
M
i

Y
D

a

A
R
R
A

K
M
E
M
T

1

c
m
b
f
d
i
o
m
t
p

m
a
T
n

0
d

Materials Chemistry and Physics 125 (2011) 174–183

Contents lists available at ScienceDirect

Materials Chemistry and Physics

journa l homepage: www.e lsev ier .com/ locate /matchemphys

orphology and thermal properties of organic–inorganic hybrid material
nvolving monofunctional-anhydride POSS and epoxy resin

iting Xu, Yingying Ma, Yuanming Deng, Cangjie Yang, Jiangfeng Chen, Lizong Dai ∗

epartment of Material Science and Engineering, College of Materials, Xiamen University, No. 422, Siming South Road, 361005 Xiamen, Fujian Province, China

r t i c l e i n f o

rticle history:
eceived 4 February 2010
eceived in revised form 9 July 2010
ccepted 1 September 2010

eywords:
onofunctional-anhydride POSS

poxy resin
orphology

hermal properties

a b s t r a c t

Monofunctional-anhydride polyhedral oligomeric silsesquioxane (i-C4H9)7Si8O12OSi(CH3)2(C8H9O3)
(AH-POSS) was synthesized and characterized by FTIR, NMR, element analysis. Then AH-POSS was incor-
porated into epoxy system either pre-reacted or non-reacted using hexahydrophthalic anhydride (HHPA)
as curing agent. Pre-reacted system hybrid materials were obtained by two-step preparation. First, AH-
POSS reacted with part of diglycidyl ether of bisphenol A (DGEBA) to form AH-POSS-epoxy precursor
in DGEBA, then cured with HHPA. Non-reacted POSS/epoxy hybrid materials were prepared by directly
mixing AH-POSS, HHPA and DGEBA together and cured afterwards. The GPC and FTIR spectra suggested
successful bonding of AH-POSS and epoxy resin. Morphologies of hybrid materials were characterized
by SEM and TEM. Non-reacted system led to a dispersion of spherical particles with sizes in the range

of micrometers. For pre-reacted system, polymerization-induced phase separation took place with POSS
content lower than 30 wt% and also some “vesicle” structure was formed after curing. A typical macro-
phase separation happened with POSS content up to 40 wt% before and after curing. The glass transition
temperatures (Tg’s) and the storage modulus were measured by dynamic mechanical analysis (DMA).
Tg’s and modulus displayed irregularly decrease. The initial thermal decomposition temperatures (Td’s)
characterized by TGA were also irregularly decreasing for both systems. However, they were higher than
those of epoxy composites when using amine as the curing agent.
. Introduction

Polyhedral oligomeric silsesquioxanes (POSS) are nanosized
age structures with some organic R groups, and are one of the
ost useful siloxane. POSS can be incorporated into polymers to

uild organic–inorganic hybrid materials [1–4]. Some of the organic
unctional substituent groups are reactive and are the main factor to
ecide the compatibility with polymer matrix [5–10]. POSS could be

ncorporated into polymers via blending, copolymerization or some
ther chemical approaches. During the past years, sorts of POSS
onomers have been incorporated into thermosetting polymer

o prepare the nanocomposites with different thermomechanical
roperties and morphologies [11–16].

Nowadays, epoxy resin become one of the most popular com-

ercial resin, and POSS/epoxy hybrid materials are attracted more

nd more attention among POSS/polymer hybrid materials [17–19].
he incorporation of POSS into the epoxy resin offers the opportu-
ity to enhance the physical properties for advanced electronic,
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aerospace and automotive applications [20,21]. During the past
years, a lot of researches have been done. Williams et al. [22]
observed that a primary phase separation appeared at the time
of adding the POSS-diamine precursors to epoxy because of the
incompatibility between epoxy and 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. Zheng et al.
[21] reported that the different morphological structures could be
formed in the POSS-containing hybrid composites depending on
the types of R groups. Matejka et al. [23] investigated that the
structure and properties of epoxy networks improved with POSS,
and the effects of POSS–POSS interactions on the thermal proper-
ties were addressed. Most of the nanocomposites showed relatively
low Tg’s in comparison with the control epoxy [24]. A new octa(2,3-
epoxypropyl)-silsesquioxane (OE) was prepared by Lee and Chen
[8]. The thermosetting composites containing OE exhibited a high
Tg of 170 ◦C. Lee and Lichtenhan [11] also found that macro-phase
separation was observed in the hybrid materials because of the

presence of inert aliphatic groups in the residual arms of POSS with
the POSS content higher than 10%. Liu’s approach [25] was based
on Williams’ in order to obtain homogeneous epoxy/POSS hybrid
materials containing large mass fractions of POSS. Amine-POSS first
reacted with part of epoxy chain to give an amine-POSS-epoxy pre-

dx.doi.org/10.1016/j.matchemphys.2010.09.003
http://www.sciencedirect.com/science/journal/02540584
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Scheme 1. Sy

ursor and then cured. POSS content in the hybrid material was
bout 50 wt%.

