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The organic–inorganic amphiphile, hepta(3,3,3-trifluoropropyl) polyhedral oligomeric silsesquioxane
(POSS)-capped poly(3-caprolactone) (POSS-capped PCL) was synthesized via the ring-opening reaction of
3-caprolactone, which was initiated by 3-hydroxypropylhepta(3,3,3-trifluoropropyl) polyhedral oligo-
meric silsesquioxane (POSS) with stannous (II) octanoate [Sn(Oct)2] as the catalyst. The organic–inor-
ganic nanocomposites were prepared via the in situ polymerization of epoxy monomers in the presence
of the POSS-capped PCL. The atomic force microscopy (AFM) shows that the organic–inorganic hybrids
possess the nanostructures. In view of the miscibility of the sub-components of the organic–inorganic
amphiphile [i.e., PCL chains and POSS cages] with epoxy after and before curing reaction, the formation of
the nanostructures in the thermosets followed the mechanism of self-assembly. The surface properties of
the organic–inorganic nanocomposites were investigated by means of static contact angle measurements
and X-ray photoelectronic spectroscopy (XPS). It is demonstrated that the improvement in surface
hydrophobicity was ascribed to the enrichment of the POSS cages on the surface of the materials.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The concept of incorporating inorganic blocks into organic
polymers has been widely accepted to obtain the materials with
improved properties via the formation of organic–inorganic hybrids
during the past decades [1–6]. Organic–inorganic composites can
combine the advantages of both inorganic and organic materials.
The properties of the hybrid composites are greatly dependent on
the dispersion of inorganic components in the organic matrix. It is
recognized that the nanoscaled dispersion of inorganic components
in polymeric matrix can greatly optimize the inter-component
interactions and the properties of materials are thus improved.
However, the big difference in solubility parameter between inor-
ganic components and organic polymers would give rise to the
macroscopic phase separation in organic–inorganic composite
systems unless the specific measurements were taken to suppress
the tendency of the macroscopic demixing. In practice, organic–
inorganic nanocomposites can be prepared via sol–gel process [2,3],
intercalation and exfoliation of layered silicates by organic poly-
mers [4–6]. In sol–gel process, the fine dispersion of inorganic
: þ86 21 54741297.

All rights reserved.
nanoparticles is fulfilled via hydrolysis and condensation of silanes
bearing organic ligands so that the affinity can be formed between
organic polymers and inorganic components. For preparation of
layered silicates containing nanocomposites, the pristine layered
silicates must be organically modified to achieve intercalation or
exfoliation of layers of silicates.

Polyhedral oligomeric silsesquioxane (POSS) reagents, mono-
mers, and polymers are emerging as a new chemical technology for
preparing the organic–inorganic hybrid nanocomposites. A typical
POSS molecule possesses the structure of cube-octameric frame-
works represented by the formula (R8Si8O12) with an inorganic
silica-like core (Si8O12) (w0.53 nm in diameter) surrounded by eight
organic corner groups, one or more of which is reactive (Scheme 1).
The reactive POSS has been incorporated into organic polymers via
copolymerization or reactive grafting approaches. Relatively, the
nanocomposites prepared via direct physical blending of POSS with
organic polymers was less reported possibly due to the unfavorable
miscibility (or solubility) of silsesquioxanes with organic polymers.
During the past years, considerable attention has been paid to
incorporate POSS into thermosets to access organic–inorganic
nanocomposites [7–19]. Lee and Lichtenhan [7] reported that the
molecular level reinforcement provided by a monofunctional POSS
could significantly retard the physical aging process of epoxy
thermosets in the glassy state. Laine et al. [8–13] investigated the

mailto:szheng@sjtu.edu.cn
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer


Si O Si

SiSi O

O O

O O

Si Si

Si

O

OOO

O O

Si

R

R

R

R

R

R

R

R

Scheme 1. Structure of POSS.
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modifications of epoxy by a series of octasilsesquioxanes with a
variety of reactive R groups such as aminophenyl, dimethylsiloxy-
propylglycidyl ether groups and found that the dynamic mechanical
properties, fracture toughness and thermal stability of the epoxy
hybrids were closely dependent on the types of R groups, tether
structures between epoxy matrices and POSS cages and the defects
in silsesquioxane cages, etc. Williams et al. [14] observed that
a primary liquid–liquid phase separation occurred at the time of
adding the POSS-diamine precursors to epoxy due to the incom-
patibility between epoxy and heptaisobutyl glycidyl POSS. It is
noted that the nature of the organic inert groups and pre-reaction of
a monofunctional POSS have pronounced impact on the
morphology of the resulting POSS-modified polymer networks [15].
Zheng et al. [16] reported that the different morphological struc-
tures could be formed in the POSS-containing hybrid composites
depending on the types of R groups; moreover, the phase-separated
composites and nanocomposites could be prepared by adjusting the
degrees of reaction between epoxy matrix and POSS macromer.
Matejka et al. [17,18] investigated the structure and properties of
epoxy networks reinforced with POSS and it was identified that the
POSS–POSS interactions have a profound impact on the thermo-
mechanical properties of the materials.

