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Abstract. Polyhedral oligomeric silsesquioxane (POSS) is a nanostructured soft material that tremendously influences the
properties of polymers. This paper delineates the preparation of polyurethane–POSS hybrid materials by physical blending
and in-situ polymerization, and studies their properties. In the physical blending method, a polyurethane (BDO–PU) was
prepared by using polycaprolactone diol (PCL-diol) as a soft segment, 4,4 -methylenebis(phenyl isocyanate) (MDI) as a
diisocyanate and 1,4-butanediol (BDO) as a chain extender. The PU–POSS hybrid material (BDO–PU/POSS) was then
prepared by the dispersion of POSS (octahydroxy POSS) molecules in the synthesized BDO–PU matrix by the solution
mixing method. In the in-situ polymerization method, POSS–PU and POSS–BDO–PU hybrid materials were prepared using
POSS and the combination of POSS and BDO as a crosslinker or a chain extender. The formation of PU and PU–POSS hybrid
materials was confirmed by Fourier transform infrared and differential scanning calorimetry analyses. The introduction of
octahydroxy POSS molecules into the PU matrix resulted in a reduction of glass transition temperature (Tg ). However,
POSS–PU hybrid materials prepared by the in-situ polymerization method had significantly less Tg compared to the hybrid
materials prepared by the solution or physical blending method. The incorporation of POSS molecules by using the in-situ
polymerization process resulted in an increase in the surface hydrophobicity (water contact angle, WCA = 125◦ ) compared
to the same prepared by using the solution blending process (WCA = 106◦ ). Moreover, the WCA values of all hybrid
materials (WCA = 106–125◦ ) are much higher than those of the pristine BDO–PU (WCA = 84◦ ). The higher WCA value
of the hybrid materials is due to the combined effect of the hydrophobic nature of POSS molecules as well as the increased
surface roughness, as evidenced by the AFM 3D images. The hybrid materials prepared by the in-situ polymerization method
exhibited improved mechanical and thermal properties compared to those prepared by the solution blending method.
Keywords. POSS (octahydroxy POSS); MDI (4, 4 -methylenebis(phenyl isocyanate)); BDO (1, 4-butanediol); PU–POSS
hybrid material (BDO–PU/POSS).

1. Introduction
Polyurethanes (PUs) are a fascinating class of polymeric
materials broadly used in surface coatings, adhesives, sealants,
foams, sports devices and many elastomeric products [1,2].
Their versatile properties and diverse applications inspire
researchers to develop special PUs with superior properties.
The properties of PUs can be easily tailored by incorporating new classes of organic and inorganic molecules and
make them suitable for emerging scientific and technological
applications [3–6]. The preparation of composite materials by incorporation of polyhedral oligomeric silsesquioxane
(POSS) molecules into the PU matrix is an important tool to
render interesting properties, which further widen their application [7]. The combined properties of PU (organic polymer)
and POSS (inorganic material) can bridge the gap between
organic polymers and inorganic materials.
0123456789().: V,-vol

PU–POSS composite materials are generally prepared by
the incorporation of POSS molecules into the PU matrix
using blending, grafting and in-situ polymerization methods
[8,9]. Hao et al [10] reported the preparation of PU–POSS
composite materials by physical blending of polyfunctional
glycidyl POSS with end-capped PU. They observed that
PU–POSS composite materials showed improved tensile
strength (TS) and higher elongation at break (EB), compared to the pristine PU. In the in-situ polymerization method,
POSS molecules having di- or multi-hydroxy or isocyanate
groups are used as a chain extender or a crosslinker [11–
13]. Fu et al [14,15] prepared PU–POSS composite materials
using dihydroxy-functionalized POSS as a chain extender and found that the incorporation of POSS molecules
enhances phase separation. Hsiao and co-worker [15] and
Turri and Levi [16] reported a significant increase in surface hydrophobicity (water contact angle, WCA = 112◦ )
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Scheme 1. Schematic representation of the preparation of BDO–PU, BDO–PU/POSS, POSS–PU and
POSS–BDO–PU.
Table 1.

