linked polyurethane hybrids is dependent on the backbone
structure of the CO and the NCO:OH ratio, caused by changing
the hard segment content, cross-linking density, and intermo-
lecular interactions between their hard segments. This happens
due to the presence of close packing in the polymer matrix
because of the Si−O−Si network of the ASCO, which in turn
does not allow the polymer to stretch for long and thus increases
the tensile strength and decreases the elongation.
TGA is used to measure a variety of polymeric phenomenon

involving weight changes, sorption of gases, desorption of
contaminant, and degradation. The thermal degradation study of
CO, COSA, and ASCO were done in a N2 environment at a
heating rate of 10 °C/min. Figure 7 shows the TGA and
derivative mass loss (DTG) thermograms for CO, COSA, and
ASCO; two-step decomposition profiles were observed. It was
noticed from the TGA profile that the thermal stability of ASCO
is higher than that of both CO and COSA, respectively. Themain
decomposition of the samples takes place in the second stage of
degradation, i.e., above the temperature 368 °C. The values of
Ton (initial decomposition temperature for degradation step),
Tend (final decomposition temperature for degradation step), and
% weight remaining at 350, 450, and 550 °C are summarized in
Table 5. These values clearly suggest that thermal stability is high
for ASCO. The increase in thermal stability might be attributed

due to the hydrogen bridges between −OH groups, ester
carbonyl OH groups, and the −Si−OCH3 group. The TGA
curves of hybrid coatings are shown in Figure 8. All the hybrid

samples show a three-step degradation profile. The data shows
that the thermal stability of the hybrid samples is increased with
increasing the NCO:OH ratio. For instance, the onset
degradation temperature and wt % remaining at 550 °C for the
samples ASCOPU2, ASCOPU4, and ASCOPU6 are 306.2,
309.3, and 313.9 °C and 1.3, 1.7, and 2.5 wt %, respectively. This

Table 3. DMTA Data of Hybrid Coatings

sample code Tg (°C) (DSC) Tg (°C) E′ at 30 °C (Pa) E′ at Tg + 5 °C (Pa) υc (Tg + 5 °C)(mol/cm3)

ASCOPU2 18.21 29 2.179 × 107 1.074 × 107 1.402× 10−3

ASCOPU4 43.25 57.88 2.745 × 108 1.191 × 107 1.421× 10−3

ASCOPU6 56.4 69.77 5.173 × 108 1.326 × 107 1.528 × 10−3

Table 4. Tensile Properties Data of Hybrid Films

sample code
tensile strength
(N/mm2)

max. displacement
(mm)

%
elongation

ASCOPU2 4.2 47.16 100.04
ASCOPU6 11.3 28.33 78.15
ASCOPU8 14.1 25.22 56.98

Figure 7. TGA and DTG curves of CO, COSA, and ASCO.

Table 5. Thermal Analysis Data of Hybrid Coatings

% weight remaining

sample name Ton Tend 350 °C 450 °C 550 °C

CO 374.3 435.8 83.2 3.12 0.27
COSA 369.2 445.2 72.63 0.69 0.01
ASCO 372.8 461.3 78.25 7.41 2.23
ASCOPU2 306.2 452.5 42.8 4.52 1.3
ASCOPU4 309.3 459.3 43.75 4.85 1.7
ASCOPU6 313.9 466.6 46.5 5.46 2.15

Figure 8. TGA curves of different hybrid films.
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trend indicates formation of more cross-linked and hydrogen-
bonded structures at a higher NCO/OH ratio. More cross-
linking, the formed Si−O−Si linkages, and hydrogen bonding
brings the polymer backbones closer and thus reduces the
molecular mobility and increases the thermal stability. This
behavior also supports the increase in Tg of the samples with an
increase in the NCO/OH ratio in the DMTA analysis.32−34 The
analysis indicates the alkoxy silane content in the samples has
resulted in the corresponding increase in Ton, 50% wt % loss
temperature, and char residue. ASCOPU6 hybrid films from
ASCO act as thermal insulators and mass transfer barriers (by
acting as a well packing material) for the volatile organic
compounds generated during heating, thus increasing the
thermal stability and final char residue of the hybrid coatings.
The glass transition temperature (Tg) properties of the films
were studied by DSC; their results are displayed in Figure 9 and