Most of the previous studies reported the incorporation of POSS
into thermosetting polymers via the chemical approaches, i.e., the
chemical bonds between POSS and polymer matrix are formed to
suppress the tendency of macroscopic phase separation of POSS,
however, only a few reports were involved with the preparation of
POSS-containing hybrid thermosets via physical blending [16,20–
25]. In the present work, we designed and synthesized hepta(3,3,3-
trifluoropropyl) POSS-capped poly(3-caprolactone) (PCL), a novel
organic–inorganic amphiphile. It has a tadpole-like topology,
which is composed of an organic ‘‘tail’’ (viz. PCL chain) and inor-
ganic ‘‘head’’ (viz. POSS cage) portions. The organic–inorganic
amphiphile was incorporated into epoxy resin to access the
organic–inorganic hybrid nanocomposites based on the following
knowledge: (i) PCL subchain is miscible with epoxy after and before
the curing reaction and (ii) the POSS is immiscible with epoxy resin
after and before curing reaction. Therefore, it is expected that the
nanostructures in epoxy thermosets can be accessed via a self-
assembly approach. In addition, the POSS block of the POSS-capped
PCL contains organosilicon and organofluorine moieties and thus is
of low free energy [25–32] and the enrichment of the POSS portion
at the surface of the nanocomposites could occur upon incorpo-
rating the organic–inorganic amphiphile into organic polymers and
thus the surface hydrophobicity of the hybrid thermosets could be
significantly enhanced. In this work, atomic force microscopy
(AFM), differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) were used to investigate the morphology and
the thermal properties of the thermosets. The surface properties of
the nanostructured thermosets were addressed on the basis of
static contact angle measurements and X-ray photoelectronic
spectroscopy (XPS).
2. Experimental

2.1. Materials

3,3,3-Trifluoropropyltrimethoxysilane was purchased from
Zhejiang Chem-Technology Co., China. 3-Chloropropyl trichloro-
silane was obtained from Shanghai Lingguang Chemical Co.,
China and was used as-received. The monomer, 3-caprolactone
(CL), was purchased from Fluka Co., Germany; it was distilled over
CaH2 under decreased pressure before use. Unless specially indi-
cated, other reagents such as sodium, calcium hydride (CaH2),
AgNO3, stannous (II) octanoate [Sn(Oct)2] and sodium hydroxide
(NaOH) were of chemically pure grade, purchased from Shanghai
Reagent Co., China. The solvents such as tetrahydrofuran (THF),
dichloromethane, petroleum ether (distillation range: 60–90 �C)
and triethylamine (TEA) were of chemically pure grade, also
obtained from commercial resources. Before use, THF was refluxed
above sodium and then distilled and stored in the presence of the
molecular sieve of 4 Å. Triethylamine (TEA) was refluxed over CaH2

and then was purified with p-toluenesulfonyl chloride, followed by
distillation.

2.1.1. Synthesis of 3-chloropropylhepta(3,3,3-trifluoropropyl) POSS
In the first step, hepta(3,3,3-trifluoropropyl)tricycloheptasiloxane

trisodium silanolate [Na3O12Si7(C3H4F3)7] was synthesized
by following the method reported by Fukuda et al. [25]. In a typical
experiment, (3,3,3-trifluoropropyl) trimethoxysilane (50.0 g,
0.23 mol), THF (250 ml), deionized water (5.25 g, 0.29 mol) and sod-
ium hydroxide (3.95 g, 0.1 mol) were charged to a flask equipped
with a condenser and a magnetic stirrer. After refluxed for 5 h, the
reactive system was cooled down to room temperature and held at
this temperature for 15 h with vigorous stirring. All the solvents and
other volatiles were removed by rotary evaporation and the white
solids were obtained. After drying at 40 �C in vacuo for 12 h, 37.3 g
products were obtained with the yield of 98%. 3-Chloropropyl-
hepta(3,3,3-trifluoropropyl) polyhedral oligomeric silsesquioxane
was prepared via the corner-capping reaction between Na3O12-
Si7(C3H4F3)7 and 3-chloropropyl trichlorosilane. Typically, Na3O12-
Si7(C3H4F3)7 (10.0 g, 8.8 mmol) and triethylamine (1.3 ml, 8.8 mmol)
were charged to a flask equipped with a magnetic stirrer, 200 ml
anhydrous THF were added with vigorous stirring. The flask was
immersed into an ice-water bath and purged with highly pure
nitrogen for 1 h. After that, 3-chloropropyl trichlorosilane (2.24 g,
0.56 mmol) dissolved in 20 ml anhydrous THF was slowly dropped
within 30 min. The reaction was carried out at 0 �C for 4 h and at
room temperature for 20 h. The sodium chloride was filtered out
and the solvent together with other volatiles was removed via rotary
evaporation to afford the white solids. The solids were washed 3
times with 50 ml methanol and dried in vacuo at 40 �C for 24 h and
the product of 7.53 g was obtained with the yield of 73%. FTIR (cm�1,
KBr window): 1090–1000 (Si–O–Si), 2900–2850 (–CH2), 1120–1300
(–CF3). 1H NMR (ppm, acetone-d6): 3.62 (t, 2.0H, –CH2–Cl), 2.32 (m,
14.0H, SiCH2CH2CF3), 1.93 (m, 2.0H, –CH2–CH2–Cl), 1.03 (m, 14.0H,
SiCH2CH2CF3), 0.93 (t, 2.0H, –CH2–CH2–CH2–Cl). 13C {H} NMR (ppm,
acetone-d6): 4.28 (m, Si–CH2–CH2–CF3), 27.4 (m, –CH2–CH2–CF3,
J¼ 23 Hz),128.5 (tetra, –CH2–CH2–CF3, J¼ 274 Hz); 9.38 (m, Si–CH2–
CH2–CH2Cl), 26.5 (s, –CH2–CH2–CH2Cl), 47.6 (s, –CH2–CH2–CH2Cl);
29Si NMR (ppm, acetone-d6): �70.1 (s, 1.1Si), �69.2 (s, 3.0Si), �66.7
(s, 3.1Si) and �65.9 (s, 1.0Si).