Composition of PU and PU composite materials.

Sample code
BDO–PU
BDO–PU/POSS
POSS–PU
POSS–BDO–PU

Composition (mol ratio)

Process for the addition of POSS

Weight percent of POSS

MDI:PCL:BDO (2:1:1)
BDO–PU and POSS
MDI:PCL:POSS (2:1:0.25)
MDI:PCL:BDO:POSS (2:1:0.5:0.125)

—
Solution blending
In-situ polymerization
In-situ polymerization

0
29.3
29.3
16.6

Figure 1. FT-IR spectra of POSS, BDO–PU, BDO–PU/POSS, POSS–PU and POSS–BDO–PU (a) and their amplified
spectra in the >C=O region (b).
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by the incorporation of dihydroxy-functionalized POSS as a
chain extender. Wei et al [17] observed that in comparison
with control PU, the PU composite based on dihydroxyfunctionalized POSS as a chain extender displayed higher Tg ,
improved thermal stability and greater surface hydrophobicity (WCA = 93◦ ). However, Raftopoulos et al [18] reported
that the Tg remains unaffected by the substitution of 1,4butanediol (BDO) as a chain extender with disilanol isobutyl
POSS.
Star-like PU–POSS composites were prepared using octafunctional POSS as a crosslinker, which results in higher
thermal stability and crosslink density [19,20]. Liu et al
[21] prepared PU–POSS composite materials based on
poly(propylene oxide)glycol and toluene-2,4-diisocyanate
(TDI) using 4,4 -methylenebis(2-chloroaniline) as a chain
extender and octahydroxy POSS as a crosslinker. They found
that in comparison with control PU, the composite materials
displayed increased Tg , higher TS, higher tensile modulus,
low EB and improved surface hydrophobicity (WCA = 108◦ ).
Interestingly, in contrary to above report, Ghermezcheshme
et al [22] reported that the elastic modulus as well as the
micro- and nano-hardness of PU–POSS composite coatings
(based on di- or octa-hydroxyl POSS, polyester polyol resins
and Desmodur N75) are lower than those of control PU.
Prza˛dka et al [23] observed that the composite material based
on 1,6-hexamethylene diisocyanate and 1.2 wt% of octaisocyanate POSS (NCO-POSS) crosslinker exhibited higher
EB compared to the pristine PU. In contrast, composite materials based on isophorone diisocyanate (IPDI) and 1.2 wt%
of octa-isocyanate POSS (NCO-POSS) crosslinker showed
a reduction in EB. Prza˛dka et al [24] further reported that
the increase in octa-hydroxy POSS content in TDI/HTPB
(2,4-toluene diisocyanate/hydroxyl-terminated polybutadiene) based composites resulted in marginal enhancement
of Tg , whereas in the IPDI/HTPB-based composites the
Tg slightly diminished with the incorporation of POSS.
Raftopoulos et al [25] reported a gradual increase in Tg with
the increase in the octa-hydroxy POSS content in the composite materials (based on poly(tetramethylene glycol), as a
soft segment), but the MDI (4,4 -methylenebis(phenyl isocyanate) content was not same in all samples. Raftopoulos
et al [26] also studied the molecular dynamics of PU–POSS
composite foams (prepared using octa-hydroxy POSS). They
observed that the Tg increased with 5 wt% loadings of POSS
but then decreased with further addition of POSS (10 and 15
wt%).
From the above literature, it is found that octa-hydroxy
POSS is an interesting class of molecules in the preparation
of PU–POSS composite materials. However, its effects on Tg ,
mechanical properties, bulk and surface properties of the composite materials are still unclear. Thus, it would be interesting
if the composite materials are prepared using octa-hydroxy
POSS by physical blending as well as by the in-situ polymerization method, and their properties are compared in detail.
There is no report on the comparative study on the properties
of the PU and octa-hydroxy POSS-based composite materials
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prepared by the physical blending and in-situ polymerization
method.
In this work, PU–POSS composite materials were prepared
by physical blending and in-situ polymerization method, and
their basic properties were studied in detail. For comparative
study, in-situ composites (POSS–PU and POSS–BDO–PU)
were also prepared by varying their crosslinker or chain
extender content, i.e., by varying the combinations of POSS
and BDO. The formation of composite material was confirmed by Fourier transform infrared (FT-IR) analysis, and
their thermal properties were studied using differential scanning calorimetry (DSC) analysis. The morphology of the
composite materials was studied by field emission-scanning
electron microscopy (FE-SEM) and X-ray diffraction (XRD)
analyses. The surface hydrophobicity of these composite
materials was studied using a goniometer, and their tensile
properties were evaluated using a universal testing machine
(UTM).

