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Bio-renewable castor oil polyurethane/silica nanocomposite films made, which improved 

thermal, surface and mechanical properties. These films find application in biomaterials 

development.  
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Novel bio-renewable castor oil based polyurethane (PU)/silica nanocomposite films were prepared using 

castor oil, 1,6-hexamethylene diisocyanate and dibutyltin dilaurate in tetrahydrofuran at room 

temperature. ATR-FTIR spectra confirm the formation of polyurethane and presence of silica 

nanoparticles in the polyurethane matrix. The increase of Si nanoparticle content shift the peak position of 10 

N-H and C=O (both hydrogen and non-hydrogen bonded) groups present in the polyurethane structure. 

Furthermore, Raman spectra confirmed the urethane-amide interaction present in the polyurethane/silica 

nanocomposites. 29Si CP/MAS NMR spectra evidence the formation and presence of completely 

condensed SiO2 species in the polyurethane nanocomposite films. The incorporation of silica nanoparticle 

increases the thermal stability of the above polyurethane films, which can be seen from the increase in 15 

activation energy (Ea) values of the degradation process. The Ea values at two stages (Tmax1 and Tmax2) of 

degradation process are 133, 139 and 157, 166 kJ/mol for PU control and PU-5AMS (5 wt % amine 

modified silica nanoparticles), respectively. DSC results prove the interfacial interaction present between 

silica nanoparticles and polyurethane hard segment, which decreases the melting temperature. Optical 

transmittance of the polyurethane films decreased with increasing silica content due to the scattering at 20 

the interfaces between the silica nanoparticles and polyurethane. It is interesting to note that the presence 

of silica nanoparticles giving reinforcement to polyurethane film thereby increasing the storage modulus 

up to 24% for PU-5AMS. FE-SEM and HR-TEM images confirm the presence of silica nanoparticle in 

polyurethane matrix. 

1. Introduction 25 

Over the years tremendous efforts have been made to combine 

the properties of polymer matrix (organic part) and nanoscale 

building blocks (inorganic part) to achieve improved functional 

properties over conventional organic polymer matrix.1 These 

nanocomposite materials exhibit good adhesion between the 30 

polymer matrix and nano fillers because of the nano size, higher 

surface area and surface-to-volume ratio of the nanoscale 

building blocks.2  The introduction of smaller amount of nano 

filler can provide higher thermal, mechanical, optical, flame 

retardancy and gas transport properties.3 The most frequently 35 

used nano fillers are montmorillonite (MMT) clay, silica (Si) 
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nanoparticles, carbon nanotubes, graphene, etc.4-7Among them, 

silica nanoparticles (SiNPs) has been received much attentions 50 

due its mild synthetic preparative conditions, large surface area, 

smooth nanoporous surface, high adsorption capacity, large pore 

volume, etc.8 Moreover, the incorporation of silica nanoparticles 

into the polymer matrix increases the performance of polymers 

and impart some novel properties to the polymer matrix. In the 55 

recent past, it has been described that the most versatile method 

to prepare silica nanoparticle is ‘sol-gel’ approach, which has an 

added advantages of processing the nanocomposites at relatively 

low temperature and utilizes very mild synthetic conditions.9,10 In 

order to improve and enhance the dispersion, surface activity and 60 

stability of the silica nanoparticles, the surface of SiNPs modified 

with silane surface modifiers. The commonly used modifiers are 

3-aminopropyltrimethoxysilane, 3-aminopropyltriethoxysilane, 

methacryloxypropyltriethoxysilane, etc. The surface modification 

of SiNPs will provide better compatibility between the 65 

nanoparticles and polymer matrix and further, which prevents the 

agglomeration of nanoparticles.11 

 There are several polymer systems used for the preparation of 

polymer/silica nanocomposites. Of which, polyurethane (PU) has 
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received much importance due to its range of physicochemical 