2.1.2. Synthesis of 3-hydroxypropylhepta(3,3,3-trifluoropropyl)
POSS

3-Hydroxypropylhepta(3,3,3-trifluoropropyl) POSS was pre-
pared via the hydrolysis of 3-chloropropylhepta(3,3,3-trifluoro-
propyl) POSS in the presence of fresh silver oxide (Ag2O). Typically,
3-chloropropylhepta(3,3,3-trifluoropropyl) POSS (10.0 g, 9.38 mmol)
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was charged to a 500 ml flask equipped with a magnetic stir
bar. The mixture of 200 ml THF with 200 ml ethanol, deionized
water (5 ml) and fresh Ag2O (3.0 g) was added. The system was
refluxed for 24 h and all the insoluble solids were filtered out. The
above procedure was repeated for 3 times to ensure the complete
conversation of 3-chloropropylhepta(3,3,3-trifluoropropyl) POSS
into 3-hydroxypropylhepta (3,3,3-trifluoropropyl) POSS. After that,
all the solvents were removed by rotary evaporation. After dried in
vacuo at 60 �C for 24 h, 8.36 g solid products were obtained with
the yield of 85%. FTIR (cm�1, KBr window): 3336 (O–H), 1090–1000
(Si–O–Si), 2900–2850 (–CH2), 1120–1300 (–CF3). 1H NMR (ppm,
acetone-d6): 3.61 (t, 2.0H, –CH2–OH), 2.32 (m, 14.0H, SiCH2CH2CF3),
1.93 (m, 2.0H, –CH2–CH2–OH), 1.03 (m, 14.0H, SiCH2CH2CF3), 0.93 (t,
2.0H, –CH2–CH2–CH2–OH). 13C {H} NMR (ppm, acetone-d6): 4.7
(m, Si–CH2–CH2–CF3), 27.5 (m, –CH2–CH2–CF3, J¼ 23 Hz), 128.2
(tetra, –CH2–CH2–CF3, J¼ 274 Hz); 9.5 (m, Si–CH2–CH2–CH2Cl), 26.4
(s, –CH2–CH2–CH2Cl), 47.0 (s, –CH2–CH2–CH2Cl); 29Si NMR (ppm,
acetone-d6): �69.4 (s, 3.0Si), �68.4 (s, 1.0Si), �67.0 (s, 3.1Si) and
�66.1 (s, 1.0Si).

2.1.3. Synthesis of 3-trimethylsilyetherpropylhepta(3,3,3-
trifluoropropyl) POSS

In order to confirm the formation of 3-hydroxypropylhepta
(3,3,3-trifluoropropyl) POSS, the derivative of the aforementioned
product was prepared and subjected to 1H NMR analysis. 3-Hydr-
oxypropylhepta (3,3,3-trifluoropropyl) POSS (1.0 g, 0.87 mmol),
anhydrous THF (10 ml) and triethylamine (0.44 g, 4.35 mmol) were
charged into a flask. Then the flask was immerged into an ice-
water bath and chlorotrimethylsilane (0.47 g, 4.35 mmol) was
added into the flask dropwise via a syringe. The mixture was
reacted at 0 �C for 3 h and another 24 h at room temperature with
vigorous stirring. After the insolvable solids were removed, the
volatile components were removed via rotary evaporation to
obtain solid products which were further dried in a vacuum oven at
40 �C for 24 h with a yield of 90%. 1H NMR (ppm, acetone-d6): 3.62
(t, 2.0H, –CH2–OSi(CH3)3), 2.32 (m, 14.0H, SiCH2CH2CF3), 1.93 (m,
2.0H, –CH2–CH2–O Si(CH3)3), 1.03 (m, 14.0H, SiCH2CH2CF3), 0.93
(t, 2.0H, –CH2–CH2–CH2–O Si(CH3)3), 0.09 (s, 9.0H, Si–CH2CH2CH2–
O–Si(CH3)3). It should be pointed out that in the NMR measure-
ments no TMS was used as the internal reference.

