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Abstract
Nowadays, environmental problems such as petroleum resources exhaustion, pollution and global warming are in ceaseless 
aggravation. Consequently, vegetable oil becomes one of the most important resources due to its cheapness, easily availability 
and environmental regeneration. In this study, a series of sustainable polyurethanes based on epoxy soybean oil modified by 
different contents of 3,13-dimethyhydroxysilyl double-decker phenylsilsesquioxane [DDSQ(Me)OH] have been prepared. 
Polyol prepared with epoxy soybean oil has effectively replaced the petroleum-based polyol and the DDSQ(Me)OH per-
formed as chain extender together with 1,4-butanediol (BDO). The structure of DDSQ(Me)OH was verified by 1H NMR and 
MALDI–TOF–MS. The structure and properties of sustainable polyurethanes were characterized by FTIR, DSC, TGA, SEM, 
tensile test and static contact angle. TGA demonstrated that hybrid polyurethanes were thermally stable due to the covalent 
incorporation of DDSQ(Me)OH in polymer main chain, the 5% weight loss temperatures (Td5) of hybrid polyurethane can 
be 21 °C higher than pure PU. DSC revealed the improved glass transition temperature (Tg) of polyurethanes, and the Tg can 
be 12.4 °C improved compared with pure polyurethane. SEM showed that the aggregation of DDSQ(Me)OH has dispersed 
homogeneously in the hybrid polyurethanes matrix. The results of the static contact angle revealed that with the increase of 
DDSQ(Me)OH content, the surface hydrophobicity has been enhanced significantly, and the static contact angle of water 
for hybrid polyurethanes can be up to about 110.2°.
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Introduction

Combined the light weight, good toughness and easy shap-
ing of polymers with high strength and fine thermal stability 
of inorganic materials, organic–inorganic hybrid materials 

may create new properties for materials through synergy 
(Wang et al. 2014; Liu and Jeng 2013). Polyhedral oligo-
meric silsesquioxanes (POSS) is a class of silicon com-
pound with three-dimensional skeleton structure. POSS can 
be used as modifier for polymers due to its good thermal 
stability, chemical stability and homogeneous dispersion in 
the polymers by nanoscale (Wang et al. 2011). A great deal 
of papers focused on POSS-containing organic–inorganic 
composites was reported during past years (Gnanasekaran 
et al. 2013; Musto et al. 2012). POSS can be functional-
ized with monoactive group, diactive groups or multiactive 
groups through many ways; among those, Top-Cap reaction 
is the most common method to prepare the monofunctional 
POSS. Monofunctional POSS with –OH, –COOH, –NH2, 
–NCO has already been synthesised (Feher and Weller 
1990; Feher and Wyndham 1998; Lichtenhan et al. 1993, 
1995). Without changing the organic polymer main chain, 
POSS cages act as pendent side groups or end groups in 
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the hybrid composites. Multifunctional POSS was usually 
prepared by the functionalizing of phenylsilsesquioxane and 
the hydrosilation reaction,it can connect with the polymer by 
the form of stellate intersection point structure (Ledin et al. 
2014; Zhang et al. 2013). Multifunctional POSS-containing 
hybrids such as polyimide (Huang et al. 2003), polybenzo-
xazines (Huang and Kuo 2010), poly(ethylene imine) (Zeng 
et al. 2008), polymethyl methacrylate and polyurethane have 
been reported (Liu and Zheng 2005; Liu et al. 2006).