properties and variety of applications.12,13 The main advantage of 

having polyurethane is the achievement of tailored made 

properties like flexibility, elasticity and damping ability by 

altering the molecular chain structure.14 Polyurethanes have wide 5 

range of applications in the field of coatings, adhesives, fibers, 

foams, reaction molding plastics, biomaterials, etc.15,16 However, 

the main drawbacks associated with the use of petroleum 

resources for the preparation and development of polyurethanes 

are environmental pollution, waste disposal, high price, depletion 10 

of petroleum raw materials, etc.17,18 Therefore, researchers are 

focusing towards the use of non-polluting and easily available 

bio-renewable resources for preparing these kinds of polymeric 

materials with good performance at competitively low price. Bio-

renewable resources based on vegetable and plant oils are most 15 

often replacing the use of petroleum products in industry.19 

Among various oils, castor oil is an important triglyceride having 

the combination of hydroxyl group and unsaturation in the fatty 

acid chain uniquely. The presence of hydroxyl functionality is 

one of the major advantages of castor oil, which can easily react 20 

with isocyanates to give polyurethanes, interpenetrating polymer 

networks, elastomers, coatings, hyper branched polymers, foams, 

etc.20 Very recently, we have demonstrated and reported castor oil 

based polyurethane/siloxane cross-linked film structures for 

hydrophobic surface coatings with improved thermal, mechanical 25 

and optical properties.21 Castor oil based polyurethanes reported 

to have antibacterial activity and could be used for wound 

dressing applications.22 Sharmin et al.23 reported that castor oil 

based bio-hybrid could be used as nanostructured protective 

coatings up to 180 °C. Castor oil polyurethane-urea/silica hybrid 30 

may be used for the development of high performance materials 

and coatings.24 

 In view of the above merits, we have chosen castor oil as a 

starting material for preparing the polyurethane and combined the 

advantages of silica nanoparticle to get new polymeric material 35 

with improved properties. The main goal of the present work is to 

develop bio-renewable castor oil based polyurethane/silica 

nanocomposite films at room temperature with good thermal, 

surface, and mechanical properties. Initially, castor oil 

polyurethanes were made at room temperature by reacting castor 40 

oil with 1,6-hexamethylene diisocyanate in tetrahydrofuran 

medium using a dibutyltin dilaurate catalyst at very low 

concentration. To this prepared polyurethane solution, various 

concentrations of silica nanoparticles were added and cast on a 

mold to get uniform films. The obtained nanocomposite films 45 

were characterized in understanding their structural, thermal, 

surface, mechanical and morphological properties using various 

physicochemical techniques in order to exploit its 

physicochemical aspects.  

2. Experimental section 50 

2.1 Materials 

Castor oil (mol. formula: C57H104O9, hydroxyl number: 164 mg 

KOH/g, mol. wt.: 932) was purchased from Bison Laboratories, 

India. The moisture present in castor oil was removed by heating 

at 80 °C for 4 h under vacuum. The hexamethylene diisocyanate 55 

(HDI), tetraethylorthosilicate (TEOS), 3-

aminopropyltrimethoxysilane (APTMS) were purchased from 

Sigma Aldrich, USA, and used as received. Dibutyltin dilaurate 

(DBTDL) was purchased from Fluka, USA. Ammonia solution, 

absolute ethanol and tetrahydrofuran (THF) were received from 60 

Merck, India, and used after distillation. Double distilled water of 

specific conductance 2-3 µScm-1 at 25 °C was used throughout 

the experiments. 

2.2 Preparation of amine modified silica nanoparticles (AMS) 

The AMS were prepared according to the following procedure 65 

reported elsewhere.25 50 mL of absolute ethanol and 3.4 mL of 

ammonia solution were mixed in a 100 mL round bottom flask 

equipped with magnetic stirrer at room temperature (RT). Then 

3.5 mL of tetraethylorthosilicate was added to it drop wise and 

the mixture were allowed for stirring at RT for 24 h. After that, 70 

0.7 mL of 3-aminopropyltrimethoxysilane was added drop wise 

to it under RT (25 °C) and continued for another 24 h. Further, 

the solution washed with absolute ethanol for several times and 

centrifuged. The particle size [Z-Average (in radius)] was found 

to be 75.2 and 84.2 nm for unmodified (UMS) and amine 75 

modified (AMS) silica nanoparticles, respectively. The chemical 

modification of silica nanoparticle surface with amino group was 

confirmed using FT-IR spectra (see Fig. S1, ESI). 

Fig. 1 Particle size distribution of prepared silica nanoparticles.  

 80 

 The particle size distribution (PSD) plot for the prepared silica 

nanoparticles were given in Fig. 1. It can be seen from the PSD 

plot that modification of silica surface with amino group resulted 

in increase of particle size from 75.2 (UMS) to 84.2 nm (AMS). 

Similar kind of increase in particle size value reported for Si 85 

nanoparticles modified with different amino silane coupling 

agents.26 The presence of NH2 group induces particle growth, 

which increases the rate of hydrolysis and produces bigger size 

particles with broader distribution.26 The SEM images of UMS 

and AMS were given in Fig. S2, which proves that the silica 90 

nanoparticles are uniform in size and spherical shape. 

2.3 Preparation of castor oil PU/silica nanocomposite 

 The preparation of PU/silica nanocomposite consists of two-

step process. In the first step, castor oil polyurethane was 

synthesized in a three-necked round bottom flask equipped with a 95 

magnetic stirrer, nitrogen (N2) flow inlet and an addition funnel 

for adding diisocyanate and solvent. Initially, castor oil was 
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heated at 80 °C for 4 h to remove the moisture content. This 

castor oil was taken in a 100 mL three-necked round bottom flask 

and stirred in THF to get uniform solution under N2 atmosphere. 

To this solution, calculated amount of hexamethylene 

diisocyanate was added drop wise and a drop of 0.001% of 5 

DBTDL catalyst was also added to it. Then the solution was 

allowed for stirring at room temperature for 4 h. After 4 h of 

reaction (Scheme 1), different wt % of amine modified silica 

nanoparticles were added (step 2). The stirring was continued 

further for another 15 min to get a uniform solution and then cast 10 

into a petri-dish to obtain as films. The codes and chemical 

compositions of the polyurethane/silica nanocomposite films 

were given in Table 1. The number average molecular weight 

(Mn) of the prepared castor oil polyurethane is 9131 and the 

respective GPC trace given in Fig. S3. 15 

Scheme 1 Preparation of castor oil PU (Inset: photograph of PU films). 

 
Table 1 Codes and chemical compositions for PU/silica nanocomposites. 

