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ABSTRACT: Polyhedral oligomeric silsesquioxane (POSS)-capped PCL was synthesized via ring-opening
polymerization ofe-caprolactone with 3-hydroxypropylheptaphenyl POSS as the initiator. The novel otganic
inorganic amphiphile was incorporated into epoxy resin to prepare the organiganic hybrid thermosets.

The morphology of the organi@inorganic hybrids was characterized by means of atomic force microscopy (AFM)

and transmission electron microscopy (TEM). It is found that the epoxy thermosets displayed a variety of
nanostructures depending on the concentration of the POSS-capped PCL. The formation of nanostructures was
addressed on the basis of miscibility and phase behavior of the subcomponen®J@8i2 and PCL chains) of

the organie-inorganic amphiphile with epoxy after and before curing reaction. It is judged that the nanostructures

in the organie-inorganic hybrid composites were formed via a mechanism of self-assembly. The static contact
angle measurements show that the orgaimorganic 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, which was evidenced
by X-ray photoelectron spectroscopy.

Introduction a great number of amphiphilic organic block copolymers were
The morphological control of thermosets at the nanometer Synthesized for preparing nanostructured thermosets. Nonethe-
level is long a pursuit in the studies of polymer materiatise less, the utilization of organieinorganic amphiphilic com-

formation of nanostructures in thermosets can further optimize Pounds for nanostructured thermosets remains largely unex-
the properties of materials. The preparation of nanostructuredPlored. Organie-inorganic hybrid composites have attracted
thermosets can generally be categorized into two approachesConsiderable interest since .'[hIS clas§ of materlals can combme
(i) self-assembR3 and (ii) reaction-induced microphase separa- the advantages of inorganic materials with those of organic
tion# The first route is a templating technique where the mixture Polymers. Generally, inorganic compounds are immiscible with
composed of amphiphilic and reactive compounds is self- °rganic polymers due to the big difference in solubility
assembled to form various micelle structures. The morphology ParameterS.ltis ideal to combine the features of miscibility to
at the nanometer can be fixed via the cross-linking of reactive fulfill organic and inorganic amphiphilicity. Polyhedral oligo-
components. Bates et Aproposed the strategy of creating the merlc_snsesqwoxanes (POSS) are a qlass of important n§n05|zed
nanostructures in thermosets using amphiphilic block copoly- cagelike molecules (Scheme 1) derived from hydrolysis and
mers. In the protocol, precursors of thermosets act as selectivecondensation of trifunctional organosilanes. POSS molecules
solvents of block copolymers, and some self-assembled mor-Possess a formula of [RSig]n, n is an even number in the
phologies such as spherical, lamellar, hexagonally packed'ange of 6-12, where R can be various types of organic groups,
cylindrical, or cubic structures are formed depending on the ©ne (or more) of which is reactive or polymerizable. Polymers
compositions of the blends before curing reaction. The micelle incorporated with the well-defined nanosized POSS cages
structures can further be fixed with adding hardeners and 'epresent a class of important organigorganic nanocompos-
subsequent curing. During the past years, a variety of block ites® During the past decade, the ample literature on the
copolymer architectures have been used to obtain some equi2rganic-inorganic thermosetting nanocomposites containing
librium ordered (or disordered) nanostructures therm@skts POSS has appearéiee and Llchtephdﬁ reported that the
role of curing reaction is to lock in the morphology that is Molecular level reinforcement provided by the POSS cages
already present although it was identified that there are somecould significantly retard the physical aging process of epoxy
small changes in the nanostructures after and before curingthermosets in the glassy state. Laine eta.investigated the
reaction? More recently, it is proposed that the nanostructured Modifications of epoxy by a series of octasilsesquioxanes with
thermosets can alternatively be prepared via the approach of Variety of R groups such as aminophenyl and dimethylsilox-
reaction-induced microphase separation; i.e., the nanostructureyPropylglycidyl ether groups and found that the dynamic
can be accessed by controlling the microphase separation of anechanical properties, fracture toughness, and thermal stability
part of subchains of amphiphilic block copolymers induced by ©f the epoxy hybrids were closely dependent on the types of R
polymerization whereas the other subchains still remain miscible 9roups, tether structures between epoxy matrices and POSS
with the cross-linked thermosets. cages, the defects in silsesquioxane cages, etc. Williamg'et al.
It is crucial to prepare the amphiphilic compounds for the ©Observed that a primary liquidiquid phase separation occurred
control of the formation of nanostructures. During the past years, at the time of adding the POSS-diamine precursors to epoxy
due to the incompatibility between epoxy and isobutyl POSS
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Scheme 1. Synthesis of Polyhedral Oligomeric Silsesquioxane (POSS)-Capped PCL
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3-Hydroxypropylheptaphenyl POSS POSS-capped PCL

impact on the morphology of the resulting POSS-modified polymerization of-caprolactone (CL) to prepare the POSS-capped
polymer networks! Zheng et ali reported that the different ~ PCL, the preparation of which was detailed in the previous Work.
morphological structures could be formed in the POSS- The ring-opening polymerization (ROP) efcaprolactone (CL)
containing hybrid composites depending on the types of R Catalyzed by stannous(ll) octanoate [Sn(glcljas employed to