All of the previous studies reported the modification of
poxy thermosets using POSS via the chemical reaction between
olymer matrix and POSS. In our work (Scheme 1), we
esigned and synthesized monofunctional-anhydride POSS (i-
4H9)7Si8O12OSi(CH3)2(C8H9O3) (AH-POSS), which could be incor-
orated into epoxy to prepare the organic–inorganic hybrid
aterial based on Liu’s approach [25]. To the best of our knowl-

dge, there has been no precedent report on the hybrid materials
f epoxy with a large mass fraction of AH-POSS with anhydride as
uring agent. Meanwhile, there has also been no report about the
echanical properties of hybrid materials with a large mass frac-

ion of AH-POSS with curing agent HHPA. Pre-reacted system was
esigned that AH-POSS-epoxy precursor was synthesized through
he reaction between DGEBA and AH-POSS (Scheme 2). The system
as then cured to generate an AH-POSS/epoxy hybrid material with
HPA as curing agent. For comparison, non-reacted system was
lso obtained through directly mixing DGEBA, AH-POSS, HHPA and
hen cured. The morphologies of the two types of inorganic–organic
ybrid materials were comparatively investigated on the basis
f scanning electronic microscopy (SEM), transmission electronic
icroscopy (TEM). The glass transition temperatures (Tg’s) and
odulus (E’s) were measured by dynamic mechanical thermal

nalysis (DMTA) and initial decomposition temperatures (Td’s)
ere measured by thermogravimetric analysis (TGA). Some advan-

ages with anhydride as curing agent were found such as less
oisonous and better thermal stability than those epoxy cured with
mine curing agent.

. Experimental

.1. Materials

TriSilanolIsobutyl POSS ((i-C4H9)7Si8O9(OH)3) was purchased from Hybrid
lastics Co. Tetrachlorosilane (SiCl4), chlorodimethylsilane (Cl(CH3)2SiH), cis-
,2,3,6-tetrahydrophthalic anhydride (THPA), hexahydrophthalic anhydride (HHPA)
nd Karstedt’s catalyst were purchased from Alfa Aesar and used as received.

iglycidyl ether of bisphenol A (DGEBA) (Epon 828, epoxy equivalent weight
88.05 g mol−1) was received from Shell Co. Ltd. A tertiary amine catalyst
-cyanoethyl-2-undecylimidazole (C11Z–CN) was purchased from Guangzhou
uangpu W-union Chemical Co. Ltd. Unless specially indicated, other reagents

uch as sodium, calcium hydride (CaH2), tetrahydrofuran (THF), triethylamine
Et3N), acetonitrile (CH3CN), toluene, n-hexane and acetone were of analytical
s of AH-POSS.

pure grade, purchased from Shanghai Reagent Company of China. Before use,
THF was refluxed above sodium, distilled and then stored in the presence of
the molecular sieve of 4 Å. Triethylamine and toluene were refluxed over CaH2

and filtered, then stored in the presence of the molecular sieve of 4 Å and
KOH.

2.2. Synthesis of [(i-C4H9)7Si8O12(OH)]

Under a dry nitrogen atmosphere, SiCl4 (1.700 g, 10 mmol) was added to a
solution of (i-C4H9)7Si8O9(OH)3 (7.910 g, 10 mmol) and Et3N (3.036 g, 10 mmol)
in THF (50 mL). The mixture was stirred overnight and then filtered to remove
Et3NHCl. Evaporation of the volatiles gave crude product (i-C4H9)7Si8O12Cl (7.981 g),
yield 95.8%. Large colorless crystals of (i-C4H9)7Si8O12Cl (6.658 g), yield 80%, were
obtained by recrystallization in CH3CN and saturated toluene. Then the suspen-
sion of (i-C4H9)7Si8O12Cl (6.658 g, 8.00 mmol) in THF/H2O (2:1, 50 mL) was refluxed
for 70 h. Evaporation of the volatiles afforded crude product 1 as white solid. Sub-
sequently, recrystallization from a hot toluene/acetonitrile mixture and dried in
vacuum to gave pure product 1 6.500 g, yield 97.6% [26]. 1H NMR (400 MHz, CDCl3,
25 ◦C, ppm): 0.62 (d, 14H), 0.96 (d, 42H), 1.85 (m, 7H), 2.49 (broad, 1H). 13C NMR
(400 MHz, CDCl3, 25 ◦C, ppm): 22.26, 22.38, 22.45 (–CH2, 1:3:3), 23.78, 23.83 (–CH),
25.64, 25.66 (–CH3). 29Si NMR (300 MHz, 25 ◦C, ppm): −65.67, −65.82 (3:4), −101.02
(Si–OH). Anal. calcd for (iC4H9)7Si8O12(OH): C, 40.38; H, 7.69. Found: C, 40.78; H,
7.97.