Codes 

Compositions 

NCO:OH 

ratio 

DBTDL 

(%) 

UMS 

(wt %) 

AMS 

(wt %) 

PU control  

3:1 0.001  

- - 

PU-1UMS 1  - 
PU-0.5AMS - 0.5  

PU-1AMS - 1.0  

PU-3AMS - 3.0  
PU-5AMS - 5.0  

2.4 Characterization of polyurethane/silica nanocomposites 

The infrared spectra of the nanocomposite film samples were 20 

recorded using ABB MB3000 Fourier-transform infrared 

spectrometer in ATR mode by keeping the films over ZnSe 

crystal with a resolution of 16 cm-1 over a scans of 60. Raman 

spectra of the nanocomposite films were recorded using Raman 

spectrometer (Witch confocal Raman microscopy alpha 300 R). 25 

The particle size measurements were done using a Zetasizer 3000 

HSA equipped with a digital auto-correlator from Malvern 

Instrument, UK. The molecular weight of the prepared 

polyurethane recorded on a WATERS GPC, TA Instruments, 

USA, and THF solvent was used as an eluent with a flow of 1 30 

mL/min. The 29Si solid state NMR spectra of the nanocomposite 

films were recorded using Bruker Avance 400 MHz NMR 

spectrometer, Germany, at a frequency of 79.49 MHz with cross-

polarization magic-angle-spinning (CP/MAS) technique. The 

thermogravimetric analyses were performed using TG Analyzer-35 

Model Q50, TA Instruments, USA, under N2 atmosphere with a 

flow rate of 40-60 mL/min with different heating rates ranging 5, 

10, 15 and 20 °C/min. Samples of around 10 mg was heated from 

30 to 800 °C. Differential scanning calorimetric analyses were 

performed using DSC-Model Q200, TA Instruments, USA, by 40 

heating the samples of around 3-5 mg from -90 to 300 °C at a 

heating rate of 10 °C/min with a N2 flow of 50 mL/min. Contact 

angle measurements were taken on contact angle meter from 

Holmarc Opto Mechatronics Pvt Ltd., India. Static contact angle 

of water and hexadecane (drop of 10 µL) were measured and 45 

surface free energy was calculated using the standard Owens and 

Wendt47 equation. UV-visible transmittance spectra were 

recorded on Cary 50 Bio UV-vis spectrophotometer from Varian. 

Dynamic mechanical analysis was done using a dynamic 

mechanical analyzer Q800, TA Instruments, USA, with a 50 

constant frequency of 1 Hz along with a load of 0.1 N. The 

analysis was performed over a temperature range of -100 to 200 

°C with a heating rate of 4°C/min. The tensile strength and 

percentage elongation at break were measured using a universal 

testing machine (UTM), (Instron 3369, USA) at a cross-head 55 

speed of 50 mm/min with 0.30 mm of thickness for all the 

samples, as per the ASTM D638 test procedure method at 20 °C 

with a relative humidity of 65%. The mechanical data reported 

are the averages of five measurements for each sample. The 

morphology of the polyurethane/silica nanocomposite films was 60 

taken using field emission scanning electron microscopy (FE-

SEM SU6600, Hitachi). HR-TEM images were taken using 

transmission electron microscope (FEI Tecnai G2, Germany). 

XPS analysis of the nanocomposite films was done using X-ray 

photoelectron spectroscopy (XPS), Omicron Nano Technology, 65 

GmbH.  

3. Results and discussion 

3.1 ATR-FTIR spectra 

ATR-FTIR spectra for the polyurethane/silica nanocomposite 

films were presented in Fig. 2. The formation of polyurethane 70 

was confirmed from the disappearance of characteristic –NCO 

peak at 2270 cm-1 in the IR spectra of all polyurethane films. 

Furthermore, the bands centred at approximately 1742 cm-1 was 

assigned to the stretching vibration of carbonyl region of urethane 

moiety. The appearance of broad absorption peak centred at 3330 75 

cm-1 is attributed to the stretching vibration of –NH of urethane 

moiety. The above peak shifts to a higher wavenumber with an 

increase of silica nanoparticles content (PU-1UMS: 3331, PU-

0.5AMS: 3332, PU-1AMS: 3334, PU-3AMS: 3336 and PU-

5AMS: 3338 cm-1; see Table S1, ESI). The increase in the wave 80 

number of –NH region of PU is mainly due to the presence of 

silica nanoparticles, which strongly interacted with polyurethane 

moiety, thereby shifting the peak position of –NH groups (Fig. 

S4a). The shift in the N-H peak position is also due to the cross-

linking or hydrogen bonding present in the polyurethane 85 

nanocomposite films.27 Furthermore, the hydrogen bonded and 

non-hydrogen bonded C=O groups present in the nanocomposite 

films were monitored and presented in Fig. S4b. It can be seen 

from the fig. S4b that increasing silica nanoparticle content shift 

the peak position of C=O group (see Table S1, ESI).28 The 90 

increase in the intensity and peak positions of interacted –N-H 

and C=O groups clearly indicate the formation of complete and 
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uniform network structure of PU.28b The peaks appeared in the 

range of 3010-2855 cm-1 corresponds to the alkyl region of castor 

oil and C-H bending was observed at 1374 cm-1. In the cases of 

AMS incorporated nanocomposites, there may be a chance of 

formation of urea linkage from NH2 groups present in the surface 5 

of SiNPs with free -NCO of polyurethane. The characteristic peak 

of silica nanoparticles was observed at around 774 cm-1 (O-Si-O) 

and a strong peak near 1096 cm-1 is assigned to Si–O–Si 

asymmetric stretching vibrations. This confirms the presence of 

silica nanoparticles in the castor oil polyurethane matrix and 10 

forms the nanocomposites.  

Fig. 2 ATR-FTIR spectra of polyurethane/silica nanocomposite film. 