. ) : yrepare POSS-capped pehgaprolactone) (PCL) using 3-hydrox-
groups; moreover, the phase-separated composites and nand;propylheptaphenyl POSS as the initiator, as illustrated in Scheme

comp_osngs could be prepar_ed bé’ adjusting the degrees_kofl. The synthesis and characterization of POSS-capped PCL have
reaction between epoxy matrix and POSS macromer. Matejkapeen depicted in the previous work. In this work, the molecular

et al’%! investigated the structure and properties of epoxy weight of the organieinorganic amphiphile was controlled to be
networks reinforced with POSS, and the effects of POBSSS Mn.nvr = 2490 to ensure the volume ratio of the inorganic moiety
interactions on the thermal properties were addressed. All the (viz. silsesquioxane) to organic part (i.e., PCL chain) to helch
previous studies reported the modification of epoxy thermosets  Synthesis of Model Polyé-caprolactone). The model PCL with
using a variety of functional POSS macromers. To the best of the molecular weight identical with the chain length of PCL in the
our knowledge, the control of nanostructures in thermosets usingPOSS-capped PCL was synthesized via the ring-opening polym-
a POSS-capped macromolecular amphiphile has not beengerization (ROP) ofe-CL with benzyl alcohol as the initiator.
reported yet. Typically, benzyl alcohol (1.08 g, 10 mmol) ardCL (13.92 g,

In the present work, we designed and synthesized POSS-122.11 mmol) were charged to a 100 mL round-bottom flask
capped poly-caprolactone) (PCL). The POSS-capped PCL is equﬁed with a dr()_/:Lmagnengdst:jrn_rllg bfeltr, End Sn(@(:l)lO%O
a novel amphiphilic macromolecule due to the presence othV\"t respect to=CL) was added. The flask was connected to a

R . . B . standard Schlenk line, and the reactive mixture was degassed via
organic (viz PCL chain) and inorganic (visilsesquioxane cage)  ipree pump freezethaw cycles and then immersed in a thermo-

portions. The organieinorganic amphiphile was incorporated  stated oil bath at 12€C for 24 h. The crude product was dissolved
into epoxy resin to prepare the nanostructured thermosets. It isin tetrahydrofuran, and the solution was dropped into an excessive
expected that the formation of the nanostructures follows the amount of petroleum ether to afford the precipitates, and this
mechanism of self-assembly since it has been known that (i) procedure was repeated three times to obtain white solids. The
PCL subchain is miscible with epoxy after and before the curing product was dried in a vacuum oven until a constant weight was
reactiod and (i) octaphenyl POSS is immiscible with epoxy accessed with a yield of 96%. The molecular weight was determined
resin after and before curing reaction. Atomic force microscopy PY rr?eans 0#]':'_ NMR spectroscopy "’;no:.wﬁs .Calcmﬁt?d according
(AEM), transmission electron microscopy (TEM), and dif- 0 the ratio of integration intensity of aliphatic methylene protons
4 . . . ) to aromatic protons to b1, = 1620.
ferential scanning calorimetry (DSC) were used to investigate P ; £ N dE Resin. The POSS
the morphology of the thermosets, and the formation mechanism _Freparation of Nanostructured Epoxy Resin. The -

of the nanostructures is addressed by investigating the miscibiliwf:nagg?aiﬁle‘ V\\/I\Ilftl"\]/l ”g‘gﬁt;uzglugso \gt?r?ir?g dﬁgtitlo tagi?gtg;jambggé o

and phase behavior of the systems after and before curing,omogeneous and transparent. Then the curing agent, MOCA, was
reaction. The surface properties of the nanostructured thermosetggded to system with vigorous stirring until the curing agent was

were addressed on the basis of static contact angle measurementgily dissolved. The ternary mixture was poured into Teflon molds

and X-ray photoelectron spectroscopy (XPS). and cured at 80C for 2 h, 160°C for 2 h, and 180C for 2 h to
access a complete curing reaction. The thermosetting blends
Experimental Section containing POSS-capped PCL up to 40 wt % were obtained.
Materials. Epoxy monomer used in this work is diglycidyl ether Measurement and TechniquesNuclear Magnetic Resonance