2.3. Synthesis of [(i-C4H9)7Si8O12OSi(CH3)2H]

Under a dry nitrogen atmosphere, the solution of ClSi(CH3)2H (0.738 g,
7.8 mmol) in THF (5 mL) was added to the solution of (i-C4H9)7Si8O12(OH) (6.500 g,
7.8 mmol) and Et3N (2.363 g, 23.4 mmol, 3 equiv) in THF (50 mL) contained in a
thick-walled glass reactor. A precipitate of Et3NHCl formed upon addition of the
chlorosilane. The reaction mixture was heated at 60 ◦C for 18 h. Then the reac-
tion mixture was transferred to a separatory funnel. The reaction vessel was rinsed
with diethyl ether and the ether washings were combined with THF. The THF/ether
phase was washed with successive portions of H2O (50 mL), 1 mol L−1 HCl (50 mL),
H2O (50 mL), and saturated NaCl (50 mL). The THF/ether phase was dried over
MgSO4, filtered, and THF/ether was removed under vacuum to give 6.751 g of (i-
C4H9)7Si8O12O(CH3)2H as white powder, yield 97% [27]. 1H NMR (400 MHz, CDCl3,
25 ◦C, ppm): 0.22 (d, J = 2.78, 6H), 0.61 (d, 14H), 0.96 (d, 42H), 1.85 (m, 7H), 4.71
(sept, J = 2.78 Hz, 1H). 13C NMR (400 MHz, CDCl3, 25 ◦C, ppm): 0.176 (Si–CH3), 22.33,
22.42, 22.48 (isobutyl-CH2, 1:3:3), 23.80, 23.85 (isobutyl-CH), 25.67, 25.68 (isobutyl-
CH3). 29Si NMR (300 MHz, 25 ◦C, ppm): −4.108 (–OSi(CH3)2H), −67.172, −67.979
(3:4, isobutyl-Si), −109.791 (–SiOSi(CH3)2). FTIR (KBr, thin film, cm−1): 2139 (Si–H),
1119 (Si–O–Si). Anal. calcd for (i-C4H9)7Si8O12O(CH3)2H: C, 40.41; H, 7.91; Found:
C, 40.30; H, 8.31.
2.4. Synthesis of AH-POSS [(i-C4H9)7Si8O12OSi(CH3)2(C8H9O3)]

(i-C4H9)7Si8O12OSi(CH3)2(C8H9O3) was prepared by hydrosilylation reaction
of (i-C4H9)7Si8O12OSi(CH3)2H with THPA under a dry argon atmosphere. In
a 20 mL two-necked round-bottomed flask equipped with a magnetic stirrer,
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Scheme 2. Preparation for AH-POSS

i-C4H9)7Si8O12OSi(CH3)2H (6.751 g, 7.58 mmol), THPA (1.156 g, 7.60 mmol) and
oluene 20 mL were placed under an argon stream. The reaction was carried out
ith Karstedt’s catalyst (Pt(dvs)) (0.61 mmol) in toluene at 55 ◦C for 48 h [28]. After

olvent removal, the solid was refluxed in hexane for 30 min and the mixture was
ltered to remove residual THPA. The Pt catalyst was extracted from the solid by
efluxing in acetone with active carbon for several hours and the precipitate was
ltered and washed with acetone. Finally, the solid was refluxed in acetic anhy-
ride and toluene for 2 h, followed by solvent removal, and then dried at 180 ◦C

o afford (i-C4H9)7Si8O12OSi(CH3)2(C8H9O3) 7.114 g, yield 90%. 1H NMR (400 MHz,
DCl3, 25 ◦C, ppm): 0.18 (d, 6H), 0.61 (t, 14H), 0.85 (m, 1H), 0.96 (d, 42H), 1.85
m, 13H), 2.37 (m, 2H). 13C NMR (400 MHz, CDCl3, 25 ◦C, ppm): 1.01 (Si–CH3),
0.84, 20.05, 22.42 and 22.35 (4:3, Si-isobutyl CH2), 21.91 (–O–Si(CH3)2–CH–), 23.28,
3.84, 25.69, 39.71, 41.50, 170.90, 172.97. 29Si NMR (300 MHz, 25 ◦C, ppm): −110.75
–SiOSi(CH3)2), −67.17, −67.98 (3:4, isobutyl-Si), −11.02 (–OSi(CH3)2). FTIR (KBr,
y precursor and the hybrid material.

thin film, cm−1): 1727, 1789 and 1885 (anhydride), 1120 (Si–O–Si). Anal. calcd for
(i-C4H9)7Si8O12OSi(CH3)2(C8H9O3): C, 43.73; H, 7.53. Found: C, 43.36; H, 7.19.

2.5. Preparation of pre-reacted system hybrid material

The desirable amount of AH-POSS was mixed with DGEBA using C11Z–CN as
catalyst in toluene through continuous stirring at 110 ◦C for 3 h until the homoge-
neous and light yellow mixture was obtained. Then toluene was evaporated with

a rotary evaporator. Desirable amount of HHPA and C11Z–CN were added into the
system with vigorous stirring. The mixtures were degassed in a vacuum oven for
3 h at 50 ◦C and poured into an aluminum foil. The mixture was cured at 90 ◦C for
3 h and 160 ◦C for 6 h plus 190 ◦C for 3 h. The pre-reacted system organic–inorganic
POSS/epoxy hybrid materials were prepared with the content of AH-POSS up to
40 wt% of the pure DGEBA.
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Table 1
Elemental analysis data of the product in each step of AH-POSS preparation
procedure.