For the past few years, the double-decker silsesquiox-
ane, which can be used to prepare linear POSS-containing 
hybrids with POSS in the main chains for some special 
applications, has become a research hotspot. Moore et al. 
(2018) reported that bis-phenylethynyl polyhedral oligo-
meric silsesquioxane (bis-PE-POSS) compounds were syn-
thesized and thermally cured yielding crosslinked materials. 
Żak et al. (2014) presented a methodology that opens up a 
possibility to obtain a new class of trans-unsaturated (oligo)
polymers with a silsesquioxyl-silylene spacer. On the basis 
of the results they obtained, new, promising materials with 
interesting optoelectronic and thermal properties may be 
developed in the future. To my knowledge, a few researches 
have been reported on efficient synthesis of difunctional 
POSS macromers until this moment. Nevertheless, there still 
remains a lot of spaces for further investigation on the syn-
thesis and properties of POSS-containing copolymers with 
covalent bond by the use of double-decker POSS. Hoque 
and Kawakami (2016) has synthesized polysilsesquioxanes 
with end functional double-decker silsesquioxanes (DDSQ). 
According to the results, compared with polysilsesquiox-
ane containing methyl end capped DDSQ, polysilsesquiox-
ane containing iso-butyl end capped DDSQ showed better 
solubility. Wei et al. (2013) synthesized organic–inorganic 
polyurethanes with polyhedral oligomeric silsesquioxane 
(POSS) in the main chains. The properties such as thermal 
stability and surface hydrophobicity have been significantly 
improved by the incorporation of DDSQ. In the previous 
work of Huang et  al. (2016a, b, 2017) environmentally 
friendly polyurethane was synthesized by vegetable oil and 
modified by double-decker silsesquioxane (DDSQ); it was 
pointed out that with the DDSQ in the main chain, the glass 
transition temperatures (Tg), the thermomechanical proper-
ties, and the hydrophobicity were significantly improved.

Polyurethane (PU) is a class of functional polymer mate-
rial with excellent performance, which is widely applied in 
aerospace, transport, architecture, electronic product and 
other fields. Traditional PU is usually prepared by petro-
leum-based polyol and isocyanate. However, during the 
using of petroleum-based polyol and isocyanate, the envi-
ronmental problem such as resource exhaustion, pollution 
and global warming will be aggravated. Recently, vegetable 
oil has become an important resource to develop the sustain-
able polyurethane due to its cheapness, easily availability 

and environmental regeneration. A kind of vegetable oil-
based non-isocyanate polyurethane has attracted increasing 
attention. Recently, many researches on the non-isocyanate 
PU production have been reported. Büttner et al. (2017) 
prepared a catalytic system and then used to produce eight 
carbonated fatty acid methyl esters and even four carbonated 
vegetable oils in excellent isolated yields. Those products 
combine biological and chemical CO2 fixation that can be 
used in the area of sustainable PU. Sawpan (2018) com-
prehensively reviewed recent developments in the prepara-
tion of renewable resource-based polyols and isocyanates 
for producing polyurethanes and applications. Pérez-Sena 
et al. (2018) optimized the production of methyl oleate, 
epoxidized methyl oleate and carbonated methyl oleate 
first and then built a kinetic model for the aminolysis of 
cyclic-carbonate by diamine. It was found that the reactions 
of aminolysis and amidation were low exothermic reac-
tions. To develop the application of vegetable oil in poly-
mer materials, a series of effective measures can be taken 
to functionalize the vegetable oil, for instance, epoxidation 
followed by ring opening (Leveneur et al. 2014), thiol-ene 
reaction (Lluch et al. 2010), transesterification (Garbark and 
Benecke 2011), hydroformylation and ozonolysis (Kandan-
arachchi et al. 2002; Petrović et al. 2013) are representative 
examples of such reactions. Sustainable polymers can be 
prepared by the reaction between vegetable oil-based poly-
ols and diisocyanates. Nevertheless, vegetable oil-based 
polyurethane was obsessed by low rigidity, thermal stabil-
ity, and strength, which limited its application in the field of 
polymer; so many researches have been done to solve this 
problem. Sheng et al. (2015) prepared a series of sustainable 
polyurethanes which introduced different content of cyclic 
polysilanol as a chain extender to replace 1,4-butanediol 
(BDO). Oaten and Choudhury (2005) and Turri and Levi 
(2005a, b) have investigated on the surface properties of 
linear polyurethanes modified with monofunctional POSS 
macromers, and found that with the presence of POSS, the 
surface free energy of the materials significantly reduced and 
the surface hydrophobicity of the materials improved. There 
already have some sustainable polyurethanes be developed 
for the industrialized production. The Huntsman Corpora-
tion has had the JEFFADD™ B650 series of polyols through 
vegetable oil, which were used to produce polyurethanes 
(Zhao et al. 2011). Malaysian Maskimi company has the 
capacity to produce 600,000 tons of palm oil-based polyol 
annually, and its production of palm oil-based polyol is 
mainly used in polyurethane rigid foam (Zhang et al. 2012).