of bisphenol A (DGEBA) which was obtained from Shanghai Resin Spectroscopy (NMR)he'H NMR and*3C NMR measurements
Co., China, and its epoxide equivalent weight was measured to bewere carried out on a Varian Mercury Plus 400 MHz NMR
177. 4,A-Methylenebis(2-chloroaniline) (MOCA) is of chemically ~ Spectrometer at 25C. The samples were dissolved with deuterated
pure grade and was used as the Curing agent, purchased fronpDC'g, and the solutions were measured with tetramethylsilane
Shanghai Reagent Co., China. Octaphenyl polyhedral oligomeric (TMS) as an internal reference. The high-resolution solid-State
silsesquioxane (POSS) was prepared via hydrolysis and rearrangeSi NMR spectra were obtained using cross-polarization (CP)/magic
ment of phenyltrimethoxylsilan® The monomere¢-caprolactone ~ angle spinning (MAS) together with the high-power dipolar
(CL), was purchased from Fluka Co. Germany, and it was distilled decoupling (DD) technique. The 9Qulse width of 4.1us was
over CaH under decreased pressure prior to use. Stannous(ll) €mployed with free induction decay (FID) signal accumulation, and
octanoate [Sn(Ogf)is of analytically pure grade and was purchased the cross-polarization (CP) HartmanHahn contact time was set
from Shanghai Reagent Co., China. The solvents such as tetrahy-at 3.5 ms for all the measurements. The rate of MAS was 4.0 kHz
drofuran (THF), dichloromethane (GEll,), ethanol, and petroleum ~ for measuring the spectra. The Hartmaittahn CP matching and
ether (distillation range: 6690 °C) were obtained from Shanghai ~ dipolar decoupling field was 57 kHz. The chemical shifts of all
Reagent Co., Shanghai, China. Before use, tetrahydrofuran (THF)*°Si spectra were determined by taking the silicon of soli)
was refluxed over sodium, distilled, and then stored in a sealed relative to TMS as an external reference standard.
vessel with the molecular sieve of 4 A. Fourier Transform Infrared Spectroscopy (FTIRJhe FTIR
3-Hydroxypropylheptaphenyl polyhedral oligomeric silsesqui- measurements were conducted on a Perkin-Elmer Paragon 1000
oxane (POSS) was used as the initiator for the ring-opening Fourier transform spectrometer at room temperature’@5 The
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sample films were prepared by dissolving the POSS-capped PCLobtained In this work, the molecular weight of the organic
with CHCI; (5 wt %), and the solutions were cast onto KBr inorganic amphiphile was controlled to b, nvr = 2490 to
windows. The residual solvent was removed in a vacuum oven at ensure the volume ratio of the inorganic moiety (\gﬂsesqui_
60 °C for 2 h. The samples of thermosets were mixed with the oxane) to organic part (i.e., PCL chain) to be tal.

powder of KBr and then pressed into the small flakes. All the o ) )
specimens were sufficiently thin to be within a range where the ~ The POSS-capped PCL amphiphile was incorporated into the

Beer-Lambert law is obeyed. In all cases 64 scans at a resolution Precursors of epoxy resin (VibGEBA and MOCA), and the
of 2 cn ! were used to record the spectra. mixtures were cured at elevated temperature. Before curing, all
Differential Scanning Calorimetry (DSCRifferential scanning the ternary mixtures composed of DGEBA, POSS-capped PCL,
calorimetry (DSC) was carried out with a Perkin-Elmer Pyris 1 and MOCA were homogeneous and transparent, suggesting that
differential scanning calorimeter in a dry nitrogen atmosphere. An no macroscopic phase separation occurred at room and curing
indium standard was used for temperature and enthalpy Ca“brat'O”Stemperatures. After cured at the elevated temperatures, the
Al ?,f the samples (about 10 mg in weight) were first heated 10 oy osets were obtained with the POSS-capped PCL contents
180°C and held at this temperature for 3 min to remove the thermal up to 40 Wt %. It is noted that all the cured products investigated

history, followed by quenching te-50 °C. A heating rate of h d . h
20 °C/min was used at all cases. The glass transition temperature@/€ N0Mogeneous and transparent, suggesting that no macro-

(T, was taken as the midpoint of the heat capacity change. The scopic phase separation occurred at the scale exceeding the

crystallization temperature34) and the melting temperatureg) wavelength of visible light as the curing reaction proceeded.
were taken as the temperatures of the minimum and the maximumThe morphologies of the thermosets were investigated by atomic
of both exothermic and endothermic peaks, respectively. force microscopy (AFM) and transmission electronic microscopy

Transmission Electron Microscopy (TEM)yansmission electron (TEM).

microscopy (TEM) was performed on a JEOL JEM-2010 transmis- Nanostructures in Epoxy Thermosets Shown in Figure 1

sion electron microscope at an acceleration voltage of 120 kV. The X -
samples were trimmed using an ultrathin microtome machine, and &€ the AF("Vl images of the thermosets containing 10, 20, 30,
the section samples (ca. 70 nm in thickness) were placed in 200and 40 wt % of the POSS-capped PCL. The left and right are

mesh copper grids for observations. the topography and phase images, respectively. The topography