Compound Element

C H

(i-C4H9)7Si8O12(OH) Theo. (%) 40.38 7.69
Exp. (%) 41.54 7.97

(i-C4H9)7Si8O12OSi(CH3)2H Theo. (%) 40.41 7.91

ysis of AH-POSS-epoxy precursor provides additional support for
the aforementioned [25]. AH-POSS-epoxy precursor can be directly
mixed with DGEBA and cured under conventional conditions.
Y. Xu et al. / Materials Chemist

.6. Preparation of non-reacted system hybrid material

Desirable amount of AH-POSS, DGEBA and HHPA were mixed in toluene (1 mL)
hrough continuous stirring at 110 ◦C for 50 min until the homogeneous mixture
as obtained. Then toluene was evaporated with a rotary evaporator. After that,
esirable amount of C11Z–CN as catalyst was added into the system through vigorous
tirring. The mixture was degassed in a vacuum oven for 3 h at 50 ◦C and poured into
n aluminum foil. The mixture was cured at 90 ◦C for 3 h and 160 ◦C for 6 h plus 190 ◦C
or 3 h. The non-reacted system POSS/epoxy hybrid materials were prepared with
he content of AH-POSS up to 5 wt% of the pure DGEBA. However, when AH-POSS
ontent was higher than 5 wt%, the samples were easily splitted and could not be
sed for testing. So the amount of AH-POSS has been only added up to 5 wt% of pure
GEBA.

.7. Characterization

.7.1. Nuclear magnetic resonance spectroscopy (NMR)
1H and 13C NMR measurements were carried out on a Bruker AV400 MHz NMR

pectrometer. 29Si NMR measurement was carried on a Bruker AV300 MHz. For 1H
MR and 13C NMR measurements, the samples were dissolved with d-chloroform
nd the solutions were measured with tetramethylsilane (TMS) as the internal ref-
rence. The high-resolution solid-state 29Si NMR spectra were obtained using cross
olarization (CP)/magic angle spinning (MAS) together with the high-power dipolar
ecoupling (DD) technique. The rate of MAS was 5.0 kHz for measuring the spectra.

.7.2. Fourier transform infrared spectroscopy (FTIR)
FTIR measurements were conducted on an AVATAR 360 FTIR (Nicolet Instru-

ent) at room temperature (25 ◦C). The sample was prepared by mixing the polymer
ith KBr and then pressed into small flakes. In all cases, 32 scans at a resolution of
cm−1 were used to record the spectra.

.7.3. Transmission electronic microscopy (TEM)
TEM was performed on a JEM 2100 high-resolution transmission electron micro-

cope at the accelerating voltage of 200 kV. The samples were trimmed using an
ltramicrotome, and the specimen sections (90–100 nm in thickness) were placed

n 200 mesh copper grids for observation.

.7.4. Scanning electron microscopy (SEM)
In order to observe the morphological structures, the thermosets were fractured

nder cryogenic condition using liquid nitrogen. Then all the samples were etched
y CH2Cl2 for 30 min. The etched specimens were dried to remove the solvents. The
racture surfaces were coated with thin layers of gold of about 100 Å. The thermosets
ere observed by means of a XL-30 Environmental Scanning Electron Microscope

t an activation voltage of 20 kV.

.7.5. Thermogravimetric analysis (TGA)
Simultaneous Thermal Analysis (NETZSCH STA 409EP) was used to investigate

he thermal stability of the hybrid material. All of the thermal analyses were con-
ucted in nitrogen atmosphere from ambient temperature to 900 ◦C at the heating
ate of 10 ◦C min−1. The thermal degradation temperature was taken as the onset
emperature at which 5 wt% of weight loss occurs.

.7.6. Dynamic mechanical thermal analysis (DMTA)
The dynamic mechanical tests were carried out on a Dynamic Mechanical

hermal Analyzer (DMTA) (MKIV, Rheometric Scientific Inc., USA) with the tem-
erature ranging from 30 to 180 ◦C. The frequency used is 1.0 Hz at the heating rate
.0 ◦C min−1. The specimen dimension was 3 cm × 1 cm × 0.2 cm.

.7.7. Gel penetration chromatography (GPC)
GPC was measured with Aliglent 1100LC GPC instrument (set at 30 ◦C) equipped

SO water pump. The eluent was THF at a flow rate of 1.0 mL min−1. Elution time was
3 min. A series of low polydispersity polystyrene standards were employed for the
PC calibration.