3.2 Raman studies 

Raman spectra of control and nanocomposite polyurethane show 

significant changes in the spectra on increasing the silica 15 

nanoparticle concentration in the polyurethane matrix. The 

control PU shows the characteristic peak at 1304 cm-1 assigned to 

the C-O stretching. Further, peak at 1436 cm-1 corresponds to the 

aliphatic CH2 stretch and the peak at 1654 cm-1 corresponds to 

the amide moiety of urethane linkage in PU matrix.29,30 20 

Furthermore, two peaks at 2910 and 2854 cm-1 were assigned to 

the C-H stretching vibration of aliphatic chain present in the 

castor oil moiety and also be due to protonated amine stretched 

deformation vibration. The peak at around 1100 cm-1 in 

nanocomposite samples assigned to the Si-O-Si framework 25 

vibrations from silica nanoparticle. On subsequent increase in 

concentration of silica nanoparticles in the PU matrix shows a 

plateau at 1654 cm-1 in Raman spectra (Fig. 3), which may be due 

the physical interaction of –OH and –NH2 groups present in the 

SiNPs with polyurethane.31 From the magnified image of Raman 30 

spectra at the region of 1600-1700 cm-1 given in Fig. 3, we  were 

able to observe that the intensity of urethane amide peak at 1654 

cm-1 increases on increasing the concentration of modified silica 

nanoparticles (AMS) in the nanocomposites (PU-1AMS, PU-

3AMS & PU-5AMS). This is due to the presence of well 35 

dispersed Si nanoparticles in the PU matrix, which effectively 

interact with the urethane amide of PU. The Raman peak 

intensity at 1654 cm-1 increased from 1 to 3 wt % of AMS. In the 

case of 5 wt % of AMS, the peak intensity slightly decreased, 

which may be due to the formation slight aggregation. However, 40 

the unmodified silica nanocomposites (PU-1UMS) show less 

increase in the intensity of urethane amide peak, which exhibits 

the lower interaction of nanoparticles in the PU matrix. This 

finding from Raman analysis helps in confirming the presence of 

Si nanoparticles and their interaction with PU polymer through 45 

urethane-amide moiety. We observed similar kind of urethane 

amide interaction in the case of polyurethane/carbon nanotube 

nanocomposite films.6c 

Fig. 3 Expanded regions (1600-1700 cm-1) of Raman spectra for the 
prepared nanocomposites. 50 

3.3 29Si solid state NMR spectra  

Fig. 4 29Si solid state CP/MAS NMR spectra of (a) UMS, (b) AMS and 

(c) PU-1UMS. 

The prepared silica nanoparticles and nanocomposite films were 

analyzed using 29Si solid state CP/MAS NMR to understand the 55 

formation of SiNPs and influence of silica on polyurethane and 

their corresponding spectra given in Figs. 4 & 5. The unmodified 

silica nanoparticle gives two chemical shifts at -95 and -106 ppm 

correspond to Q3 and Q4 environment (Fig. 4a). The presence of 

Q4 peak confirms the presence of completely condensed SiO2 60 

species and Q3 peak confirms the presence of silanol (Si-OH) 

groups on the surface of unmodified silica nanoparticles.32 In the 

case of modified silica nanoparticle (Fig. 4b), three chemical 

shifts were observed at -94 and -105 ppm representing Q3 and Q4 

environments and T3 peak appears at -72 ppm. The appearance of 65 

T3 peak confirms the presence of non-hydrolyzed species on the 

surface of the silica nanoparticles (i.e., 3-aminopropyl moiety).33 

Fig. 5 shows the 29Si NMR spectra of the nanocomposite films, 

which confirms the presence of silica nanoparticle in the 
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polyurethane matrix. All the nanocomposite samples show a 

strong intense peak at -108 ppm corresponds to the Q4 moiety of 

completely condensed silica particles. The existence of intensive 

signals in the range of -60 to -110 ppm evidence the presence of 

silica nanoparticle. This is in accordance with the increase in 5 

concentration of silica nanoparticle (Fig. 5a-d). The increase in 

Q4 peak proportion is mainly due to the increasing amount of 

silica nanoparticle content.  

Fig. 5 29Si solid state CP/MAS NMR spectra of nanocomposite films: (a) 

PU-0.5AMS, (b) PU-1AMS, (c) PU-3AMS and (d) PU-5AMS. 10 

3.4 Thermogravimetric studies 

Fig. 6 TGA plots for the polyurethane/silica nanocomposite films taken at 

different heating rates.   

 

TGA of castor oil based polyurethane/silica nanocomposite films 15 

are given in Fig. 6 and their derivative plots given in Fig. S5. 

Polyurethanes exhibit relatively low thermal stability generally 

because of the presence of labile urethane bonds and decompose 

below 250 °C based on the type of isocyanates and polyol used 

for the synthesis.34 It can be seen from the thermograms that all 20 

the nanocomposite samples start to degrade above 280 °C. The 

decomposition up to 350 °C may be due to the loss of urethane 

bonds with the elimination of carbon dioxide.35 The temperature 

range between 350 and 500 °C is mainly due to the 

decomposition of long alkyl chain present in the castor oil 25 

moiety. Furthermore, the thermo-oxidative degradation of the 

polyurethane films takes place above 500 °C. The presence of 

silica nanoparticle increases the thermal stability of the castor oil 

polyurethane film and the degradation temperatures for two 

stages were given in Table S2. The increase in thermal stability 30 

behavior clearly seen from the T5, T10 and T50 values, where 5, 10 

and 50 wt % of the polyurethane film are lost (see Table S3, ESI). 