Atomic Force Microscopy (AFM)The thermosets samples were  images showed that the surfaces of the as-prepared specimens
trimmed using a an ultrathin microtome machine, and the specimenare free of visible defects, and thus the effect of roughness
sections (ca. 70 nm in thickness) were used for AFM observations. resulting from the specimen preparation on morphology can be
The AFM experiments were performed with a Nanoscope llla negligible. It is noted that all the thermosetting blends exhibited
scanning probe microscope (Digital Instruments, Santa Barbara, nanostructured morphologies. In terms of the volume fraction
f([??rzq' Eﬁﬁﬂﬂg(ﬂ%d,fmw?ﬁ (Iaggzlt%y%\cljitlhn gg “53(')%9 I?thlp rfeastg;]c;r:fd of POSS moiety and the difference in viscoelastic properties
: between the organic and inorganic portions, the light continuous

frequency). Typical scan speeds during recording were DlBes . . ) ) )
s*lqtjjsingygcaxprlleads withpa maxirlgl:n? range Io% % 16 um. regions are attributed to the cross-linked epoxy matrix, which

Contact Angle Measurementa.order to prepare the specimens  could be interpenetrated by the PCL chains of POSS-capped

for contact angle measurement, all the components were dissolved®CL, while the dark regions are assignable to POSS domains.
with a smallest amount of THF. The mixtures composed of Inthe thermoset containing 10 wt % of POSS-capped PCL case,

DGEBA, MOCA, and POSS-capped PCL were cast on glass sliders, the nanosized particles were homogeneously dispersed in the
and the thickness of films was controlled to about:20. The continuous epoxy matrix with the average size afdanm in
solvent was slowly evaporated at room temperature, and the residualjjameter, as shown in Figure 1A. With the increase of the
solvent was eliminated in vacuo for 48 h before the samples were -qntent of POSS-capped PCL, the separate POSS nanodomains
cured at 80C for 2 h, 160°C for 2 h, and 180C for 2 h. The flat Fegan to aggregate in the continuous epoxy network, and some

free surfaces of the thermosets were used for the measurement o . . .
contact angle. The static contact angle measurements with ultrapurenterconnected objects of POSS nanodomains appeared (Figure

water and ethylene glycol were carried out on a KH-01-2 contact 1B)- When the concentration of POSS-capped PCL was more

angle measurement instrument (Beijing Kangsente Scientific Instru- than 30 wt %, the POSS nanodomains were almost self-
ments Co., China) at room temperature. The samples were dried a©rganized into the interconnected nanoobjects, as shown in
60 °C in the vacuum oven for 24 h prior to measurement. Figure 1C,D. The nanostructures can be further confirmed by

X-ray Photoelectron Spectroscopy (XPH)e XPS was measured means of transmission electronic microscopy (TEM).

with VG ESCALAB MK Il at room temperature by using an Mg Figure 2 shows the TEM micrographs of the thermosets

KR X-ray source [, = 1253.6 eV) at 14 kV and 20 mA. The o ) . .
sample analysis chamber of the XPS instrument was maintained atcontalnlng the POSS-capped PCL amphiphile. It is noted that

a pressure of x 1077 Pa. To determine the composition on the '_[he heterogeneous morphology at the n_anometer_scale Was_found
top layer of the film, the tilting angle is°5 The binding energies N all the cases. Because of the difference in transmitted

were calibrated by using the containment carbon (C =is electronic.density between organic gnd inorganic portion (vi;
284.6 eV). A linear background method removed the XPS POSS moiety), the dark area are assignable to the POSS portion,
background, and the peaks analysis was carried out by using thewhich is covalently connected with PCL chain. For the

curve-fitting software. thermoset containing 10 wt % POSS-capped PCL, it is seen
. . that the spherical POSS domains were dispersed in the continu-
Results and Discussion ous epoxy matrix with the average size of 68 nm, as shown

Preparation of POSS-Capped PCL and ThermosetsThe in Figure 2A. With increasing the concentration of POSS-capped
synthetic route of the organignorganic amphiphile, POSS- PCL, it is seen that distance between the adjacent POSS
capped PCL, is shown in Scheme 1. 3-Hydroxypropylheptaphe- nanodomains decreased while the size of the nanodomains
nyl POSS [(HOCHCH,CH,)(CsHs)7Sig012]°° was used as the  remained almost invariant. In addition, it is noted that with
initiator, and the ring-opening polymerizationetaprolactone increasing the content of POSS-capped PCL the nanodomains
was catalyzed by stannous(ll) octanoate [Sn(fpahd was gradually became interconnected nanoobjects (see Figure 2B,C).
carried out at 110C for 24 h. By controlling the molar ratios ~ Shown in Figure 2D is the TEM micrograph of the thermoset
of 3-hydroxypropylheptaphenyl POSS ¢ecaprolactone (CL), containing 40 wt % POSS-capped PCL. Itis seen that the POSS
the POSS-capped PCL with various molecular weights can be nanodomains were highly interconnected, and a bicontinuous
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Figure 1. AFM images of the thermosets containing (A) 10, (B) 20, (C) 30, and (D) 40 wt % of POSS-capped PCL. Left: topography; right:
phase contrast.
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D
Figure 2. TEM images of the thermosets containing (A) 10, (B) 20, (C) 30, and (D) 40 wt % of POSS-capped PCL.