. Results and discussion

.1. Characterization of AH-POSS
(i-C4H9)7Si8O12OSi(CH3)2(C8H9O3)]

The synthesis route for (i-C4H9)7Si8O12OSi(CH3)2(C8H9O3) was
escribed in Scheme 1. First, (i-C4H9)7Si8O12OSi(CH3)2H was pre-
ared by the methods reported by Shockey et al. [27]. FTIR, 29Si

MR and 13C NMR spectra (Figs. S1, S2 and S3 in supporting infor-
ation) can indicate that the cubic silsesquioxane and the POSS
ith –O–Si(CH3)2H group was successfully obtained.

AH-POSS was prepared via the reaction between (i-
4H9)7Si8O12OSi(CH3)2H and THPA in presence of Karstedt’s
Exp. (%) 40.30 8.31
(i-C4H9)7Si8O12OSi(CH3)2(C8H9O3) Theo. (%) 43.73 7.53

Exp. (%) 43.16 7.12

catalyst. In order to promote the complete conversion of hydrosi-
lylation, slightly excessive THPA was used and the reaction time
was 48 h. According to the difference in solubility, excessive THPA
was easily isolated from the reacted mixtures through filtrating
from hexane solution. According to the peaks in 13C NMR and
29Si NMR (Figs. S4 and S5 in supporting information), it could be
inferred that AH-POSS was successfully prepared. And the result
of elemental analysis for the product in each step agrees well with
theoretical value by calculation (Table 1).

3.2. Synthesis of POSS-epoxy precursor in pre-reacted system

The organic–inorganic AH-POSS was incorporated into DGEBA
to form AH-POSS-epoxy precursors (Scheme 2).

First, AH-POSS, which could react with DGEBA resulting in AH-
POSS-epoxy precursor, was used in this work. The reaction between
AH-POSS and DGEBA was evidenced by FTIR (Fig. 1) and GPC (Fig. 2).
The appearance of the new absorption peak at 1736 cm−1 and the
slight movement of the peak at 3420–3500 cm−1 indicate that the
ring-open addition reaction occurs between AH-POSS and DGEBA.
The absorption of the peak 1108 cm−1 is assignable to the stretching
vibration of Si–O–Si bond.

The result of pre-reaction between AH-POSS and DGEBA was
also confirmed by GPC. There are two shifts, indicating the for-
mation of higher molecular mass unites, could be observed in
Fig. 2. The larger molecules, that AH-POSS bonded one or two
DGEBA chains shown as Scheme 2, is obviously formed. GPC anal-
Fig. 1. FTIR spectra of DGEBA and AH-POSS-epoxy precursor.
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Table 2
The comparison of the change of pre-reacted system before and after curing.

AH-POSS (wt%) Before curing After curing

0 Clarity Clarity
5 Clarity Clarity

10 Clarity Clarity

epoxy matrix with the average size of approximately 0.2–2 �m.
ig. 2. GPC chromatograms of DGEBA Epon 828 and AH-POSS-epoxy precursor.

.3. Morphology of hybrid material

Before curing, the mixtures with AH-POSS content lower than
0 wt% were homogeneous and transparent in pre-reacted system,
hich suggested that no macro-phase separation happened at the

cale exceeding the visible wavelength. But the mixture with higher
H-POSS content up to 40 wt% was ivory-white, which means that
acro-phase separation occurred. It is plausibly proposed that the
GEBA has a certain capacity of solubility of AH-POSS-epoxy pre-
ursor. After curing, the samples changed gradually from clarity to

paque with lower AH-POSS content (Table 2), which suggested
hat the polymerization-induced phase separation occurred when
OSS content was lower than 30 wt%. The morphologies of the
ybrid materials were examined by means of SEM and TEM.

Fig. 3. SEM micrograph of the sections of pre-reacted hybrid materials with diffe
20 Clarity Opaque
30 Clarity Opaque
40 Ivory-white Opaque

The use of low molecular weight curing agents in the prepa-
ration of hybrid materials makes a kind of dispersion more facile
[22,29]. Some irregular clusters in sizes about 0.2 to 2 �m could be
observed in SEM (Fig. 3). The clusters were considered as the POSS-
rich domains. Separated smooth (epoxy-rich region) and rough
(POSS-rich region) macro-domains were observed with higher AH-
POSS content [25]. The samples were etched with dichloromethane
before SEM analysis. It is easily seen that the irregular clusters
could not be soluble by dichloromethane, which indicates that
the irregular clusters have already taken part in the formation
of epoxy network. And the POSS domains might form during
polymerization-induced phase separation process with AH-POSS
content lower than 30 wt%. For pre-reacted system, a magnification
picture of one of these clusters is shown in Fig. 4. There are some
irregular clusters that can be pulled out from the epoxy matrix on
the section.