2.1.4. Synthesis of POSS-capped PCL
The POSS-capped PCL was prepared by the ring-opening poly-

merization of 3-caprolactone which was initiated by 3-hydroxy-
propylhepta(3,3,3-trifluoropropyl) POSS and stannous (II) octanoate
[Sn(Oct)2] was used as a catalyst. Typically, 3-hydroxypropyl-
hepta(3,3,3-trifluoropropyl) POSS (1.0 g, 0.86 mmol) and 3-capro-
lactone (4.7 g, 0.04 mol) were added to a pre-dried flask equipped with
a magnetic stirrer. The flask was connected to a standard Schlenk line
and the system was degassed via three pump-freeze-thaw cycles, and
then the flask was put into an oil bath at 120 �C with vigorous stirring
and Sn(Oct)2 (1/1000 wt with respect to 3-CL) was added using
a syringe. The pump-freeze-thaw process was carried out again and
then the flask was immersed in a thermostated oil bath at 120 �C for
24 h. After completion of the polymerization, the crude products were
dissolved in 10 ml THF and precipitated in 100 ml methanol. The
procedures of dissolving and precipitation were repeated for 3 times to
purify the products which were dried in vacuum oven at 35 �C for 24 h.
1H NMR (ppm, CDCl3): 0.92 (SiCH2CH2CF3), 2.13 2.32 (SiCH2CH2CF3),
0.84 (–CH2–CH2–CH2–O–PCL), 1.84 (–CH2–CH2–O–PCL), 4.21 (–CH2–
O–PCL), 2.29 [–OCOCH2(CH2)4–], 1.64 (–OCOCH2CH2CH2CH2CH2O–),
1.37 (–OCOCH2CH2CH2CH2CH2O–), 4.06 [–OCO(CH2)4CH2–], 3.65
(–CH2OH, terminal hydroxymethyl group). The molecular weightof the
PCL was calculated in terms of the ratio of integration intensity of
4.21 ppm proton to 4.06 ppm protons in 1H NMR spectrum to be
Mn¼ 5000.
2.2. Preparation of nanostructured thermosets

The desired amount of DGEBA and POSS-capped PCL was mixed
at 70 �C with continuous stirring for sufficiently long time until the
homogeneous solutions were obtained. The curing agent, MOCA
was then added into the mixture with vigorous stirring until the
systems became homogeneous. The mixtures were poured into
aluminum foil moulds. The samples were cured at 80 �C for 2 h and
150 �C for 3 h together with a post-cure at 180 �C for 2 h to attain
the complete curing reaction. The thermosetting blends containing
POSS-capped PCL up to 20 wt% were obtained.

2.3. Measurement and techniques

2.3.1. Fourier transform infrared spectroscopy (FTIR)
The FTIR measurements were conducted on a Perkin–Elmer

Paragon 1000 Fourier transform spectrometer at room temperature
(25 �C). The sample films were prepared by dissolving the polymers
with THF (5 wt%) and the solutions were cast onto KBr windows.
The residual solvent was removed in a vacuum oven at 60 �C for 2 h.
The samples of thermosets were mixed with the powder of KBr and
then pressed into the small flakes. All the specimens were suffi-
ciently thin to be within a range where the Beer–Lambert law is
obeyed. In all cases 64 scans at a resolution of 2 cm�1 were used to
record the spectra.

2.3.2. Nuclear magnetic resonance spectroscopy (NMR)
The 1H and 13C NMR measurements were carried out on a Varian

Mercury Plus 400 MHz NMR spectrometer. The samples were
dissolved with deuterated acetone (acetone-d6) or deuterated
chloroform and the solutions were measured with tetramethyl-
silane (TMS) as the internal reference. The 29Si NMR spectrum
was obtained using a Brucker Avance III 400 400 MHz NMR
spectrometer.

2.3.3. Atomic force microscopy (AFM)
The thermoset samples were trimmed using a microtome

machine and the specimen sections (ca. 70 nm in thickness) were
used for AFM observations. The AFM experiments were performed
with a Nanoscope IIIa scanning probe microscope (Digital Instru-
ments, Santa Barbara, CA, USA). Tapping mode was employed in air
using a tip fabricated from silicon (125 mm in length with ca.
500 kHz resonant frequency). Typical scan speeds during recording
were 0.3–1 line/s using scan heads with a maximum range of
1 mm� 1 mm.

2.3.4. Differential scanning calorimetry (DSC)
The calorimetric measurement was performed on a Perkin–

Elmer Pyris-1 differential scanning calorimeter in a dry nitrogen
atmosphere. The instrument was calibrated with standard Indium.
All the samples (about 10 mg in weight) were heated from 0 to
200 �C and the DSC curves were recorded at a heating rate of 20 �C/
min. The glass transition temperatures were taken as the midpoint
of the capacity change.

2.3.5. Thermogravimetric analysis (TGA)
A Perkin–Elmer thermal gravimetric analyzer (TGA-7) was used

to investigate the thermal stability of the hybrids. The samples
(about 10 mg) were heated under nitrogen atmosphere from
ambient temperature to 800 �C at the heating rate of 20 �C/min.
The thermal degradation temperature was taken as the onset
temperature at which 5 wt% of weight loss occurs.