reported in Table 3. The glass transition temperature of
ASCOPU2, ASCOPU4, and ASCOPU6 coatings are 18.21,
43.25, and 56.4 °C, respectively. The DMTA technique generally
provide higher Tg values than DSC due to the dynamic nature of
test.35The glass transition temperature increases with increasing
NCO:OH ratio, so it seems reasonable to assume that the
mobility of organic polyurethane chains is greatly restricted by a
hard inorganic Si−O−Si network. The effect might be observed
due to the high cross-linking density of the hybrid by increasing
the cross linker, which restricted the segmental motion of the
polymer chains and increased the glass transition temperature.
The water contact angle was in the range of 75°−82°. The
contact angle data of the hybrid films are reported in Table 6. It
can be confirmed that the improvement of the hydrophobic
capacity of hybrid films occurred by increasing the NCO:OH
ratio due to the formation of Si−O−Si linkage by the moisture
curing process. Table 6 shows the water and toluene swelling as a
function of immersing time of the hybrid-cured films. The

swelling ratio measurements of the cured films can be used to
observe water resistance and hydrophobicity. This suggests that
there exists sufficiently high cross-link density in these films,
which enables the swelling behavior to outweigh the weight loss
caused by water-soluble oil segments or only slightly cross-linked
ones. All of the films exhibited significant swelling in toluene and
chloroform; this varied withNCO:OH ratio, as shown in Table 6.
The typical morphologies of hybrid films shows that there is no

phase separation in pure polyurethane and discrete phase
observed in all the hybrid composite films, indicating that the
siloxane phase shows homogeneous distribution and good
interfacial interaction. Figure 10a, b, and c indicate that a good
interaction between organic and inorganic phases could be due to
the formation of Si−O−C bond

■ CONCLUSIONS
An attempt has been made to develop renewable resource-based
polyurethane silica hybrid coatings using castor oil. For this
purpose, a novel methodology has been used for the synthesis of
alkoxy silane functional castor oil that was further reacted with
different ratios of isophorone diisocyanate to get an isocyanate-
terminated silica hybrid polyurethane prepolymer. The excess
isocyanate of the prepolymers was cured under atmospheric
moisture to get polyurethane/urea−silica hybrid coatings. A
detailed spectroscopic investigation has been carried out to
confirm the structures of alkoxy silane castor oil, prepolymers,
and coatings. Coatings were studied for thermal, tensile, and
viscoelastic properties using different techniques. The coating
properties such as swelling and contact angle were alsomeasured.
The swelling properties and contact angle were directly
dependent on the NCO:OH ratio. The hydrophobic character
of the hybrid coating films were found to increase with an
increasing NCO/OH ratio. The alkoxy silane-modified castor
oil-based coatings shows better mechanical and viscoelastic
properties in comparison to the control (unmodified CO)
coatings. The oil chains are chemically connected to the silica
functional group, and the incorporation of silica not only works
as a reinforcement filler but also increases the cross-link density
and thermal properties of the castor oil, which is evidenced by the
higher thermo-mechanical properties measured by DMTA and

Figure 9. DSC curves of different hybrid films.

Table 6. Swelling and Contact Angle Data of the Hybrid Filmsa

sample code contact angle (θ) Wst (%) Wdt (%) qvt Wsc (%) Wdc (%) qvc Q (%)

ASCOPU2 74 114.61 15.59 2.14 181.26 18.91 2.81 0.85
ASCOPU4 76 86.75 8.92 1.86 129.73 12.47 2.29 0.46
ASCOPU6 82 76.85 6.96 1.76 102.28 9.51 2.02 0.35

aWst: toulene absorption by hybrid film.Wdt: hybrid film dissolved in toulene. qvt: volume swelling ratio hybrid film in toluene. Wsc: chlroform
absorption by hybrid film.Wdc: hybrid film dissolved in chlroform. qvc: volume swelling ratio hybrid film in chloroform.

Figure 10. SEM micrographs of hybrid films: (a) ASCOPU2, (b)
ASCOPU4, and (c) ASCOPU6.
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UTM. The synthetic method developed for hybrid films
indicates that a novel strategy can become hybrid without the
use of organo-silane functional compounds. Hence, this work
provides an effective and promising way to prepare hydrolyzable
silane plant oils for high performance hybrid coatings.
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