In this research, to prepare a new sustainable hybrid nano-
composites, soybean oil-based polyol was first synthesised, 
and 3,13-dimethyhydroxysilyl double-decker phenylsilses-
quioxane was also prepared and then added as modifier. 
This route not only makes contribution to the global envi-
ronmental problems but also overcomes the shortcoming 
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of pure vegetable oil-based polyurethanes. Meanwhile, the 
thermal properties, mechanical properties, the surface prop-
erties and morphology of these hybrid polyurethanes were 
also discussed. The results of this paper can provide some 
insight and scientific data for vegetable oil-based hybrid 
polyurethanes.

Experimental

Materials

Epoxy soybean oil (ESO) with 6.1% epoxy value was 
obtained from Hairma Chemical (GZ) Ltd., China. Phenyl-
trimethoxysilane (98%) was purchased from Chengdu Xiya 
Reagent Co. and used without further purification. Iso-
phorone diisocyanate (IPDI) was obtained from Wuxi East 
Grace Electronic Material Technology Co., Ltd. The NCO 
content of IPDI is 37.81% as calculated. Other reagents such 
as tetrahydrofuran (THF) need to be refluxed above metal 
sodium, and then distilled and stored in the presence of 4°A 
molecular sieves. Besides, other reagents in this experiment 
were also purchased from Shanghai Reagent Co., China and 
used as received.

Synthesis of 3,13‑dimethyhydroxysilyl 
double‑decker phenylsilsesquioxane [DDSQ(Me)OH]

The structure and synthetic route to sodium salt of double-
decker phenylsilsesquioxane [DDSQ(ONa)] was shown in 
Scheme 1. The specific synthesis methods were used by 
following method reported by Seino et al. (2006) with a 
slight modification. Sodium hydroxide (3.2 g, 0.08 mol) was 
dissolved in deionized water (2.5 g, 0.14 mol) to obtain a 
solution, then phenyltrimethoxysilane (24 g, 0.12 mol) was 
added drop wisely, and then 2-propanol (120 mL) was also 
added to the mixed solution at room temperature for about 
15 min under nitrogen atmosphere. The reaction mixture was 
heated to 90 °C and refluxed for about 4 h, then the solution 
was cooled to room temperature, and maintained stirring 
for about 15 h. After filtration, the precipitate was washed 
for three times with 2-propanol and dried at 70 °C for 5 h in 
vacuum oven to obtain the white powder.

The synthetic route to DDSQ(Me)OH was shown in 
Scheme  1. The synthesis was according to the method 
reported by Hoque et al. (2009) with a slight modification. 
DDSQ(ONa) (4 g, 3.45 mmol), THF (40 mL), and TEA 
(1.04 g, 10.37 mmol) were placed in a two-neck 100-mL 
flask equipped with a reflux condenser, and the reaction was 
carried out in a dry nitrogen stream. Methyltrichlorosilane 
(2.0 g, 13.33 mmol) was added dropwise to the system with 
a syringe at room temperature and the system was kept stir-
ring for 12 h by means of a magnetic stirrer. Then water 
(17.3 mL) was added to the reaction mixture under ice bath, 
and the system was maintained stirring for 30 min to hydro-
lyze excess trichlorosilane, and to dissolve sodium chloride 
formed during the reaction. Toluene (80 mL) was used to 
extract soluble products, and separate the organic layer, 
which was washed repeatedly with deionized water until it 
became neutral. Then organic layer was dried with anhy-
drous sodium sulfate, and precipitation of less soluble prod-
ucts would exhibit when the volume of toluene was reduced 
to around 20 mL. The precipitate was filtered off after the 
solution was kept at 0 °C for overnight. Then the clear fil-
trate was dried on a rotary evaporator to obtain DDSQ(Me)
OH as white solid.