2.3.6. Contact angle measurements
The flat free surfaces of the thermosets were used for the

measurement of contact angle. The static contact angle measurements
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with the probe liquids (i.e., ultra-pure water and ethylene glycol) were
carried out on a KH-01-2 contact angle measurement instrument
(Beijing Kangsente Scientific Instruments Co., China) at room
temperature. The samples were dried at 60 �C in a vacuum oven for
24 h prior to measurement.

2.3.7. X-ray photoelectron spectroscopy (XPS)
The XPS was measured with VG ESCALAB MK II at room

temperature by using an Mg KR X-ray source (hn¼ 1253.6 eV) at
14 kV and 20 mA. The sample analysis chamber of the XPS instru-
ment was maintained at a pressure of 1�10�7 Pa. To determine the
composition on the top layer of the film, the tilting angle is 5�. The
binding energies were calibrated by using the containment carbon
(C1s¼ 284.6 eV). A linear background method removed the XPS
background and the peak analyses carried out by using the curve-
fitting software.
Fig. 1. Si NMR spectrum of 3-chloropropylhepta(3,3,3-trifluoropropyl) POSS.
3. Results and discussion

3.1. Synthesis of POSS-capped PCL

The route of synthesis for hepta(3,3,3-trifluoropropyl) POSS-capped
PCL is shown in Scheme 2. In the first step, hepta(3,3,3-trifluoro-
propyl)tricycloheptasiloxane trisodium silanolate [Na3O12Si7(C3H4F3)7]
was prepared by following the method reported by Fukuda et al. [25].
The corner-capping reaction between Na3O12Si7(CH2CH2CF3)7

and 3-chloropropyltrichlorosiloxane was carried out to afford 3-
chloropropylhepta(3,3,3-trifluoropropyl) POSS. Shown in Fig. 1 is
the 29Si NMR spectrum of 3-chloropropylhepta(3,3,3-trifluoro-
propyl) POSS. The resonance at �70.1 ppm is assignable to the
corner silicon atom connected with 3-chloropropyl group; the
resonance at �69.2, �66.7 and �65.9 ppm is ascribed to the other
silicon nucleus of silsesquioxane with the distance from far to close
far from the corner silicon atom. In terms of the ratio of integration
intensity of the resonance [25], it is judged that the octameric
silsesquioxane was formed. The 1H NMR spectroscopy further
shows that the molar ratio of 3-chloropropyl to 3,3,3-trifluoropropyl
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integration intensity of methyl to those of methylene protons, it is
judged that the 3-hydroxypropylhepta(3,3,3-trifluoropropyl) POSS
was successfully synthesized. It should be pointed out that the
occurrence of the substitution reaction did not affect the octameric
silsesquioxane structure, which is evidenced by 29Si NMR spec-
troscopy. The similar result has been reported for the conversion
of 3-chloropropylheptaphenyl POSS into 3-hydroxypropyl-
heptaphenyl POSS [33].

3-Hydroxypropylhepta(3,3,3-trifluoropropyl) POSS was further
used as the initiator for the ring-opening polymerization reaction
of 3-caprolactone (CL) to afford the hepta(3,3,3-trifluoropropyl)
POSS-capped PCL. The polymerization was carried out at 120 �C for
24 h with stannous (II) octanoate [Sn(Oct)2] as the catalyst. By
controlling the molar ratio of 3-hydroxypropylhepta(3,3,3-tri-
fluoropropyl) POSS to CL, the POSS-capped PCL with desired
molecular weights was obtained. The length of PCL chain can be
estimated in terms of the ratio of integration intensity of terminal
methylene protons of PCL chain to those of other methylene
protons in its 1H NMR spectrum (see Fig. 3). In this work, the length
of the PCL chain was calculated to be about Mn¼ 5000, which is
quite close to that estimated according to the conversion of CL
monomer. This result indicates that the POSS-capped PCL was
successfully obtained. The POSS-capped PCL was subjected to
differential scanning calorimetry (DSC) and the thermograph is
presented in Fig. 4. It is seen that a single endothermic transition
was displayed at 56 �C, which is assignable to the melting transition
of PCL chains of the organic–inorganic amphiphile. The DSC shows
that the POSS-capped PCL is a semicrystalline organic–inorganic
amphiphile.
3.2. Morphology of thermosets

The POSS-capped PCL amphiphile was incorporated into epoxy
to prepare the nanostructured hybrids. Before curing, all the
ternary mixtures composed of DGEBA, POSS-capped PCL and MOCA
were homogeneous and transparent. After cured at the elevated
temperatures, the epoxy thermosets with the POSS-capped PCL
contents up to 20 wt% were obtained. All the cured products
-40 0 40 80 120 160
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E
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o