microphase-separated morphology was exhibited. It should becrystalline. Shown in Figure 3 are the profiles of wide-angle
pointed out that there is a little difference between the X-ray diffraction for octaphenyl POSS, the POSS-capped PCL,
micrographs of TEM and AFM since the two techniques detect and the hybrid nanocomposites. For octaphenyl POSS, the
the information on morphology of the thermosets from different appearance of sharp diffraction peaks indicates that the POSS
side views of structure. The TEM micrographs are obtained on is highly crystalline®®4In the curve of POSS-capped PCL, the
the basis of the difference in transmitted electronic densities intense diffraction peaks located2ft = 21.39, 22.00, 23.70,
through samples whereas the AFM micrographs reflect the and 43.99 was assigned to the (110), (111), and (200)
information about tip-sample interactions resulting from  reflections of PCLL! In addition, a new diffraction peak was
adhesiort?@ surface stiffnes&® and viscoelastic effect8®e seen at 8 = 7.28. The new diffraction peak could be related
Therefore, the AFM results could be more sensitive to the to the aggregation of POSS blocks. Because of the immiscibility
transition region between POSS nanodomains and epoxybetween PCL chains and POSS portion, the terminal POSS
matrices that were interpenetrated by PCL chains. The AFM plocks could be self-assembled into microdomains, which could
and TEM results indeed indicated that the nanostructured epoxydisplay the similar diffraction profile as octaphenyl POBSor
thermosets were obtained. the nanostructured thermosets, all the XRD diffraction curves
It is of interest to examine the behavior of crystallization of displayed a broad amorphous halo at 26 = 18°, and no
the organie-inorganic hybrid nanocomposites since the sub- diffraction peaks assignable to PCL subchain were detected.
blocks of the POSS-capped PCL (i.e., POSS and PCL) areThis observation indicates that the PCL subchain is no longer
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ascribed to the non-negligible contribution of mixing entropy
(ASy) to free energy of mixing AGy,) since the molecular
weights of epoxy precursors are quite low. After the curing
reaction, the miscibility was attributed to the formation of the
intermolecular hydrogen-bonding interactions between the
aromatic amine-cross-linked epoxy and PCThe difference
in miscibility of the subconstituents of the orgasinorganic
amphiphile implies that the formation of nanostructures in the
present thermosetting system followed a mechanism of self-
assembly. It is plausible to propose that in the mixtures of the
precursors of epoxy resin with POSS-capped PCL the precursors
of epoxy (viz DGEBA and MOCA) act as the selective solvent
of the organie-inorganic amphiphile, and thus the self-organized
nanostructures will be formed. Depending on the volume
fraction of the POSS-capped PCL in the mixtures, various nano-
objects could be obtained. The nanostructures would be further
o locked in via the curing reaction at elevated temperature, as
¥ depicted in Scheme 2.
m G The organie-inorganic nanostructured thermosets were sub-
Ay s jected to thermal analysis, and the DSC curves are shown in
Figure 4. In the DSC thermogram of POSS-capped PCL a sharp
endothermic peak at 47°C was displayed, which is assignable
to the melting transition of PCL chain of the orgariaorganic
2% amphiphile. It is noted that all the thermosets investigated did
Figure 3. Profile of wide X-ray diffraction: (A) octaphenyl POSS; not exhibit the meltln.g transition of PCIT Su.bChams’ suggesting
(B) POSS-capped PCL; (C) thermosets containing 40 wt %: (D) thatthe PCL subchains are not crystalline in the nanostructured
thermosets containing 30 wt %; (E) thermosets containing 20 wt %; thermosets. It is plausible to propose that the PCL subchains
(F) thermosets containing 10 wt %; (G) control epoxy. are miscible with the epoxy thermosets and could interpenetrate
with the cross-linked epoxy networks. The miscibility was
crystallizable in the nanocomposites. In addition to the amor- further evidenced by the depression in glass transition temper-
phous halo at ca26 = 18, a small diffraction maximum at  atures {'s) for the epoxy-rich phases, as shown in Figure 4. It
20 = 7.28 was observed for all the POSS-capped PCL- is seen that each thermoset containing POSS-capped PCL
containing thermosets. The intensity of the peaks increased withdisplayed singleTy, which decreased with increasing the
increasing the concentration of POSS-capped PCL. Itis plausibleconcentration of POSS-capped PCL. The decre@igedesulted
to propose that the diffraction peaks are attributed to the from the plasticization of miscible PCL on epoxy matrix. There
aggregation of POSS blocks in the thermosets. The similar are several theoretical and empirical equations to describe the
observation was previously found in _other monofunctionalized dependence of glass transition temperature on blend composi-
POSS-containing epoxy thermoséts! This result further  tion12 Of them, the Couchman equatidhis frequently used:
substantiates the presence of POSS microdomains in the

thermosets, which is in a good agreement with those obtained In Ty = [WiKIn Ty + W, In Tol/(WiK + W) (1)
by means of TEM and AMF.
Formation Mechanism of Nanostructures.It is crucial for whereW, is the weight fraction of componeitand Ty is the

the determination of the formation mechanism of the nano- glass transition temperature of blend. The paramétds
structures in the thermosetting system to know the miscibility Couchman coefficient defined by