Preparation of soybean oil‑based polyurethane

To synthesize sustainable polyurethane, first, as feedstock, 
ESO need to be converted into polyol. In this method, 
tetrafluoroboric acid was used as catalyst, 2-propanol was 
used as solvent, epoxy groups were opened with methanol 
according to method in the literature reported by Petrovic 
(2008). Then, a pale yellow viscous SBO polyol with the 
OH number of 185 mg KOH/g was obtained. A standard 
two-step prepolymer method was used to synthesize polyu-
rethanes and a typical synthetic procedure was as follows: 
SBO polyol (4 g, 13.16 mmol OH), EtAc (20 mL), stan-
nous octoate (100 μL), and IPDI (2.07 mL) were charged 
into a flask equipped with magnetic stirrer, condenser and 
nitrogen bubbler. The pre-polymerization was performed at 
80 °C for 2 h under a high pure nitrogen atmosphere with 
vigorous stirring. According to ASTM D5155-96, the iso-
cyanate (NCO) content was determined. The excess NCO 
content was obtained, thus the corresponding content of 

Scheme 1   Synthetic route of DDSQ(Me)OH
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1,4-butanediol (BDO) was calculated. Then the certain con-
tent of BDO, as chain extender, was added to the reaction 
mixture. Then keep the mixture stirring for another 2 h at 
80 °C. Finally, the resultant mixture was poured into a Teflon 
plate to evaporate the solvent under atmospheric conditions 
and then cured at 50 °C for 24 h.

Preparation of soybean oil‑based hybrid 
polyurethanes with DDSQ(Me)OH as modifier

The synthesis of hybrid polyurethanes was according to the 
formation shown in Table 1. At the first stage, the hybrid 
polyurethanes were prepared similarly to the pure polyu-
rethane. After the isocyanate (NCO) content of the pre-
polymer was measured, different content of DDSQ(Me)OH 
(see Table 1) and stoichiometric amount of chain extender 
1,4-butanediol (BDO) were obtained based on calculation 
and were added to the reaction mixture, the reaction was 
performed at 80 °C for another 2 h. Then the products were 
poured into the Teflon plate to evaporate the solvent and 
cured at 50 °C for 24 h after that. Finally, a series of hybrid 
polyurethanes modified with DDSQ(Me)OH were success-
fully synthesized.

Characterizations

1H (400 MHz) NMR spectra were obtained on A Bruker 
Instruments (model Avance 400, Germany), and CDCl3 was 
used as solvent. For MALDI–TOF–MS analysis, the matrix 
2,5-dihydroxybenzoic acid, dissolved in THF (50 mg/mL) 
were mixed with 3,13-dimethyhydroxysilyl double-decker 
phenylsilsesquioxane solution (0.1 mg/mL in 1:1 v/v ratio). 
The ATR-FTIR spectra were obtained from Nicolet 6700 
infrared spectrometer. All spectra were measured between 
4000 and 500 cm−1 with averaging 32 scans at a resolution 
of 4 cm−1. The morphology of all the hybrid polyurethanes 
were observed by scanning electron microscopy (S-4800, 
Hitachi), all the samples were fractured with liquid nitrogen 
and coated with gold prior to the test. The thermodynamic 
properties of the hybrid polyurethanes were measured by 
differential scanning calorimetry (DSC-8000) and ther-
mogravimetric analysis (TGA/1100SF), respectively. The 

thermogravimetric analysis (TGA) was conducted from 
30 °C to 800 ramped at 20 °C/min with a nitrogen flow rate 
of 50 mL/min. For DSC analysis, samples (5–10 mg) under-
went a temperature range from − 30 to 150 °C at a nitrogen 
flow rate of 20 mL/min. The mechanical properties were 
measured according to ASTM D 882-97 on a tensile tester 
model with 10 mm/min extension rate and the gauge length 
was 4 mm, and five specimens were used for each sample. 
The surface hydrophobicity of the hybrid polyurethanes 
was carried out on a DCA-315 static contact angles, and 
ultrapure water was chosen as probe liquids at room tem-
perature. All samples were tested at three different positions 
and the results were expressed as mean value.