2. Experimental
2.1 Materials
Polycaprolactone diol (PCL-diol) of a molecular weight of
530 g mol−1 was obtained from Sigma-Aldrich Chemicals,
Bangalore, India. MDI (98%) was purchased from SigmaAldrich Chemicals, Bangalore, India. Octa(3-hydroxy-3methyl butyl dimethylsiloxy) silsesquioxane (POSS) (molecular weight: 1707) was obtained from Hybrid Plastics Inc.,
USA. Dibutyltin dilaurate (DBTDL) and BDO were procured
from Aldrich Chemicals, Bangalore, India. Tetrahydrofuran (THF) was purchased from Merck Specialities Private
Limited, Mumbai, India. All the chemicals were utilized as
received.
2.2 Synthesis of PU and preparation of PU/POSS
composite
PU–POSS composite materials were prepared by the physical
blending and in-situ polymerization method as presented in
scheme 1 and table 1. The control PU was prepared by onestep polymerization using PCL-diol, MDI and BDO. This
control PU sample is abbreviated as BDO–PU. POSS was
then blended with this control PU by the solution mixing
method to prepare a physically blended composite material
which was designated BDO–PU/POSS. PU–POSS composite
materials were also prepared by the in-situ polymerization of
PCL-diol and MDI using POSS or a mixture of POSS and
BDO as a chain extender, which are abbreviated as POSS–
PU and POSS–BDO–PU, respectively.
2.3 Characterization
FT-IR studies were carried out on thin-film samples using
a Perkin-Elmer FT-IR spectrophotometer (model spectrum
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RX I), within a range of 400–4400 cm−1 using a resolution of
4 cm−1 . An average of 16 scans was reported for each sample.
DSC analysis was carried out by using a TA Instrument
(DSC Q100 V8.1 Build 251) under a nitrogen atmosphere
from −60 to 250◦ C at a heating rate of 10◦ C min−1 . The
glass transition temperature (Tg ) was determined from the
inflection point in the DSC traces.
Tensile specimens were punched out from the cast sheets
using ASTM Die-C. The tests were carried out as per the
ASTM D 412-98 method in a UTM (Zwick 1445) at a crosshead speed of 100 mm min−1 at 25◦ C.
A Rame-Hart 260 F4 Standard goniometer was utilized to
measure WCA of PU films. The measurements were carried
out at ambient temperature. The water droplet was placed
over the surface of the polymer film to measure the contact
angle. Three consecutive measurements were conducted for
each polymeric material.
Atomic force microscopy (AFM) analysis of the PU film
was carried out on an Agilent 5500 (USA) instrument. The
polymer film prepared was used directly for the analysis. The
analysis was performed in tapping mode under ambient conditions.
The XRD patterns of the samples were recorded in a
Philips X-ray diffractometer (model PW-1710) with crystal monochromated Cu-Kα radiation in the angular range
of 5–100◦ (2θ ) at 40 kV operating voltage and 20 mA current.
The surface morphology of the prepared PUs and their
nanocomposites was studied using a MERLIN FE-SEM.
The samples in the form of polymeric film were placed
over stub using a carbon adhesive tape. The polymer film
samples were gold coated and then used for FE-SEM
analysis.