and phase behavior of the subcomponents 2SS and PCL

chains) of the organieinorganic amphiphilic macromolecule k= AC,/AC,, (2)

with epoxy resin after and before curing reaction. In order to

examine the miscibility of epoxy resin with POSS, octaphenyl where AC,; designates the increment of the heat capacity of
POSS was selected as the model compound for the POSShe specimen at glass transition. In the present work, the value
terminal group of the organieinorganic amphiphile. It was  of k for the miscible epoxy blends with the model PCL with
observed that at room and elevated temperature (e.g.;@p0 the molecular weights identical with the chain length of PCL
all the mixtures were heterogeneous and cloudy, and macro-in the organie-inorganic amphiphile was determined to be 1.71,
scopic phase separation was seen. This observation indicatess shown in Figure 5. However, it is noted that s of the

that the POSS is immiscible (or insoluble) with the precursors nanostructured thermosets containing POSS-capped PCL are
of epoxy resin. In contrast, all the mixtures of epoxy resin with significantly higher than those of the binary thermosetting blends
the model PCL are transparent and homogeneous &tC80  of epoxy and PCL at the same compositions of epoxy and PCL
(above the melting point of PCL) and 158QC (i.e., the curing (Figure 5). It is proposed that the increas&gs for the
temperature), implying that no phase separation occurred at thenanocomposites could be associated with the formation of the
scale exceeding the wavelength of visible lights. The single, nanostructures in the composites. In the binary thermosetting
composition-dependent glass transition temperatufgs) (of blends of epoxy resin with PCL, the PCL chains can be
the blends indicate that the aromatic amine-cured epoxy washomogeneously dispersed into the epoxy matrix and were well
fully miscible with the PCL after and before curing. This result interpenetrated into the cross-linked epoxy networks via the
is consistent with the conclusions based on the thermosettingformation of the intermolecular hydrogen-bonding interactions.
blends of epoxy resin with the PCL of high molecular weights. In contrast, the PCL chains have to be enriched at the surface
It was proposed that before curing reaction the miscibility is of the microphase-separated POSS nanodomains due to the
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Figure 4. DSC curves of the nanostructured epoxy thermosets. PCL (wt%)

Figure 5. Plots of glass transition temperature as functions of PCL
presence of chemical bonds between POSS terminal groups angontents for the nanostructured thermosets. For the sake of comparison,
PCL chains in the composites. Because of the steric hlndrance{ﬂe Va”é"t'lon ofTg's ‘ff the binary th%rmoseﬁ'”% blends of epoxy with
the PCL chains at the intimate surface of POSS nanodomains = "o ¢ PCL s also incorporated into this figure.
could not be well mixed with epoxy matrix. Compared to the that the fraction of demixed (or deswelled) PCL isID wt %
binary blends of epoxy with PCL, there are less PCL chains in the nanostructured thermosets containing40 wt % POSS-
that are mixed with epoxy matrix in the nanocomposites; i.e., capped PCL.
the plasticization of PCL chains on the epoxy matrix would be ~ The miscibility of the PCL chains of the orgaricorganic
effectively weakened, and thus the higfigis of epoxy matrix amphiphile with the cross-linked epoxy resin is ascribed to the
were exhibited. This effect has been reported in the self- formation of the intermolecular hydrogen-bonding interactions,
assembly of epoxy resin and amphiphilic block copolymer which is readily evidenced by Fourier transform infrared
nanocompositedUsing the value ok coefficient for the blend spectroscopy (FTIR). The FTIR spectra of POSS-capped PCL
of epoxy and the model PCL, the fraction of the demixed (or and the nanostructured thermosets in the range of 1660
deswelled) PCL can be estimated according to the Couchman1800 cn1? are shown in Figure 6. The absorption bands are
equation. The results are summarized in Table 1. It is noted ascribed to the stretching vibration of carbonyl grou@s<0)

Scheme 2. Preparation of Nanostructured Epoxy Thermosets
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Table 1. Analysis of Demixed PCL in the Nanostructured Epoxy 100
Thermosets Containing POSS-Capped PCL
POSS-capped PCL fraction Ty demixed PCL
PCL (wt %) (wt %)2 (°Ccyp (wt %)°
0 139.4 80 -
10 6.19 119.0 1.72
20 12.93 100.5 3.93
30 20.29 81.9 6.17
40 28.37 63.8 8.63 60 |-
100 66.70 —65.0

aPCL fraction is calculated by deducting the percentage of POSS portion.
b Experimentally's of the nanostructured thermosetShe demixed PCL
fraction is estimated according to Couchman equation kvithl.71, which
was determined from the binary thermosetting blends of epoxy and the
model PCL.

ol ~__

20 |-

1730

Fraction of Associated carbonyl (%)

1706

POSS-capped PCL
Wt%

10

0 1 L 1 . 1 L 1 L
10 20 30 40 50

POSS-capped PCL (Wt%)

Figure 7. Variation of fraction of associated carbonyls as a function
of POSS-capped PCL in the nanostructured thermosets.