The ultrathin sections of the organic–inorganic hybrid materials
were subjected to TEM (Fig. 5). In term of the difference in atomic
number contrast between organic and inorganic portion (viz., POSS
moiety), the dark area is assignable to POSS portion. It could be
seen that AH-POSS-epoxy precursors dispersed in the continuous
The results are constituent with that of the analysis of SEM fig-
ures. It is proposed the formation of the irregular clusters could be
explained by the interaction of POSS–POSS and the mechanism of
polymerization inducing phase separation [21]. This phase separa-

rent AH-POSS contents (wt%): (a) 0; (b) 5; (c) 10; (d) 20; (e) 30 and (f) 40.
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Fig. 4. SEM micrograph of the sections of pre-reacted hybrid materi

ion occurred when mixing DGEBA and AH-POSS-epoxy precursor
ue to the incompatibility between the isobutyl groups of the POSS
olecules and the aromatic epoxy. Additionally, POSS molecules
ith cagelike nanostructure tend to form random aggregations to

educe interfacial energy.
It is plausibly proposed that DGEBA is a kind of selective sol-

ent for AH-POSS-epoxy precursor. In fact, AH-POSS monomer is
ncompatible with DGEBA. When the AH-POSS content is lower
han 30 wt%, the AH-POSS-epoxy precursor is easily soluble in
GEBA before curing. After curing, some POSS aggregates, which

s called irregular clusters, are formed because of the incompatibil-
ty of isobutyl and epoxy matrix and the interaction of POSS–POSS.

eanwhile, some “vesicle” areas are also formed in the cluster.
he “vesicle” structures were further fixed with the magnification
f TEM figure (Fig. 5c) and depicted in Scheme 3. It is seen that
he irregular clusters consist of small domains with the diameter
f about 20 nm (Fig. 5b and Scheme 3). The domain is presented
s “vesicle” structure. The results of magnification figure of TEM
Fig. 5c and Scheme 3) indicate that there are also some epoxy
hains inside of the domains, which form the core of “vesicle”. And
OSS aggregates together to form the shell of “vesicle” because of
he interaction of the isobutyl groups and parts of epoxy chains are
nwrapped. Depending on the miscibility of AH-POSS-epoxy pre-
ursor and the epoxy matrix, the formation of “vesicle” structure
ould be accounted for polymerization-induced phase separation

echanisms.
The significant differences between the two systems for both

ormulations are also reflected in Fig. 6. For non-reacted sys-
em, there are some spherical holes dispersed non-uniformly and
parsely in the DGEBA matrix with sizes of about 1–2 �m, which

Fig. 5. TEM micrograph of pre-reacted system hybrid materials
th 30 wt% AH-POSS containing irregular clusters (a) and cavities (b).

are the residual AH-POSS extracted by CH2Cl2. With the increase of
AH-POSS content, it almost keeps unchanged in the size of spherical
holes, but becomes more in number. Because of the incompatibil-
ity between AH-POSS and DGEBA, the AH-POSS aggregates together
before curing and the parts of AH-POSS could not take part in the
cure reaction. Obviously there are also a few irregular clusters,
which could not be soluble in CH2Cl2. It could be assumed that
perhaps some AH-POSS reacted with DGEBA during the curing pro-
cess. The morphologies of the irregular clusters also look like those
in pre-reacted system.

3.4. Thermal properties

3.4.1. Glass transitions behavior
The glass transition behavior was confirmed by DMTA (Fig. 7).

The control epoxy exhibited a well-defined relaxation transition
centered at 131.0 ◦C which is attributed to the glass transition
of the epoxy thermoset. For pre-reacted system hybrid materials,
the DMTA thermograms display single Tg in the test temperature
range (30–180 ◦C). Compared to the Tg’s of control epoxy, the Tg’s
of hybrid materials are irregularly decreasing with the increase of
AH-POSS content.

The degree of curing reaction will mainly affect the Tg’s and E’s
of the hybrid materials. So FTIR was used to examine the degree
of curing reaction for both systems (shown in Fig. 8). The pure

DGEBA is characterized by the stretching vibration band of epoxide
groups at 915 cm−1 and all the epoxide bands disappeared after cur-
ing for both systems. Meanwhile, the band of 1731 cm−1 appeared
and the carbonyl groups were formed. It could be considered that
curing reactions have been carried out to completion. Therefore,

containing 20 wt% AH-POSS with different magnifications.
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Scheme 3. The simulated diagram of formation of insid

he depression of Tg’s could be ascribed to other reason for both
ystems.

For pre-reacted system hybrid materials, it has been found
hat the glass transition behavior of POSS-containing hybrid mate-

ial is decided by several factors. First, Tg of hybrid material is
uite depended on both types of R groups around silsesquioxane
ages and the interactions between R groups and polymer matrices
30]. POSS-containing hybrid material could display enhanced or
educed glass transition temperatures. For instance, a small amount

ig. 6. SEM micrographs of non-reacted system hybrid material with 5 wt% AH-
OSS.
sicle” structure in pre-reacted system hybrid material.