3. Results and discussion
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Table 2. Absorption peaks of PU–POSS hybrid materials in FT-IR
spectra and their assignments.
Assignments
>N–H stretching
>C=O stretching
>N–H bending
Si–O–Si absorption
Free >C=O
H-bonded >C=O

Wavenumber (cm−1 )
3325
1700–1728
1529
1087
1728
1700

In the >C=O region (1700–1728 cm−1 ), the broad bimodal
absorption band is split into two peaks as shown in figure 1b.
The peak at higher wavenumber (1728 cm−1 ) is due to the
free carbonyl (free >C=O, F–CO) groups, whereas the band
at lower wavenumber (1700 cm−1 ) is due to the hydrogenbonded (H-bonded >C=O, H–CO) carbonyl group (table 2).
In pristine BDO–PU, the ratio of the intensity of hydrogenbonded carbonyl to free carbonyl (i.e., I (H–CO/F–CO)) is
higher than that of the composite materials (table 3). This
indicates the stronger hydrogen bonding in BDO–PU compared to the same in the composite materials. The physical
blending of POSS with BDO–PU results in a slight decrease
in the extent of hydrogen bonding in BDO–PU/POSS. A substantial decrease in the H–CO/F–CO intensity in POSS–PU
and POSS–BDO–PU indicates a significant reduction in the
extent of hydrogen bonding. This is because of the presence
of bulky POSS molecules in the hard segment which hinders
the formation of hydrogen bonding between the >C=O and
>N–H groups. The decrease in the extent of hydrogen bonding in POSS–PU and POSS–BDO–PU is also because of the
crosslinked structure generated during the in-situ polymerization process, as functional POSS molecules contain eight
hydroxyl groups [4,27].

3.1 FT-IR analysis
3.2 Thermal properties
The PU and PU–POSS composite materials were studied
using FT-IR analysis. Figure 1a presents the FT-IR spectra of POSS, BDO–PU, BDO–PU/POSS, POSS–PU and
POSS–BDO–PU. The absence of the isocyanate absorption
band at 2265 cm−1 indicates the complete reaction of the
isocyanate groups with the –OH groups of diols and polyols. The presence of absorption bands at 3325 and 1700–
1728 cm−1 indicates the presence of urethane linkage in PU
and PU–POSS composite materials. The absorption band at
3325 cm−1 is due to the N–H stretching of the urethane linkage and the band at 1700–1728 cm−1 is due to the >C=O
stretching of the urethane linkage. The absorption band at
1529 cm−1 represents the >N–H bending vibration of the
urethane linkages. A broad absorption band at 1087 cm−1 is
due to the Si–O–Si linkage indicating the presence of POSS
molecules in the composite materials.

The thermal properties of pristine PU and PU–POSS composite materials were studied using DSC analysis.
Figure 2 presents the DSC thermograms of BDO–PU,
BDO–PU/POSS, POSS–PU, POSS–BDO–PU and POSS,
and the obtained Tg and Tm are reported in table 4. Interestingly, the Tg of pristine BDO–PU was found to be 38◦ C,
whereas the Tg of BDO–PU/POSS in which POSS was
blended with PU by the solution mixing process is 32◦ C.
This signifies that the incorporation of POSS molecules by
physical blending results in a little (by 6◦ C) decrease in
Tg value. The slight decrease in Tg is due to the reduction in the extent of hydrogen bonding, as observed by
the FT-IR analysis. The hydrogen bonding acts as physical crosslinks, which reduces the mobility of the polymer chains and hence leads to an increase in Tg . More
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Table 3. Ratio of hydrogen-bonded >C=O (H–CO) to free >C=O (F–CO) peaks in
terms of intensity (I ) and peak area (A).
Sample code
I (H–CO)/I (F–CO)
A(H–CO)/A(F–CO)