The residual weight (%) of the nanocomposite films clearly 

evidence the improvement in the thermal stability due to the 

presence of silica nanoparticles. In the case of control 35 

polyurethane, the residual weight percentage is 0.003%, whereas, 

in PU-5AMS is 8.2%. Moreover, the thermal degradation profile 

shows two-stage degradation and their corresponding temperature 

maximum (Tmax1 and Tmax2) values were increased with 

increasing silica nanoparticle loading.  40 

 The activation energy (Ea) parameters for the thermal 

decomposition process of polyurethane/silica nanocomposite 

films at two stages were determined by Kissinger method using 

the following equation:36,21  

 45 

 

 

    Where  is the heating rate, Tmax is the temperature maximum 

corresponding to the maximum degradation, A is the pre-

exponential factor, Ea is the activation energy, max is the 50 

maximum conversion, n is the order of the reaction and R is the 

universal gas constant. The activation energy can be obtained 

from the slope (= -Ea/R) of linear plot of ln(/Tmax
2) vs 1/Tmax. 

 

Table 2 Activation energy values for the nanocomposite films. 55 

  

 

Codes 

1st stage degradation, 

 Tmax1  

2nd stage degradation, 

Tmax2 

Slope Ea R2 Slope Ea  R2 

PU control -16064 133 0.992 -16745 139 0.985 
PU-1UMS -16329 136 0.978 -17130 142 0.989 

PU-0.5AMS -16845 140 0.983 -17330 145 0.979 

PU-1AMS -17386 144 0.975 -17791 148 0.992 
PU-3AMS -18109 150 0.992 -19212 159 0.983 

PU-5AMS -18969 157 0.989 -20039 166 0.993 

Where, Ea in kJ/mol, and R2 = correlation coefficient. 

 

    The calculated activation energy parameters for the 

nanocomposite films were given in Table 2 and their Kissinger 60 

plots depicted in Fig. 7. The Ea values for control polyurethane 

are 133 and 139 kJ/mol at Tmax1 and Tmax2, respectively. The 

activation energy of polyurethane degradation process increased 

with respect to the concentration of silica nanoparticles. The Ea 

values for the higher silica content (5 wt %) are 157 and 166 65 

kJ/mol at Tmax1 and Tmax2, respectively. This clearly proves that 

the incorporation of silica nanoparticle provides higher thermal 

stability to the polyurethane films. Furthermore, the weight loss 

behavior for the nanocomposite films at two different 

temperatures (350 & 450 °C) at different heating rates also 70 

presented in Table S4. The weight loss at 350 and 450 °C also 

increased with increasing the concentration of the silica 

nanoparticles. This shows that the incorporation of silica 

nanoparticle provides good thermal stability due to better 

interfacial interaction of polyurethane matrix and nanoparticle.10b 75 

This interfacial interaction provides better reinforcement between 

SiNPs and polyurethane thereby increasing the degradation 

temperature and stability of PU matrix.6b 

  





















 1

max

max

a

2

max

1lnln
RT   

E
-  

T
ln 

n

a

n
E

AR


 -------- (1) 

 

Page 6 of 12Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 

Fig. 7 Kissinger plots for the nanocomposite films at two different stages 

of the degradation process: (a) Tmax1 and (b) Tmax2. 

3.5 Differential scanning calorimetry  

Fig. 8 DSC thermograms for the PU/silica nanocomposite films. 5 

 

DSC thermograms of castor oil PU and polyurethane/silica 

nanocomposite films shown in Fig. 8 and their data also given in 

Table 3. The control castor oil PU shows Tg corresponds to soft 

segment at -40.1 °C and Tm for the hard segment at 279.1 °C. The 10 

glass transition temperature (Tg) values for the silica nanoparticle 

incorporated polyurethane nanocomposite films were increased 

with increase in nanoparticle content. The incorporation of silica 

nanoparticles has significant effect on Tg values of PU, which can 

be seen from the incremental increase in Tg values (Table 3). This 15 

may be due to the presence and well dispersion of silica 

nanoparticle in the polyurethane matrix, which restricts the 

molecular motion of PU chains.37,38 Furthermore, cross-linking 

present in the nanocomposite also contribute to the increase in 

Tg.
21 The Tg values for the amine modified silica nanoparticles 20 

incorporated nanocomposite films are -33.4, -33.7, -32.6 and -

29.7 °C for 0.5, 1, 3 and 5 wt % amine modified silica 

nanoparticles, respectively. However, the incorporation of silica 

does not alter much on the Tm values. The melting enthalpy (ΔH) 

value for the castor oil PU sample is 6.64 J/g, whereas the ΔH 25 

values for the amine modified silica nanoparticles incorporated 

nanocomposite films are 6.8, 11.4, 12.7 and 11.4 J/g for 0.5, 1, 3 

and 5 wt % silica nanoparticles, respectively. This shows that the 

melting enthalpy (ΔH) increased with increasing the fraction of 

silica nanoparticles up to 3 wt % AMS, which may be due to the 30 

presence of strong interfacial interaction between the amorphous 

silica nanoparticles and hard segment in the polyurethane chain.39 

However, the above ΔH value start to decrease above 3 wt % of 

AMS. This interfacial interaction restricts the molecular motion 

of the hard segment in polyurethane. 35 

 
Table 3 DSC data for PU and PU nanocomposite films. 