of POSS loadings gave rise to the significant enhancement of Tg in
cyclopentyl (and/or cyclohexyl) POSS styryl-co-4-methyl styrene
copolymers [11,31]. Furthermore, the counterpart nanocomposites
with cyclohexyl groups displayed the enhanced Tg in compari-
son with the cyclopentyl groups [32]. Second, Tg depression could
be ascribed to the decrease of cross-linking density [33]. The last
but not the least, it should be pointed out that in POSS-modified
polymer systems, polymer will be reinforced by POSS because the
POSS cages on polymer matrices could restrict the motions of poly-
mer chains due to the tether structure. In the present case of
pre-reacted system, the seven isobutyl groups of POSS molecule
are mainly responsible for the depression of the glass transition
because of the compatibility between isobutyl groups and epoxy
matrix. Meanwhile, monofunctional AH-POSS reacted with some
epoxy group, which will take up some cross-linking points, thus
the cross-linking density will decrease. However, POSS cages were
chemically bonded onto the cross-linking networks, which could
contribute the inhabitation effect of POSS cages partly on the
molecular motion. It is worth noticing that only while the AH-POSS
content increased, the hybrid material displays the reduced Tg’s.
The fact that the glass transition temperatures of hybrid materials

did not monotonously decrease with the increase of POSS con-
centration suggests that the change of Tg is affected by the above
comprehensive embodiment of several factors. The decreased Tg’s
are also reported in several POSS-containing epoxy nanocompos-
ites [34].
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ig. 7. The plots of DMA tan ı as functions of temperature for pre-reacted system (

For non-reacted system (Fig. 7b), Tg of the hybrid material
ecreases with the increase of AH-POSS content. It has been pro-
osed that the depression of Tg’s could result from the phase
eparation due to the incompatibility between isobutyl groups and
he epoxy matrix [35].

.4.2. Dynamic mechanical properties
Curves of dynamic storage modulus are the plots of storage

odulus (E′, E = E′ + iE′′) as functions of temperature for the con-
rol epoxy and the hybrid materials with the AH-POSS content up
o 40 wt% (Fig. 9a). Storage modulus indicates the storage of energy
n samples under stress–strain. It is interesting to note that in the
lass state and rubbery state, the dynamic storage modulus were
ignificantly lower than that of the control epoxy with the increase
f AH-POSS content except the modulus of the samples with 40 wt%
H-POSS. The modulus is irregularly increased while AH-POSS con-

ent is 40 wt%.
Because the curing reaction has been carried out to comple-
ion, the depression of E′ would be ascribed to other reasons.
s far as we known, the modulus of polymer networks is also
enerally related to the cross-linking density of the materials.
t has also been proposed that the POSS–POSS interactions have

dominant role in controlling the resulting physical properties

Fig. 8. FTIR spectra of the control epoxy and pre-reacted sys
non-reacted system (b) hybrid materials in the temperature range of 30–180 ◦C.

of modified system and the POSS–POSS interactions are impor-
tant in the hybrid systems with chemically grafted POSS [36].
In addition, the nano-reinforcement of POSS cages would bring
improvement for POSS/polymer hybrid materials. The incorpora-
tion of the compact POSS blocks in the cross-linking networks
brings about reinforcement of local chains.

In the present case of pre-reacted system, POSS molecules were
chemically bonded onto the epoxy chains and the POSS are the
dangling units of the chain. POSS–POSS interactions formed POSS
domains. The incompatibility of aliphatic R groups of isobutyl and
epoxy matrix could contribute to the decrease in modulus for the
hybrid materials [30]. When T < Tg, the molecular chain is frozen,
and spherical cage type POSS can be used as “rolling ball” lubricant
for the frozen chain, which will weaken the interaction between
chains. As a result, the E′ depressed with the increase of AH-POSS
content. In rubbery state, the moduli of epoxy networks are gen-
erally related to cross-linking density. AH-POSS was tethered into
the epoxy system and took up some cross-linking points. Thus, the

cross-linking densities of materials are expected to be lower than
that of the control epoxy. When AH-POSS content is lower than
30 wt%, polymerization-induced phase separation occurred and the
cross-linking densities will decrease with the increase of POSS con-
tent in hybrid materials. So the depression of modulus has been

tem (a) and non-reacted system (b) hybrid materials.
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Fig. 9. The plots of DMA dynamic storage modulus as functions of tempe

ecided mainly by the above factors. However, it is obvious that
he modulus is irregularly increased and higher than others, when
H-POSS content is 40 wt%. In this sample, macro-phase separa-

ion occurred either before or after curing. Because the DGEBA
s a selective solvent for AH-POSS-epoxy precursor, it could be
ssumed that POSS rich phase and DGEBA rich phase are formed
efore curing when the AH-POSS content is 40 wt%. After curing,
he cross-linking density of DGEBA rich phase is improved because
f its lower content of AH-POSS-epoxy precursor in the DGEBA rich
hase. Moreover, with the nano-reinforcement of the POSS rich
hase, the modulus is increased.