BDO–PU

BDO–PU/POSS

POSS–PU

POSS–BDO–PU

1.25
2.26

1.24
2.17

0.99
1.65

1.07
1.70

Figure 2. DSC thermograms of (a) BDO–PU, BDO–PU/POSS, POSS–PU and POSS–BDO–PU and (b) POSS.

interestingly, the composite materials (POSS–PU, Tg =
−34◦ C and POSS–BDO–PU, Tg = −13◦ C) having covalent
crosslinks show lower Tg than that of BDO–PU/POSS (Tg =
32◦ C). The significant reduction in Tg is due to the substantial decrease in the extent of hydrogen bonding in POSS–PU
and POSS–BDO–PU [26]. Further, the somewhat stronger
hydrogen bonding in POSS–BDO–PU than in POSS–PU is
the cause of higher Tg in POSS–BDO–PU than that of POSS–
PU.
The process of incorporation of POSS molecules by the
physical blending and in-situ polymerization method also
strongly affects the melting characteristics of composite materials. For both pristine PU and BDO–PU/POSS, the onset
melting is observed at around 190◦ C, but the melting is sharper
in BDO–PU/POSS.
This indicates that the presence of POSS in BDO–
PU/POSS assists the melting process. In the cases of POSS–
PU and POSS–BDO–PU, the melting is not prominent
which is because of the presence of covalent crosslinks
[28]. In addition to the melting at 190◦ C, BDO–PU/POSS
also shows a melting endotherm at 63◦ C. This may be
due to the agglomeration of POSS molecules, which itself
shows a melting endotherm at 121◦ C. The decrease in the
melting temperature from 121◦ C in POSS to 63◦ C in BDO–
PU/POSS indicates an interaction between BDO–PU and
POSS (as observed in the FT-IR analysis) which reduces its
crystallization.

Figure 3. Stress–strain curves of BDO–PU, BDO–PU/POSS,
POSS–PU and POSS–BDO–PU.

3.3 Mechanical properties
Mechanical properties such as tensile stress, EB and modulus at 100, 200 and 300% of PU and PU–POSS composite
materials are reported in table 5 and their stress–strain plot
is shown in figure 3. The TS and tensile modulus of the
pristine BDO–PU are much higher than those of POSS–PU
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Table 4. Glass transition temperature (Tg ) and melting temperature (Tm ) of
different PU and PU–POSS composite materials prepared.
Sample code
BDO–PU
BDO–PU/POSS
POSS–PU
POSS–BDO—PU
POSS

Table 5.

Tg (◦ C)

Tm (◦ C) POSS

Tm (onset) hard segment

38
32
−34
−13
—

—
63
—
—
121

190
190
—
—
—

TS, EB and tensile modulus of BDO–PU, BDO–PU/POSS, POSS–PU and POSS–BDO–PU.

Sample code

TS (MPa)

EB (%)

Modulus at 100% (MPa)

Modulus at 200% (MPa)

Modulus at 300% (MPa)

BDO–PU
BDO–PU/POSS
POSS–PU
POSS–BDO–PU

47.5 ± 2.1
6.5 ± 0.3
21.2 ± 0.9
15.8 ± 1.1

355 ± 22
105 ± 5
436 ± 18
428 ± 28

23.5 ± 0.9
6.0 ± 0.1
5.8 ± 0.1
5.5 ± 0.2

24.4 ± 1.1
—
9.8 ± 0.3
9.2 ± 0.2

44.7 ± 1.0
—
14.8 ± 0.3
14.1 ± 0.1

and POSS–BDO–PU. This is due to the stronger hydrogen
bonding in BDO–PU (as supported by the FT-IR analysis)
which acts as the physical crosslinker. This indicates that
the physical crosslinks by hydrogen bonding are dominated
over the covalent crosslinks by POSS molecules. Majka et
al [29] reported that the hard domains are better reinforcing
agents than the POSS moieties. As evidenced by the DSC
analysis, the higher Tg in BDO–PU makes this polymer more
rigid over the composite materials, further supports its higher
modulus value. Interestingly, POSS–PU and POSS–BDO–PU
show higher EB than that of BDO–PU and BDO–PU/POSS.
The lowest TS and EB in BDO–PU/POSS is because of the
presence of agglomeration of POSS. This is confirmed by