3.6 UV-vis spectra 

UV-visible spectra for the polyurethane/silica nanocomposite 

films were measured to study optical properties and presented in 40 

Fig. 9. The control polyurethane film shows good transmittance 

in the range of 300-800 nm. The peak at 240 nm is the 

characteristic peak of long alkyl chain with double bond present 

in castor oil.40c In the case of PU nanocomposites, the 

transmittance decreased with increasing the concentration of 45 

silica nanoparticles. The incorporation of silica nanoparticles in 

the polymer matrix reduces the transmittance of the films. This 

may be due to the presence of hydrophilic silica nanoparticle, 

which shields the UV light thereby decreasing the transmittance 

of the films.40a The unmodified silica and amine modified silica 50 

nanoparticles give an absorption peaks at around 210 and 220 

nm, respectively.40b Therefore, UV-vis spectra of nanocomposite 

show transmittance after 300 nm. This means that SiNPs absorbs 

UV until 300 nm after that transmit due to this transmittance of 

polyurethane films decreased with increasing silica concentration. 55 

The transmittance at 600 nm decreases from 92% of control 

polyurethane film to 80% of nanocomposite films with 5 wt % 

amine modified silica nanoparticle. The decreased optical 

transmittance of the polyurethane/silica nanocomposite films is 

likely due to the scattering at the interfaces between the silica 60 

nanoparticles and polyurethane.41   

Fig. 9 UV-vis spectra for the polyurethane nanocomposite films. 

 

3.7 XPS spectra 

XPS spectra of unmodified and modified silica PU 65 

nanocomposites were given in Figs. S6-S9. The XPS is an 

important tool to investigate about the surface chemistry and 

composition of the nanocomposite. From the Fig. S6, the peak at 

 

Codes 

Thermal properties 

Tg (°C) Tm (°C) ΔH (J/g) for Tm 

PU control -40.1 279.1 6.6 
PU-1UMS -34.3 279.3 9.1 

PU-0.5AMS -33.4 281.9 6.8 

PU-1AMS -33.7 277.1 11.4 
PU-3AMS -32.6 276.2 12.7 

PU-5AMS -29.7 274.5 11.4 
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binding energy of 285.5 eV assigned to C1s element present in PU 

and nanocomposites (PU-0.5AMS, PU-1AMS) were correspond 

to the C-C bond in the polyurethane structure, which shift the 

position slightly on disordering with increasing silica 

nanoparticle.42 However, the nanocomposites show predominant 5 

C1s peak with increased intensity compared to native PU, this 

might be due to the presence of modified silica nanoparticles, 

which contain 3-aminopropyl groups on its surface. Along the 

same line, a small new peak was observed at binding energy of 

290.1 eV for nanocomposite samples, which was absent in the 10 

native PU. The appearance of a new peak might be due to the 

physical interaction between the urethane-amide C=O moiety and 

nanosilica surface.6c These findings clearly prove the occurrence 

of physicochemical interaction between the PU and nano silica in 

nanocomposites.  15 

 The XPS spectra of nitrogen atom give us an important 

evidence for the interaction of urethane-amide groups in the 

nanocomposites. The N1s element present in the polyurethane 

gives a peak at binding energy of 400.7 eV (see Fig. S7, ESI). 

However, in the case of nanocomposites the peak shifted to 20 

higher binding energy of 401.0 eV due to the interaction between 

amino and amide groups with each other present in the 

nanoparticle and PU.43 Similarly, the oxygen (O1s) XPS spectra of 

polyurethane gives a peak at 533.1 eV corresponds to the -

NHCOO, whereas nanocomposite samples give a strong intense 25 

peak at 533.4 eV (see Fig. S8, ESI). This may be due to the 

overlapping of peaks of Si-O-Si and -NHCOO with each other.44 

Furthermore, we also analyzed silica XPS spectra to confirm the 

presence of nano-silica in PU nanocomposite, which clearly show 

strong signal of Si1s peak at 103.0 eV (see Fig. S9, ESI). The XPS 30 

spectra of nanocomposite clearly show and prove that silica 

nanoparticles are uniformly dispersed in the PU matrix, and also 

provide the information about the physicochemical interaction 

between the nanosilica and the urethane amide moiety of PU. 

Such interaction helps in improving both mechanical and physical 35 

properties of the nanocomposites.   

3.8 FE-SEM images of prepared nanocomposites 

Field emission scanning electron micrographs of the prepared PU 

and silica nanocomposite films were given in Fig. 10. In the case 

of control PU, the fractured surface revealed a homogenous 40 

structure due to the cross-linked polyurethane.45 The PU-1UMS 

sample also exhibit similar fractured structure like control PU 

(Fig. 10b), which demonstrates that the UMS did not affect the 

surface morphology of the nanocomposite film. The introduction 

of amine modified silica nanoparticles in the PU matrix showed 45 

excellent dispersion of silica nanoparticles in the pores of PU 

matrix, which greatly influenced on the surface of PU. As the 

concentration of AMS nanoparticles in the PU matrix increased, 

the sample showed cracked surface initially (PU-0.5AMS) and 

then the surface turned rough at higher concentration of silica 50 

nanoparticles (PU-5AMS), which revealed that the AMS 

nanoparticles are well dispersed in the lower concentration (Fig. 

10d & e) compared to the higher concentration (Fig. 10f). The 

higher magnification images show embedded SiNPs in PU matrix 

with difference sizes (images not given).    55 

 

 

 

 

Fig. 10 FE-SEM images of nanocomposite films: (a) PU control (X30K), 60 

(b) PU-1UMS (X80K), (c) PU-0.5AMS (X60K), (d) PU-1AMS (X500K), 

(e) PU-3AMS (X500K) and (f) PU-5AMS (X80K). 