POSS-capped PCL

Tm= 56 °C

Fig. 4. DSC curve of POSS-capped PCL.
investigated are homogeneous and clear, suggesting that no
macroscopic phase separation occurred at the scale exceeding the
wavelength of visible lights with the occurrence of curing reaction.
The morphologies of the thermosets were examined by means of
atomic force microscopy (AFM). Shown in Fig. 5 are the AFM images
of the epoxy thermosets containing POSS-capped PCL. The left and
right images are the topography and phase contrast images,
respectively. In terms of the volume fraction of POSS and the
Fig. 5. AFM micrographs of epoxy thermosets containing: (A) 5, (B) 10, (C) 15 and (D)
20 wt% POSS-capped PCL. Left: topography; right: phase contrast.
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difference in viscoelastic properties between epoxy matrix and
POSS phases, the light continuous regions are assignable to the
crosslinked epoxy matrix, which could be miscible with the PCL
chains of the organic–inorganic amphiphile whilst the dark regions
are attributed to POSS domains. It is seen that all the thermosets
exhibited microphase-separated morphologies. For the thermoset
containing 10 wt% of POSS-capped PCL the nanoscaled POSS
spherical particles with the size of 10–20 nm were homogenously
dispersed in the continuous epoxy matrix. With increasing the
content of POSS-capped PCL, some interconnected POSS micro-
domains began to appear (Fig. 5B) and the quantity of the POSS
microdomains was increased whereas the size of the spherical
particle remains almost invariant (Fig. 5B–D).

3.3. Interpretation of self-assembly behavior

The POSS-capped PCL is a typical organic–inorganic amphiphile.
Depending on the miscibility of sub-component of the organic–
inorganic amphiphile (i.e., POSS moiety and PCL chains) with epoxy
after and before curing reaction, the formation of nanostructures in
the composite system could follow the so-called reaction-induced
microphase separation [34–43] or self-assembly mechanism [44–
57]. The mechanistic difference between the two approaches rests
with the miscibility of the sub-components of the POSS-capped PCL
with epoxy after and before curing reaction. For the mechanism of
reaction-induced microphase separation (RIMS), it is required that
all the sub-components of the POSS-capped PCL are miscible with
the epoxy before curing reaction and the microphase separation
only occur with the proceeding of the curing reaction. For the
mechanism of self-assembly, it is required that one sub-component
of the organic–inorganic amphiphile must be immiscible whereas
the other sub-component remains miscible with epoxy before
curing reaction. In this case, the organic–inorganic amphiphile was
self-organized into the nanostructures before curing reaction, which
can be fixed via the subsequent curing reaction. In the present
system, it has been known that PCL chains are miscible with epoxy
after and before curing reaction [58,59]. It is necessary to investigate
the miscibility of the POSS with epoxy resin after and before curing
reaction. To this end, 3-chloropropylhepta(3,3,3-trifluoro-
propyl)POSS [or 3-hydroxyhepta(3,3,3-trifluoropropyl)POSS] was
selected as the model compound of the POSS. It was seen that before
and after curing reaction, the mixtures composed of 3-chloropro-
pylhepta(3,3,3-trifluoropropyl)POSS [or 3-hydroxyhepta(3,3,3-tri-
fluoropropyl)POSS] are cloudy and be macroscopically phase
separated at room and elevated temperatures (e.g., 150 �C). This
observation indicates that the POSS portion is immiscible with
epoxy before and after curing reaction. The immiscibility of POSS
with epoxy resin suggests that the formation of the nanostructure in
POSS-capped PCL

DGEBA

MOCA

Self-assembly

: POSS Cage

: PCL Chain

: POSS Domain ; :DG

Scheme 3. Formation of nanostructures in epox
the present system followed the mechanism of self-assembly.
Therefore, it is proposed that the nanostructures in the thermosets
actually resulted from the preformed templates before curing
reaction. The curing reaction locked in (or fixed) the preformed self-
organized structures. The formation of nanostructures is depicted in
Scheme 3.

It should be pointed out that the PCL chains remain miscible with
epoxy in the organic–inorganic composite systems after and before
curing reaction. Before curing reaction, the miscibility of PCL with
the precursors of epoxy (i.e., DGEBA and MOCA) is ascribed to the
non-negligible contribution of mixing entropy (DSm) to free energy
of mixing (DGm). After curing reaction, the PCL chains were still
miscible with the epoxy thermosets. This judgment can be evi-
denced by means of glass transition behavior of the nanostructured
epoxy thermosets. The above nanostructured epoxy thermosets
were subjected to thermal analyses and the DSC thermograms are
shown in Fig. 6. For the POSS-capped PCL, a single endothermic
transition was displayed at 56 �C (see Fig. 4), which is assignable to
the melting transition of PCL chains of the organic–inorganic
amphiphile. Nonetheless, it is noted that all the thermosets con-
taining the POSS-capped PCL did not exhibit the melting transition
of PCL subchains, suggesting that the PCL subchains were not
crystallizable in the nanostructured thermosets. It is proposed that
the PCL subchains are miscible with the epoxy thermosets, i.e.,
they interpenetrated with the crosslinked epoxy networks. The
miscibility was further demonstrated by the depression in glass
transition temperatures (Tgs) for the epoxy matrix (see Fig. 6). Each
thermoset containing POSS-capped PCL displayed single Tg, which
are intermediate between the Tgs of the pure components. It is seen
that the Tgs decreased with increasing the concentration of POSS-
capped PCL. The decreased Tgs resulted from the plasticization effect
of miscible PCL on epoxy matrix.