and the good fitting was carried out. TRg,, is the fraction of

the nonassociated carbonyl bands, calculated from the values
of absorbency for the associated and the nonassociated band
contributions:

= L
€
A+ (E:)Aa

wheree; is the molar absorption coefficient. The subscripts f
and a stand for free and associated carbonyl groups, respectively.
To carry out this calculation, we require the knowledge of the
molar absorption coefficientgi(andez) or their ratio €/ez) for
of PCL chains. At the room temperature, the carbonyl band of the nonassociated and associated carbonyl bands. Usieg the
the POSS-capped PCL consists of two components sensitive toea Value of 1.3 for the interassociation of ester type carbonyls
the conformation of PCL chains. The one component centeredwith the hydroxyls of poly(hydroxyether of bisphenol A) blends
at 1735 cm! is characteristic of amorphous chains of PCL determined by Coleman et.Af we calculated the fraction of
whereas the sharp band at 1724éns ascribed to the carbonyls  nonassociated carbonyl bands. The variation F{% as a
in the crystalline region of PCL. Upon heating the organic  function of temperature is shown in Figure 7. It is seen that the
inorganic amphiphile up to 80C, the band at 1724 cm fractions of associated carbonyls decreased with increasing the
disappeared owing to the fusion of PCL crystals. It is noted concentration of POSS-capped PCL.
that in the FTIR spectra of the nanostructured thermosets the Surface Properties of Nanostructured Thermosetslt is
bands of PCL crystals at 1724 ciwere absent, implying that ~ known that organosilicon compounds are generally of low
the PCL chains exist in the thermosets in the amorphous state surface energy. In the present case, the organosilicon moiety
Nonetheless, there appeared new shoulders at the lower(viz. silsesquioxane cage) was covalently connected with PCL
frequency of 1706 cm' in the FTIR spectra of the nanostruc- chains. It is plausible to propose that when the POSS-capped
tured thermosets, and the shoulder bands are assigned to thCL was incorporated into organic polymers, the inorganic
stretching vibration of hydrogen-bonded carbonylse., there portion could be enriched at the surface of materials, and thus
is the formation of the intermolecular hydrogen-bonding interac- the surface hydrophobilicity of the nanocomposites will be
tions between the secondary hydroxyl groups of epoxy matrix improved. In this work, the surface properties of the organic
and the carbonyl groups of PCL. In addition, the bands at 1735 inorganic nanocomposites were investigated in terms of the
cmt were found to shift to the lower frequency (1730 ¢in measurement of static contact angle. The contact angles were
with increasing the concentration of POSS-capped PCL. The measured with water and glycol as probe liquids, and the results
FTIR results indicate that there existed the intermolecular are summarized in Table 2. The contact angle of the control
hydrogen-bonding interactions between the PCL chains of the epoxy was estimated with water to be 8%.2. Upon adding
POSS-capped PCL and the epoxy networks. POSS-capped PCL to the system, the contact angles are
It is possible to resolve the nonassociated and the associatedncreased, and the water contact angle for the organarganic
carbonyl bands using the spectral curve-fitting method. The nanocomposites containing 40 wt % POSS-capped PCL was
Gaussian line shape function was used in this fitting procedure, increased up to 96°2 This observation indicates that the

x 100% ©)

1800 1780 1760 1740 1720 1700 1680 1660
Wavenumber (cm™)

Figure 6. FTIR spectra of the nanostructured thermosets in the range
of 1660-1800 cnt!: (a) at 80°C; (b) at 25°C.
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Table 2. Static Contact Angles and Surface Free Energy of Epoxy Thermosets Containing POSS-Capped PCL

POSS-capped PCL (wt %) .0 (deg) Oethylene glycol(d€Q) 74 (MN m™1) 75 (MN m™?) ys(MN m1)
0 85.2+ 0.7 57.8+ 1.0 25.50 4.94 30.44
10 92.9+ 0.9 69.3+ 0.9 20.46 354 24.00
20 95.9+ 0.5 74.9+0.8 16.81 3.58 20.39
30 100.5+ 0.8 78.1+£ 1.1 18.29 1.88 20.17
40 96.2+ 0.6 751+ 1.1 16.92 3.45 20.37

aH,0: yL = 72.80 mN n1?, y‘ﬂ = 21.80 mN nt?, P = 51.00 mN n1t (ref 14f). Ethylene glycol:y, = 48.3 mN nt?, yﬂ =293 mN ntl, yp =
19.0 mN n1t (ref 14f).