3.9 HR-TEM images  

The morphology of the silica nanoparticle dispersed in 

polyurethane was observed by using high resolution transmission 65 

electron microscopy and the images were given in Fig. 11. HR-

TEM images of polyurethane/silica nanocomposite suggest the 

presence of nanopores on the surface of polyurethane into which 

silica nanoparticles were embedded. At low concentration of 

SiNPs (1 & 3 wt %), the nanoparticles were uniformly dispersed 70 

in the polyurethane matrix (Fig. 11a & b), whereas in the case of 

higher concentration (5 wt %), small aggregates were observed 

(image not shown here). From HR-TEM images, we observed 

well defined bright circular spots within which dark circular spots 

were embedded. These bright circular spots are the pores 75 

uniformly distributed on the PU matrix, and the dark circular 

spots are the silica nanoparticles embedded inside the pores. HR-

TEM micrographs provide the evidence of the presence of SiNPs 

within the pores of polyurethane matrix. Similar kind of 

morphology was reported for polyamide/silica hybrid 80 

nanocomposite by van Zyl et al.46 

Fig. 11 HR-TEM images of nanocomposites: (a) PU-1AMS, and (b) PU-

3AMS.  
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3.10 Contact angle measurements 

Contact angle measurements were obtained for the 

polyurethane/silica nanocomposites films to calculate their 

surface free energy and data given in Table 4. The contact angle 

values of PU/silica nanocomposites film samples were presented 5 

in Table 7 and the surface energy was calculated using the 

following Owens and Wendt equation:47  

         L (1 + cos) = 2 (S
d L

d)1/2 + 2 (S
p L

p)1/2     -------- (2) 

 Where L is the surface tension of the liquids, L
p and L

d are 

the surface tension of the polar and dispersion components of the 10 

liquids, and S
p and S

d are surface tension of the polar and 

dispersion components of the solids.  
 

Table 4 Contact angle measurements for the PU nanocomposite films. 

 15 

Fig. 12 Water droplets on PU nanocomposite films: (a) PU 

control, (b) PU-1UMS, (c) PU-0.5AMS, (d) PU-1AMS, (e) PU-

3AMS, and (f) PU-5AMS. 

 

The images of water droplets on the surface of polyurethane films 20 

were given in Fig. 12. The water contact angle for the PU control 

film is 79.3º and the corresponding surface energy is 34.3 mJ/m2. 

Contact angles of PU/silica nanocomposites film samples 

decrease with the addition of unmodified silica nanoparticles, 

which lead to increased surface energy. This is mainly due to the 25 

presence of silanol groups on the surface of unmodified silica 

nanoparticles, which decreased the water contact angle to 76.9º 

leading towards hydrophilic surface.48 Further, it is also seen that 

amine modified silica nanoparticles also give similar kind of 

behavior i.e. decreased water contact angle. The water contact 30 

angles for 0.5, 1, 3 and 5 wt % of amine modified silica 

nanoparticles were 71.1, 64.1, 50.9 and 46.5°, respectively. 

Similar kind of trend was also shown in dispersive component. 

The decrease in contact angle resulted in total surface energy 

increment. The surface energy for the higher silica (5 wt %) 35 

loaded nanocomposite film is 55 mJ/m2. The incorporation of 

silica nanoparticle to the polyurethane films imparts wettability to 

the films. The morphology of nanocomposite also plays an 

important role in improving surface hydrophilicity and the FE-

SEM images clearly shows uniform distribution silica 40 

nanoparticle in the polyurethane matrix (Fig. 10d & e). In the 

case of PU-5AMS, higher silica concentration gives slightly 

agglomerated structure (Fig. 10f). Further, considering the size of 

water droplet, the agglomerate size may be neglected and the 

uniform surface provides hydrophilicity. 45 

3.11 Dynamic mechanical studies 

 

The viscoelastic properties of the castor oil polyurethane/silica 

nanocomposites were studied from thermo-mechanical properties 

using DMA. Figs. 13 & 14 show the storage modulus (E') and 50 

loss modulus (E'') for the nanocomposite films as a function of 

temperature. The storage modulus values obtained at -50°C and 

Tg from loss modulus data were presented in Table 5. In Fig. 13, 

the E' value increased with increasing the silica nanoparticle 

loading. All the PU samples show increased storage modulus 55 

behavior in the glassy region. The storage modulus at -50°C for 

control polyurethane is 1609 MPa, whereas in the case of 5 wt % 

amine modified silica nanoparticle incorporated film is 1994 

MPa. A large improvement of E' around 24% was obtained due to 

the presence of SiNPs in the glass transition temperature range. 60 

Similar kind of increasing E' value was obtained for the shape 

memory polyurethane/silica nanocomposite at around Tg by Xu et 

al.37 The silica nanoparticle provides strong interfacial interaction 

with polyurethane matrix. This interfacial interaction could 

transfer the stress from polyurethane to nano silica. Furthermore, 65 

silica nanoparticles restrict the mobility of polyurethane chains 

thereby giving reinforcement to the nanocomposite films.49 This 

reinforcement provides the enhancement of E', which indicates 

that the elastic response is prominent with the increase of 

nanoparticle loading. Similar kind of behavior was reported by 70 

Chang et al.50 for the epoxy resin/silica nanocomposite materials. 

Fig. 13 Storage modulus (E') of PU/silica nanocomposite films. 