For non-reacted system (Fig. 9b), it is noted that the modulus of
he hybrid material exhibited monotonous decrease as a function
f POSS concentration. Phase separation and the incompatibility of
he isobutyl groups of AH-POSS and the epoxy matrix mainly con-
ribute to the decrease in modulus for hybrid material, especially at
igher concentration of AH-POSS. Nonetheless, there is a significant
ifference in dynamic mechanic properties between pre-reacted
nd non-reacted system.
.5. Thermal stability

The thermal stability of the composites was investigated with
hermogravimetric analysis (TGA). Fig. 10 shows the TGA curves

Fig. 10. TGA thermograms of pre-reacted (a)
for pre-reacted system (a) and non-reacted system (b) hybrid materials.

of the materials, recorded in an air atmosphere. The changes in
thermal stability for epoxy networks by incorporating AH-POSS
molecules into the systems were observed for the two systems in
terms of both rates of weight loss from segmental decomposition
and ceramic char. The initial thermal decomposition temperature
(Td) is defined as the temperature at which the mass loss of 5 wt%
occurs.

For pre-reacted system, it is assumed that the covalent formed
in AH-POSS-epoxy precursor chemically bonding into the net-
work contributed to the enhancement of the initial decomposition
temperature. In addition, it has been proposed that the tether
structure was crucial to improvement in thermal stabilities of POSS-
containing nanocomposites [17,37]. However, the decreased Td
for the composites could result from the increased chain spacing,
which establishes more space for oxygen to enter. In the present
case, POSS cages participated in the formation of the cross-linking
network and in other words, the POSS cages were tethered into
polymer matrix. Because of the relatively large volume comparing
with the epoxy chain, the increased chain spaces were established

with the AH-POSS incorporation. Thus, the initial Td was decreased.
However, it should be pointed out that the higher Td for the phase-
separated composite containing 40 wt% AH-POSS could be related
the macro-phase separation and the Td will be close to that of con-
trol epoxy. Also it is noted that the ceramic char of hybrid materials

and non-reacted (b) hybrid materials.
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re increased while the content of AH-POSS is higher. It is obvious to
e seen that the more the content of AH-POSS is, the more stable the
omposite is at the higher temperature, which could be interpreted
hat POSS could form the SiO2 layer to prevent decomposition of
he hybrid material during the heating process, which indicates the
ood flame retardancy.

For non-reacted system, the reason for decrease of initial Td is
hat phase separation happened. AH-POSS molecules in the dis-
ersed phase could be converted into the silica particles via the
ondensation reaction among Si–O–Si at elevated temperatures.
he silica particles are quite stable in the system until the mass
oss from segmental decomposition of organic component undergo
o completion. Therefore, the rates of mass loss from segmental
ecomposition were significantly decreased at higher temperature.

Within the test temperature range, all the TGA curves display
wo-step decomposition mechanism, Firstly organic part decom-
osed, then the Si–O–Si is transformed to SiO2 [38]. It suggested
hat the existence of POSS did not significantly alter phase separa-
ion content results in a higher char, as would be expected.

. Conclusions

AH-POSS was synthesized via the hydrosilylation reaction
etween THPA and (i-C4H9)7Si8O12OSi(CH3)2H. Then AH-POSS
as incorporated into DGEBA to prepare organic–inorganic hybrid
aterials with HHPA as curing agent. For the pre-reacted system,
hile the AH-POSS content is lower than 30 wt%, polymerization-

nduced phase separation occurred. When AH-POSS content is
igher than 30 wt%, the macro-phase separation happened before
nd after curing. It is plausibly proposed that DGEBA has a certain
olubility of AH-POSS-epoxy precursor.

For pre-reacted system, SEM and TEM micrograph indicates that
he irregular clusters are formed with some nano “vesicle” struc-
ure inside and dispersed in the matrix with POSS content lower
han 30 wt%. For non-reacted system, the spherical AH-POSS par-
icles with diameter ranging from 1 to 2 �m are dispersed in the
ontinuous epoxy matrices also with a few of irregular clusters.

The hybrid material with different microstructure displays dif-
erent thermomechanical properties. For pre-reacted system, Tg’s
f hybrid materials are not monotonously decreased with the
ncrease of AH-POSS content. The change in thermomechanical
roperties has been ascribed to the dispersion of AH-POSS-epoxy
recursor, the formation of tether structure and the cross-linking
ensity in the materials. The hybrid materials with POSS content

ower than 30 wt% possess lower E’s than that of control epoxy
hermosets. But the E′ of the sample with 40 wt% AH-POSS con-
ent is irregularly increased. The improvement of properties has
een ascribed to the morphology and the compatibility of AH-
OSS-epoxy precursor with epoxy matrix. The non-reacted system
isplayed the decreasing Tg’s and storage modulus because of
he prime macro-phase separation. In terms of thermogravimet-
ic analysis, the pre-reacted system hybrid materials displayed the
ecreasing initial thermal decomposition temperatures (Td’s) with
H-POSS content lower than 30 wt%. However, when the AH-POSS
ontent was up to 40 wt%, the Td was closed to that of control epoxy.
he non-reacted system hybrid material displayed the decreasing
d’s because of the initial phase separation and the incompatibility
f isobutyl groups and the epoxy matrix.
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