Results and discussion

Synthesis

Synthesis of 3,13‑dimethyhydroxysilyl double‑decker 
phenylsilsesquioxane [DDSQ(Me)OH]

3,13-Dimethyhydroxysilyl double-decker phenylsilses-
quioxane [DDSQ(Me)OH] was prepared via the reaction 
between DDSQ(ONa) and methyltrichlorosilane. To fur-
ther confirm the successful synthesis of DDSQ(Me)OH, 1H 
NMR and MALDI–TOF–MS were utilized to characterize 
the formation. In the 1H NMR shown in Fig. 1, the sig-
nals of resonance assignable to the protons of –CH3, Si–OH 
bond and phenyl groups were detected at 0.38, 1.63 ppm 
and 7–8 ppm, respectively. The ratio of integral intensity 
for these signals of resonance was measured to be 3:1:20, 
which was in good accordance with the value calculated 
based on the structural formula. For further confirmation, 
the as-prepared 3,13-dimethyhydroxysilyl double-decker 
phenylsilsesquioxane[DDSQ(Me)OH] was subjected to 
MALDI–TOF–MS to measure its molecular weight and 
the mass spectrum is presented in Fig. 2. It can be seen 
that the DDSQ(Me)OH possessed a molecular weight of 
M = 1184.057 (viz. 1207.057-23), which was assignable to 
the value calculated according to the structural formula (see 
Scheme 1). The results of 1H NMR and MALDI–TOF–MS 

Table 1   Chemical composition 
of pure polyurethane and hybrid 
polyurethanes

Samples SBO polyol 
mass (g)

IPDI vol. (mL) Stannous octoate 
vol. (μL)

DDSQ(Me)OH 
mass (g)

DDSQ(Me)
OH (wt%)

Pure PU 4 2.07 100 0.00 0.00
PU-1 4 2.07 100 0.10 1.48
PU-2 4 2.07 100 0.30 4.46
PU-3 4 2.07 100 0.50 7.30
PU-4 4 2.07 100 0.70 9.97
PU-5 4 2.07 100 0.90 12.26
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indicate that 3,13-dimethyhydroxysilyl double-decker phe-
nylsilsesquioxane [DDSQ(Me)OH] was successfully 
obtained.

Synthesis of sustainable polyurethane and hybrid 
polyurethanes

Before the polyurethanes were prepared, the SBO polyol 
was first prepared. ATR-FTIR was taken to identify the 
chemical structure of the ESO and SBO polyol as shown 
in Fig. 3. That can be clearly seen by the absorption at 
823 cm−1 for the expoxy group in ESO has disappeared in 
SBO polyol, showing no epoxy group was present in the 
SBO polyol. Instead, there was an absorption peak around 

3427 cm−1 for the –OH group was formed. The results of 
the IR spectra indicate that the SBO polyol was success-
fully synthesized. Hybrid polyurethanes were synthesized by 
two steps: first, the prepolymer was prepared by the reaction 
between SBO polyol and IPDI, then different molar ratios of 
the DDSQ(Me)OH and BDO were added as chain extend-
ers of the reaction. Thus, a series of hybrid polyurethane 
has a content of DDSQ(Me)OH up to 12.26 wt%. The IR 
spectra of pure polyurethane and hybrid polyurethane are 
shown in Fig. 4. All polyurethanes exhibited peaks around 
3340 cm−1, which belonged to the characteristic absorption 
peaks of –NH–. The peaks around 1680 cm−1 and 1520 cm−1 
belonged to the bending vibration peaks of amide and tele-
scopic vibration peaks of C=O, respectively. The absorption 
peak around 1100 cm−1 belonged to the stretching vibration 
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of Si–O–Si groups. Unfortunately, the overlap between the 
aliphatic ether and Si–O–Si groups in the hybrid polyure-
thanes, led to small difference in the IR spectra (Liu and 
Zheng 2005). 