The miscibility of PCL chains with the epoxy matrix can be
attributed to the intermolecular hydrogen-bonding interactions
between the carbonyl groups of PCL and the hydroxyl groups in the
hydroxyether structural units of the aromatic amine-cured digly-
cidyl ether of bisphenol A. The intermolecular hydrogen-bonding
interactions are readily investigated by means of Fourier transform
infrared spectroscopy (FTIR). Shown in Fig. 7 are the FTIR spectra of
the POSS-capped PCL and the organic–inorganic nanocomposites
containing variable amount of POSS-capped PCL in the range of
1680–1780 cm�1. The absorption bands in this region are ascribed
to the stretching vibration of carbonyl groups (>C]O) of PCL
chains. At the room temperature, the carbonyl band of the pure
POSS-capped PCL consists of two components sensitive to the
conformation of PCL chains (see Fig. 7E). The one component
centered at 1735 cm�1 is characteristic of amorphous chains of PCL
whereas the sharp band at 1725 cm�1 is ascribed to the carbonyls in
Curing

EBA+ MOCA ; : Epoxy

y thermosets containing POSS-capped PCL.
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the crystalline region of PCL. Upon heating the organic–inorganic
amphiphile up to 80 �C, the band at 1725 cm�1 disappeared owing
to the fusion of PCL crystals (see Fig. 7F). For the POSS-capped PCL-
containing epoxy thermosets, the bands of PCL crystals at
1725 cm�1 were absent, implying that the PCL chains exist in the
materials in the amorphous state. This observation is in good
agreement with DSC. It is noted that there, nonetheless, appeared
new shoulders at the lower frequencies of 1702 and 1716 cm�1 in
the FTIR spectra (see Fig. 7A–D). The shoulder bands are assigned to
the stretching vibration of hydrogen-bonded carbonyls [60,61], i.e.,
there is the formation of the intermolecular hydrogen-bonding
interactions between the secondary hydroxyl groups of epoxy
matrix and the carbonyl groups of PCL. In addition, the bands at
1735 cm�1 were found to shift to the lower frequency (1730 cm�1)
with increasing the concentration of the POSS-capped PCL. The FTIR
results indicate that there existed the intermolecular hydrogen-
bonding interactions between the PCL chains of POSS-capped PCL
and the epoxy networks. In other words, the PCL chains were
intimately mixed with the epoxy matrix in the organic–inorganic
hybrid nanocomposites.
3.4. Thermal and surface properties of thermosets

Thermogravimetric analysis (TGA) was applied to evaluate the
thermal stability of the POSS-containing nanocomposites. Shown in
Fig. 8 are the TGA curves of the control epoxy and the nano-
composites, recorded in nitrogen atmosphere at 20 �C/min. Within
the experimental temperature range, all the samples displayed
Table 1
Values of static contact angle and surface energy.

POSS-capped PCL (wt%) Contact angle Surface energy

Water Ethylene glycol gS
d gS

p
gS

0 74.3 60.7 9.1 20.3 29.4
5 93.8 71.1 17.2 4.8 22.0
10 96.5 77.2 14.7 4.1 18.8
15 100.4 82.1 13.0 3.3 16.3
20 108.2 88.0 14.3 1.1 15.4



Fig. 9. Water contact angle images on the surface of nanostructured epoxy thermosets containing POSS-capped PCL.
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Fig. 10. XPS spectra of epoxy thermosets containing POSS-capped PCL.
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similar degradation profiles, suggesting that the existence of POSS-
capped PCL did not significantly alter the degradation mechanism
of the matrix polymers. Compared to the control epoxy, the initial
decomposition temperature of the hybrid nanocomposites slightly
decreased with increasing the concentration of POSS-capped PCL.
The decreased initial decomposition temperature could result from
the inclusion of PCL portion, which possesses the lower thermal
stability than the control epoxy. However, it is noted that the
nanocomposites displayed increased the yield of degradation
residues due to the inclusion of organic–inorganic amphiphile. The
summation of char and ceramic yields increased with increasing
the content of POSS-capped PCL.

The POSS moiety of the organic–inorganic amphiphile used in
this work contains organosilicon and organofluorine moieties and is
of low free energy [25–32]. It is expected that the enrichment of the
POSS portion at the surface of the thermosetting materials will occur
upon incorporating the POSS-capped PCL into organic polymer. This
effect can be reflected with the enhancement of the surface
hydrophobicity of the hybrid thermosets [25–32], which was readily
examined by means of contact angle measurements and surface
element analysis. The static surface contact angles were measured
with water and ethylene glycol as probe liquids and the results are
summarized in Table 1. The contact angle of the control epoxy resin
was estimated with water to be 74.3�. Upon adding POSS-capped
PCL to the system the water contact angles are dramatically
enhanced. The contact angles increased with increasing the content



Table 2
Elemental compositions of surfaces for epoxy thermosets containing POSS-capped PCL determined by means of XPS.