240 concentration of the POSS-capped PCL, suggesting that the
inclusion of POSS-capped PCL significantly increased the
distribution of the nonpolar groups (i.e., silsesquioxane cage)

200 | on the surface energy of materials; i.e., the distribution of POSS
cages on the surface was increased. The silsesquioxane portion
C,. of the organie-inorganic amphiphile on the surface acted as a
160 O, screening agent to reduce the surface energy of the nanostruc-

tured thermoset&icd

In order to confirm the enrichment of POSS on the surface
of the nanostructured thermosets, X-ray photoelectron spec-
troscopy (XPS) was used to investigate the surface elemental
compositions of the nanostructured thermosets containing POSS-

120 |-

Kcounts

80 1 capped PCL. Representatively shown in Figure 8 is the XPS
spectrum of the nanocomposites containing 10 wt % POSS-
M capped PCL. The C 1s peak was observed at about 286.8 eV,
40 - Si.Si which was responsible for the contribution of several kinds of
I % carbon atoms from the epoxy thermoset and POSS-capped PCL.
The O 1s peak was at535 eV. The Si atoms from silsesqui-
o o e w0 . o oxane moiety of POSS-capped PCL contributed the Si 2s and

Binding eneray (eV) Si _2p signals at 156 gnd 105 eV, respectively. It should be
] o pointed out that the signals of Cl and N are too weak to be
E'ggrg_gépﬁg S%el_‘:”“m of the epoxy thermoset containing 10 Wt % ghown in this spectrum. The relative concentrations of C, O,

' N, Cl, and Si on the surfaces of the organicorganic hybrid
hydrophobilicity of the materials was significantly enhanced; composites, calculated from the corresponding photoelectron
i.e., the surface energy of the materials was reduced. The surfacd€ak areas, are listed in Table 3. It is seen that the carbon and
free energies of the hybrid nanocomposites containing different 0Xygen were dominant on the detected surfaces of all the
percentage of POSS-capped PCL were calculated according td1anostructured thermosets, and a small amount of nitrogen and

the geometric mean modkb chlorine from MOCA moiety was also detected. It is noticed
that the concentrations of element Si on the surface of the
2. d 12 u nanostructured thermosets are significantly higher than the
cosf = — + (P -1 4 _ : :
yL[(YLyS) (rvs) 2] @) theoretical values calculated in terms of feed ratios. The surface

Si content increased with increasing POSS-capped PCL in the
ye=yd+ P 5) nanostructured thermosets. For instance, the surface Si content
is 10.53 mol % while the concentration of POSS-capped PCL
where6 is contact angle angl_ is the liquid surface tension; is 30 wt %, and this value is much higher than 1.07 mol % of
y? and y{ are the polar and dispersive componentsyof the theoretical value. This observation suggests that there exists
respectively. According to the data of surface contact angles the enrichment of Si-containing moiety on the surfaces of the
from water and glycol, the calculated results of surface energy nanostructured thermosets. This result is important to understand
are also incorporated into Table 2. The surface energy of thethe improvement in surface hydrophobilicity for the nanocom-
control epoxy is about 30.4 mN Th It is noted that the total  posites. It is worth noticing that the enrichment of Si element
surface free energies of the nanocomposites were diminishedon the surfaces of the nanocomposites does not monotonously
to 20.4 mN nT! while the concentration of POSS-capped PCL increase with increasing the concentration of POSS-capped PCL
is 40 wt %. The nonpolar component (i.eg) seems to be in the thermosets, which could be related to the nanostructures
more sensitive than the polar component (i.g) to the of the thermosets.

Table 3. Elemental Compositions of the Surfaces of the Epoxy Thermosets Containing POSS-Capped PCL Determined by Means of XPS

experimental composition (mol %) theoretical composition (mol %)
POSS-capped
PCL (wt %) C (0] Si Cl N C (6] Si Cl N
0 78.00 18.14 0.00 1.56 2.30 83.50 10.86 0.00 2.82 2.82
10 67.54 22.14 7.98 1.24 1.10 82.73 11.69 0.33 2.63 2.63
20 68.95 20.45 8.07 1.23 1.30 81.90 12.57 0.69 2.42 2.42
30 53.70 31.13 10.53 3.29 1.35 81.01 13.53 1.07 2.20 2.20

40 65.90 23.54 8.39 1.26 0.92 80.06 14.55 1.48 1.95 1.95
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Conclusions

Polyhedral oligomeric silsesquioxane (POSS)-capped PCL
was synthesized via ring-opening polymerizationeafapro-
lactone with 3-hydroxypropylheptaphenyl POSS as the initiator.
The novel organieinorganic amphiphile was used to incorpo-
rate into epoxy resin to prepare the nanostructured thermosets
The nanostructures of the organicorganic hybrids were
characterized by means of atomic force microscopy (AFM) and
transmission electron microscopy (TEM). The formation of the

nanostructures in the epoxy thermosets was addressed on the

basis of the miscibility and phase behavior of the subcomponents
(viz. POSS and PCL chains) of the organinorganic am-
phiphilic macromolecule with epoxy resin after and before
curing reaction. It is judged that the formation of the nano-
structures in the organitinorganic hybrid composites follows
the mechanism of self-assembly. The static contact angle
measurements indicate that the orgafnimrganic nanocom-
posites displayed a significant enhancement in surface hydro-
phobicity as well as reduction in surface free energy. The
improvement in surface properties was ascribed to the enrich-
ment of POSS moiety on the surface of the nanostructured
thermosets, which was evidenced by X-ray photoelectron
spectroscopy (XPS).
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