Thermal decomposition behaviour

Thermogravimetric analysis (TGA) was applied to evaluate 
the thermal stability of the pure and hybrid polyurethanes 
in a nitrogen atmosphere between 30 and 800 °C. As the 
TGA results shown in Fig. 5, all hybrid polyurethanes dis-
played similar degradation profiles with the pure polyure-
thane, indicating that the incorporation of DDSQ(Me)OH 
did not significantly alter the degradation mechanism. For 
the convenience of comparison, we define Td5 as the onset 
of decomposition temperature, where the samples attained 
5% weight loss. The polyurethanes undergo a two-step ther-
mal deposition process, and the decomposition of urethane 
bonds took place at above 200 °C first. Obviously, the 5% 
weight loss temperatures (Td5) were significantly enhanced, 
with 4.46 wt% DDSQ(Me)OH content, and the Td5 is 291 °C 
(see Table 2), almost 21 °C higher than pure polyurethane. 
However, beyond 4.46 wt%, with the increasing content of 
DDSQ(Me)OH, the Td5 showed a downtrend. Two possi-
ble factors could contribute to this phenomenon: one is that 
the incorporation of DDSQ(Me)OH into the main chain of 
polyurethane, and the movement and scission of molecu-
lar chains were significantly retarded, thus improved the 
Td5. The other one is that the aggregation of DDSQ(Me)
OH became more and more serious when DDSQ(Me)OH 
content is over 4.46 wt%, which could reduce the overall 
effectiveness in inhibiting chain scission. These two oppo-
site factors determined the change of the Td5. Afterwards, 
the second decomposition process occurred at about 340 °C 

belonged to the chain scission of SBO oil (Morent et al. 
2011; Gu et al. 2012). In addition, the decomposition rates of 
the hybrid polyurethanes during the second decomposition 
process were slower, due to the curves became flatter above 
350 °C with high DDSQ(Me)OH content. At high tempera-
ture, the silicon dioxide from the oxidation of DDSQ(Me)
OH would be wrapped in the surface so that the release of 
gaseous products from segmental decomposition was sup-
pressed. This significantly improved the thermal insulation 
and the flame resistance of the material (Vaia and Maguire 
2007).

DSC analysis

The differential scanning calorimetry (DSC) was applied 
to measure the glass transition temperatures (Tg) of the 
hybrid polyurethanes. The Tg (the midpoint of the step-
wise decrease of the heat flow trace observed during heat-
ing) values are listed in Table 2 and Tg curves are shown 
in Fig. 6. It was indicated that the Tg of the hybrid polyu-
rethanes increased to the maximum and then decreased 
with the increasing of the DDSQ(Me)OH content. With 
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Table 2   TGA results of pure polyurethane and hybrid polyurethanes

Samples DDSQ(Me)OH 
(wt%)

Td5 (°C) Char residue 
(wt%)

Tg (°C)

Pure PU 0 275 0.02 53.4
PU-1 1.48 287 1.77 58.7
PU-2 4.46 291 4.15 65.8
PU-3 7.30 287 4.38 58.1
PU-4 9.97 279 7.74 46.8
PU-5 12.26 280 9.50 45.5
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4.46 wt% DDSQ(Me)OH content, Tg reached the maxi-
mum of 65.8 °C (12.4 °C improved compared with pure 
polyurethane). There are two opposite factors contributed 
to this phenomenon. At low DDSQ(Me)OH content, the 
DDSQ(Me)OH cages in the polyurethane main chains 
could restrict the motion of chains and hinder the chain 
slide, thus improved the Tg. However, high DDSQ(Me)OH 
content led to serious aggregation. And the aggregation 
particles acted as lubricant in the molecular chains, thus 
improved chain sliding and cause the decrease of the Tg. 
Both of these two factors act on the Tg change of hybrid 
polyurethanes.

Mechanical properties of hybrid polyurethanes

The mechanical properties of hybrid polyurethanes were 
investigated as the curves of elongation at break and ten-
sile strength are shown in Fig. 7. It showed that the tensile 
strength of pure polyurethanes is 6.2 MPa, but with the 
addition of DDSQ(Me)OH, the tensile strength increased 
obviously. When the content of DDSQ(Me)OH was up 
to 4.46 wt%, the tensile strength of hybrid polyurethane 
was 12.3 MPa. It is probably due to the increment of the 
polymer’s crosslinking density with the chemical introduc-
tion of DDSQ(Me)OH and nano-reinforcement from the 
DDSQ(Me)OH cages. Nevertheless, when the DDSQ(Me)
OH content exceeded 4.46  wt%, the tensile strength 
decreased. The aggregation of DDSQ(Me)OH and over-
crosslinking led to the mechanical impairment and then 
caused this change. The incorporation of DDSQ(Me)OH 
did not make significant effects on the elongation at break.