POSS-capped PCL (wt%) Calculated (mol%) Experimental (mol%)

C O Si F N Cl C O Si F N Cl

5 81.7 12.4 0.07 0.2 2.8 2.8 73.8 18.3 1.4 3.6 1.6 1.3
10 81.4 12.8 0.13 0.4 2.6 2.6 59.7 23.8 4.9 9.3 1.0 1.3
15 81.2 13.3 0.2 0.6 2.3 2.3 51.2 27.0 7.2 11.9 1.7 1.0
20 80.8 13.9 0.28 0.8 2.1 2.1 54.3 23.4 8.4 12.0 0.8 1.1
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of POSS-capped PCL (see Fig. 9). When the content of POSS-capped
PCL is 20 wt%, the water contact angle of the nanocomposites is
108.2�, which is higher than that of the control epoxy by 30�. This
observation indicates that the hydrophobicity of the materials is
significantly enhanced [62,63]. The surface free energies of the hybrid
nanocomposites containing various percentages of POSS-capped PCL
were calculated according to the geometric mean model [64–66]:

cos q ¼ 2
gL

��
gd

L gd
s

�1
2þ
�
gp

L gp
s
�1

2

�
� 1 (1)

gs ¼ gd
s þ gp

s (2)

where q is the contact angle and gL is the liquid surface tension;
gd

s and gp
s are the dispersive and polar components of gL, respec-

tively. From Table 1, it is seen that with the increase of the POSS
content, the total surface free energies of the composites were
reduced from 29.37 mN/m to 15.35 mN/m. It is noted that the polar
component is very sensitive to the concentration of POSS, sug-
gesting that the inclusion of POSS moiety significantly changed the
distribution of the polar groups on the surface energy of materials,
i.e., the POSS moiety on the surface acts as a screening agent to the
polar groups of epoxy resin. The enrichment of POSS moiety of the
organic–inorganic amphiphile on the surface of the nanostructured
thermosets can be confirmed by means of X-ray photoelectron
spectroscopy (XPS). Shown in Fig. 10 are the XPS spectra of the
control epoxy and its nanocomposites containing POSS-capped PCL.
The C1s peak was observed at about 286.8 eV, which was respon-
sible for the contribution of several kinds of carbon atoms from the
epoxy thermoset and POSS-capped PCL. The O1s peak was at
approximately 535 eV. The signals of Cl and N are assignable to the
MOCA moiety. The Si atoms from silsesquioxane moiety of POSS-
capped PCL contributed the Si 2s, Si 2p signals at 156 and 105 eV,
respectively. The F1s peak was detected at 688 eV, which results
from the 3,3,3-trifluoroprophyl groups of POSS. The relative
concentrations of C, O, N, Cl, Si and F elements on the surfaces of the
organic–inorganic hybrid composites, calculated from the corre-
sponding photoelectron peak areas are listed in Table 2. It is seen
that the carbon and oxygen were dominant on the detected
surfaces of all the nanostructured thermosets and a small amount
of nitrogen and chlorine from MOCA moiety was also detected. It is
noticed that the concentrations of elements Si and F on the surface
of the nanostructured thermosets are significantly higher than the
theoretical values calculated in terms of feed ratios. The surface
contents of Si and F elements increased with increasing POSS-
capped PCL in the nanostructured thermosets. For instance, the
surface contents of Si and F elements are 8.4 and 12.0 mol%,
respectively, for the nanocomposites containing 20 wt% POSS-
capped PCL, which are much higher than those of the theoretical
value for this nanocomposite. This observation suggests that there
exists the enrichment of Si(or F)-containing moiety on the surfaces
of the nanostructured thermosets. This result is important to
understand the improvement in surface hydrophobicity for the
nanocomposites. It is worth noticing that the enrichment of Si and F
elements on the surfaces of the nanocomposites does not
monotonously increase with increasing the concentration of POSS-
capped PCL in the thermosets, which could be related to the
nanostructures of the thermosets.

4. Conclusions

Hepta(3,3,3-trifluoropropyl) polyhedral oligomeric silsesquiox-
ane-capped poly(3-caprolactone) (POSS-capped PCL) was synthe-
sized via ring-opening reaction of 3-caprolactone, which was
initiated by 3-hydroxypropylhepta(3,3,3-trifluoropropyl) poly-
hedral oligomeric silsesquioxane with Sn(Oct)2 as the catalyst. The
organic–inorganic amphiphile was incorporated into epoxy to
prepare the nanostructured organic–inorganic hybrids. The nano-
structures of the hybrids were investigated by means of atomic
force microscopy (AFM). The formation of nanostructures was
addressed on the basis of miscibility and phase behavior of the sub-
components of the organic–inorganic amphiphile with epoxy after
and before curing reaction. It is proposed that the formation of the
nanostructures followed the mechanism of self-assembly. The
static contact angle measurements indicate that the organic–inor-
ganic nanocomposites displayed a significant enhancement in
surface hydrophobicity as well as reduction in surface free energy.
The improvement in surface properties was ascribed to the
enrichment of POSS moiety on the surface of the nanostructured
thermosets.
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