the XRD and FE-SEM analyses as discussed later in this
paper.
3.4 Surface properties
The surface properties of PU and PU–POSS composite materials were studied by measuring the WCA using a goniometer
and the surface roughness by AFM analysis. Figure 4a
shows the WCA values and the images of water droplets on
BDO–PU, BDO–PU/POSS, POSS–PU and POSS–BDO–PU
surfaces. The WCA on the BDO–PU surface is 84◦ which
increased to 106–125◦ on the surfaces of the composite materials. The higher WCA values on the surface of composite

Figure 4. (a) Images of water droplet on BDO–PU, BDO–PU/POSS, POSS–PU and POSS–BDO–PU surfaces and
the respective WCA values. (b) AFM 3D images and surface roughness values of the corresponding samples.
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much higher than that of BDO–PU/POSS (106◦ ). The lower
WCA value in BDO–PU/POSS is because of the presence of
free –OH groups of POSS, as it is prepared by the solution
blending method. In POSS–PU, the –OH groups of POSS
get consumed by the reaction with isocyanates. Further, the
higher WCA value in POSS–PU than that of POSS–BDO–
PU is due to the presence of higher weight percent of POSS
molecules and the increased surface roughness.

3.5 WAXS and FE-SEM analyses

Figure 5. WAXS patterns of BDO–PU, BDO–PU/POSS and
POSS–PU.

materials are because of the combined effect of the presence
of POSS molecules as well as the increased surface roughness,
as evidenced by the AFM analysis (figure 4b). Interestingly,
BDO–PU/POSS and POSS–PU contain the same weight percent of POSS, but the WCA value in POSS–PU (125◦ ) is

Figure 5 presents the wide-angle X-ray scattering (WAXS)
patterns of BDO–PU, BDO–PU/POSS and POSS–PU. The
WAXS pattern of pristine BDO–PU shows a broad peak at
2θ = 20.4◦ indicating the amorphous nature of this polymer.
POSS–PU exhibits a broad peak at the same 2θ value, which
signifies that the POSS molecules are completely dispersed
in the PU matrix. Interestingly, in BDO–PU/POSS, besides
the broad peak at 2θ = 20.4◦ , sharp peaks also appear at 2θ =
15.9, 24.1 and 25.8◦ . The presence of these sharp crystalline
peaks in the XRD pattern of BDO–PU/POSS is due to the
crystallization of the agglomerated POSS molecules in the
BDO–PU matrix.
The agglomeration of POSS molecules in BDO–PU/POSS
was further studied by FE-SEM analysis. The FE-SEM

Figure 6. FE-SEM images of BDO–PU, BDO–PU/POSS, POSS–PU and POSS–BDO–PU.
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images of BDO–PU, BDO–PU/POSS, POSS–PU and POSS–
BDO–PU are shown in figure 6. In the FE-SEM micrographs
of BDO–PU/POSS, the agglomeration of POSS molecules is
clearly evidenced, whereas no such agglomeration is found
in the cases of POSS–PU and POSS–BDO–PU.

4. Conclusions
PU–POSS composite materials were successfully prepared
by the solution blending as well as in-situ polymerization
method. In the solution blending method, the agglomeration of POSS molecules resulted in lower TS and lower EB
compared to the composite materials prepared by the in-situ
polymerization method where POSS molecules are covalently linked to the polymer chain. Interestingly, the Tg of
the composite materials prepared by the in-situ polymerization method was much lower than that prepared by the solution
blending method. The PU–POSS composite films prepared by
the in-situ polymerization method showed superior hydrophobic properties compared to the composite films prepared by
the solution blending method.
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