Morphology

Scanning electron microscopy (SEM) was applied to 
detect the change in the surface morphology caused by the 
DDSQ(Me)OH content. Figure 8 exhibits a series of polyu-
rethanes with different DDSQ(Me)OH contents. It showed 
that the morphology of hybrid polyurethane displayed 
relatively smooth structure at low DDSQ(Me)OH content, 
whereas as the DDSQ(Me)OH content increased, due to 
the hydrophobicity of benzene ring, the hydroxyls hung on 
the open face of the DDSQ(Me)OH cage would be the only 
direction of the nano-cages interacted with the matrix. As 
a result, the dispersed particles gradually seeped into the 
organic matrix and small particles gradually aggregated into 
larger ones. In addition, the material morphology would be 
changed due to the inclusion of DDSQ(Me)OH.

Surface hydrophobicity

The surface hydrophobicity of hybrid polyurethanes was 
investigated by the contact angle (CA) measurement using 
water. The results are summed up in Table 3 and Fig. 9. Pure 
polyurethane was hydrophilic, and its static contact angle 
of water was about 85.7°. When 1.48 wt% of DDSQ(Me)
OH was incorporated, the contact angle of water was about 
92.2°, which means the hybrid polyurethane turned into 
hydrophobic. What’s more, the contact angles of water 
for hybrid polyurethanes were significantly increased with 
the addition of DDSQ(Me)OH. With 12.26 wt% of the 
DDSQ(Me)OH, the static contact angle of water for hybrid 
polyurethanes was up to about 110.2°, the surface hydro-
phobicity received a remarkable improvement, which was 
supposed to have more strong water-proof property than 
unmodified polyurethane films. And it has a potential to be 
developed in coatings after further improvement.

Conclusions

In this work, 3,13-dimethyhydroxysilyl double-decker phe-
nylsilsesquioxane and soybean oil-based polyol were suc-
cessfully synthesized according to the results of IR, 1H NMR 
and MALDI–TOF–MS analysis. Consequently, a series of 
sustainable polyurethanes were prepared and modified by 
different contents of DDSQ(Me)OH in the main chain. 
The thermodynamic performance, mechanical properties, 
morphology and surface hydrophobicity of the hybrid pol-
yurethanes were analyzed through several characterization 
techniques. TGA indicated that the stability of the hybrid 
polyurethanes was improved especially at high temperature. 
The DSC revealed that the glass transition temperature (Tg) 
of the modified materials were also enhanced. In terms of 
tensile test, under certain content of DDSQ(Me)OH, the 
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mechanical properties were improved obviously. SEM sug-
gested that the DDSQ(Me)OH was dispersed homogene-
ously in the polymer matrix at low content, while the seri-
ous aggregation was triggered at high content. Overall, due 
to the aggregation of DDSQ(Me)OH at high content, the 
thermal stability and mechanical properties got the best 
improvement at 4.46 wt% DDSQ(Me)OH content. While 
DDSQ(Me)OH is the derivatives of organosilicon com-
pound, which is known for low free energy. As the static 
contact angle displayed, with the increase of DDSQ(Me)
OH incorporation content, the hydrophobicity of the hybrid 
polyurethanes was significantly improved, that means the 
aggregation of DDSQ(Me)OH at high content had very little 
effect on the hydrophobicity property. In sum, current work 

was confirmed that the introduction of DDSQ(Me)OH in the 
polyurethane main chain improved the polymer quantities in 
different ways, which is expected to reduce the use of petro-
leum-based material for the development of polyurethanes.
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Fig. 8   SEM images of hybrid polyurethanes a pure PU. b PU-1 (1.48 wt% poss). c PU-2 (4.46 wt% poss). d PU-4 (9.97 wt% poss)

Table 3   Static contact angles of pure polyurethane and hybrid polyu-
rethanes

Samples DDSQ(Me)OH (wt %) Static contact angle
θH2O (°)

Pure PU 0 85.7 ± 0.2
PU-1 1.48 92.2 ± 0.2
PU-2 4.46 95.2 ± 0.3
PU-3 7.30 101.1 ± 0.7
PU-4 9.97 105.8 ± 0.4
PU-5 12.26 110.2 ± 0.3
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