  

 In Fig. 14, the loss modulus show maximum value in the Tg 

region and shift towards higher temperature with increasing the 75 

silica nanoparticles loading from 0.5 to 5 wt %. It can be seen 

from the loss modulus graph that E'' peak broadening with 

increasing amount of silica nanoparticles. The Tg value increases 

from -29.4 to -16.5°C for control polyurethane and PU-5AMS, 

respectively, which is in good agreement with the DSC results. 80 

This may be due to the fact that the presence of nanoparticle 

 

 

Codes 

Static contact angle  

(, deg) 

Surface free energy  

(mJ/m2) 

Water Hexadecane  s
p s

d s
t 

PU control 79.3 18.9 6.9 27.3 34.3 
PU-1UMS 76.9 Nearly zero 7.6 28.7 36.4 

PU-0.5AMS 71.1 ” 10.6 28.7 39.4 

PU-1AMS 64.1 ” 14.7 28.7 43.5 
PU-3AMS 50.9 ”   23.2 28.7 51.9 

PU-5AMS 46.5 9.5 26.7 28.3 55.0 
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hinders the segmental motion of castor oil polyurethane chain, 

which resulted from the interfacial interaction and 

entanglement.51 The E'' graph shows only one peak, which 

confirms the absence of polymer phase separation. At low 

temperature, E'' value is low due to the frozen state of polymer 5 

chains. Upon increasing the temperature, the polymer chain will 

move freely and reaches a maximum value at Tg.
52  

Fig. 14 Loss modulus (E'') of PU/silica nanocomposite films. 
 

Table 5 Data of PU/silica nanocomposite films obtained from DMA. 10 

 

Codes  Tg (°C)a E' (MPa) at -50 °C % increase 

PU control -29.4 1609 - 

PU-1UMS -28.1 1762 9.5 
PU-0.5AMS -27.6 1823 13.3 

PU-1AMS -24.9 1876 16.6 

PU-3AMS -19.2 1908 18.6 
PU-5AMS -16.5 1994 23.9 

 a obtained from loss modulus graph. 

3.12 Tensile Properties 

Tensile measurements for the polyurethane/silica nanocomposite 

films were measured and their stress strain curves presented in 15 

Fig. 15. The control polyurethane shows a tensile strength of 3.9 

MPa and elongation at break of 67 % (see Table S5, ESI). In the 

case of nanocomposite film, tensile strength slightly increased 

from 3.9 to 6.3 MPa for 1 wt % amine modified silica 

nanoparticle (PU-1AMS) incorporated castor oil polyurethane 20 

nanocomposite film. This double enhancement of tensile strength 

resulted from the interfacial interaction between the nanoparticle 

and polymer matrix, which transfers load from the polymer 

matrix to inorganic silica,53 whereas elongation at break values 

increased from 67 to 83% in the case of 1 wt % amine modified 25 

silica nanoparticle (PU-1AMS) incorporated castor oil PU 

nanocomposite film with the increase in the cross-link density. 

Hablot et al.15 reported tensile values of polyurethane films 

prepared from castor oil with different isocyanates (IPDI, TDI & 

HDI) in DBTDL catalyst. In comparison with all isocyanates, 30 

HDI shows low tensile strength (0.8 MPa) and elongation 

(31.6%) due to the aliphatic character of HDI. In our system, we 

got double enhancement of tensile strength upon adding 1 wt % 

AMS and also considerable improvement in elongation at break 

value was obtained. The tensile property mainly depends on the 35 

compatibility and dispersion of silica nanoparticle in the 

polyurethane matrix. The ambiguity in the mechanical property 

of nanocomposite films may be due to the presence of some 

agglomerates of silica nanoparticles, which may alter the 

mechanical properties.  40 

Fig. 15 Stress-strain curves for the prepared PU nanocomposite films: (a) 

PU control, (b) PU-1UMS, (c) PU-0.5AMS, (d) PU-1AMS, (e) PU-

3AMS, and (f) PU-5AMS. 

4. Conclusions 

Castor oil polyurethanes/silica nanocomposites were prepared 45 

through two-step process. In the first step, castor oil polyurethane 

was made using castor oil and 1,6-hexamethylene diisocyanate in 

THF at room temperature. In the second step, different 

concentrations of modified silica nanoparticles were added to the 

PU solution and cast to obtain films. The surface of the silica 50 

nanoparticle was modified with 3-aminopropyltrimethoxysilane 

coupling agent. ATR-FTIR and Raman spectra confirmed the 

presence of silica nanoparticle in the PU nanocomposite films. 

The activation energy for the decomposition of nanocomposite 

films were calculated using Kissinger method at two different 55 

stages (Tmax1 and Tmax2), which clearly proves the role of SiNPs 

concentration in improving the thermal stability of the films. 

Contact angle measurements show that the incorporation of silica 

nanoparticle decreases the contact angle from 79.3° (PU control) 

to 46.5° (PU-5AMS), which result in surface energy increment. 60 

Overall, silica nanoparticles impart wettability to the PU films. 

The interfacial interaction between silica and polyurethane 

increases the tensile strength from 3.9 to 6.3 MPa for PU control 

and PU-1AMS, respectively. HR-TEM images confirm that 

SiNPs were present in the pores of polyurethane matrix. Overall, 65 
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the results obtained from various physicochemical techniques 

show that the presence of silica nanoparticle could improve the 

properties of the polyurethane films, which are useful in the field 

of biomaterials development.  
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