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Abstract

A nanoporous polyhedral oligomeric silisesquioxane (POSS) containing eight epoxy functional groups [octakis(dimethylsiloxypro-

pylglycidyl ether)silsesquioxane, OG] reacts with meta-phenylenediamine (mPDA) to form epoxy resin network with nanostructures. The

glass transition temperature (Tg) of the cured OG/mPDA product is significantly higher than that of the diglycidyl ether of bisphenol A

(DGEBA) cured with mPDA (DGEBA/mPDA) material due to the presence of the POSS cages that is able to effectively hinder the motion of

the network junctions. The cured OG/mPDA product inherently possesses higher thermal stability than the cured DGEBA/mPDA product

based on higher maximum decomposition rate temperature, and higher char yield of the former. However, the existence of large fraction of

the unreacted amine groups causes lower initial decomposition temperature of the OG/mPDA because it tends to decompose or volatilize on

heating at relatively low temperature. The dielectric constant of the OG/mPDA material (2.31) is substantially lower than that of the

DGEBA/mPDA (3.51) as a consequence the presence of nanoporous POSS cubes in the epoxy matrix.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Hybrid materials having both inorganic and organic

components are interesting substances from the standpoint

of their potentially increased performance capabilities

relative to those of either of their nonhybrid species. The

polyhedral oligomeric silsesquioxanes (POSS) have

received a great deal of attention recently as modifiers of

organic polymers. One special feature of the POSS particle

is that its dimension (1.5 nm) is of comparable size to that of

typical polymer segments. Incorporation of POSS particles

into linear thermoplastics or thermoset networks is able to

improve their thermal, oxidative, and dimensional stability

and this process provides many polymer resins for high-
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performance engineering applications. Some examples of

thermoplastic and thermoset systems have undergone such

modification including methacrylates [1,2], styrenes [3],

norbornenes [4], epoxies [5–10], and siloxanes [11] etc.

Clearly, many nanocomposites can be designed using

functionalized POSS derivatives in conjunction with

traditional plastics and resins. It has been reported that

monofunctional or multifunctional POSS-epoxies can be

incorporated into the backbone of epoxy resin to improve its

thermal properties [5–10].

In this investigation, we synthesized a multifunctional

POSS-epoxy monomer that was then reacted with mPDA to

form epoxy based nanomaterials. Specifically, we focused

our attention in this study on the curing kinetics and thermal

and dielectric properties of the POSS-containing materials

by differential scanning calorimetry (DSC), modulated

differential scanning calorimetry (MDSC), thermogravi-

metric analysis (TGA), and dielectric analysis (DEA).
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2. Experimental
2.1. Materials

Octakis(dimethylsilyloxy)silsesquixoxane (HMe2-
SiOSiO1.5)8 and platinum 1,3-divinyl-1,1,3,3-tetramethyl-

disiloxane [Pt(dvs)] were purchased from the Aldrich, USA.

Allyl glycidyl ether (AGE) and meta-phenylenediamine

(mPDA) were purchased from Acros, Belgium. The

DGEBA (DER 331, EEWZ190 g/equiv.) was purchased

from Dow Chemical Company of USA. The chemical

structures of the compounds used in this study are depicted

in Scheme 1.
Scheme 1. Chemical structures of the
2.2. Sample preparations
2.2.1. Octakis(dimethylsilyloxypropylglycidyl

ether)silsesquioxane (OG) [6]

The synthesis of OG is presented in Scheme 2. The

POSS derivative (HMe2SiOSiO1.5)8 (0.50 g, 0.49 mmol)

and toluene (5 ml) were added into a 25 ml Schlenk

flask and stirred magnetically. AGE (0.46 ml,

3.92 mmol) was added, followed by 10 drops of

2.0 mM Pt(dvs). The reaction mixture was stirred for

8 h at 80 8C, cooled, and then dry activated charcoal

was added. After stirring for 10 min, the mixture was

filtered through a 0.45 mm Teflon membrane. The
compounds used in this study.



Scheme 2. Synthesis of OG.
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solvent was evaporated and an opaque viscous liquid

was obtained (0.86 g, 90% yield).

2.3. Preparing cured samples

2.3.1. OG/mPDA system

Stoichiometric amounts of OG and mPDA monomers

were mixed in a high-speed stirrer for 10 min at 55 8C. After

degassing under vacuum, the mixture was cured at 120 8C

for 180 min (pre-cured) and then at 190 8C for 100 min

(post-cured) before thermal and dielectric characterizations.

2.3.2. DGEBA/mPDA system

Stoichiometric amounts of DGEBA and mPDA mono-

mers were mixed in a high-speed stirrer for 10 min at 55 8C.

After degassing under vacuum, the mixture was cured at

120 8C for 180 min (pre-cured) and then at 190 8C for

100 min (post-cured) before thermal and dielectric

characterizations.

2.4. Dynamic curing kinetics

The dynamic curing kinetics was studied using a Du-Pont

2910 Differential Scanning Calorimeter operating under a

nitrogen atmosphere. The sample (ca. 7 mg) was placed in a

sealed aluminum sample pan. Dynamic curing scan were

conducted from 30 to 350 8C at a heating rate of 10, 20, 30

or 40 8C/min.

2.5. Isothermal curing kinetics

Isothermal curing was conducted at four different

temperatures (90, 100, 110 and 120 8C).

2.6. Characterization

2.6.1. Fourier transform infrared spectra (FT-IR)

To analyze the epoxide content of the system, each

sample was placed on a KBr pellet and FTIR spectra were

obtained at 120 and 190 8C using a Nicolet AVATAR 320
FT-IR spectrometer (Madison, Wisconsin, USA) operating

at a resolution of 2 cmK1.
2.6.2. 13C NMR spectra

All solutions were prepared by dissolving samples in

CDCl3.
13C spectra were recorded at 25.8 8C on a Varian

Unity 400 spectrometer. Spectral parameters used a spectral

width of 21,200 Hz, a 908 pulse width of 7.2 ms, a filter

bandwidth of 21,000 Hz, an acquisition time of 0.9 s and

2500 repetitions.
2.6.3. Solid-state NMR spectra

High-resolution solid-state 13C NMR experiments were

carried out at room temperature using a Bruker DSX-400

spectrometer (Bruker Instruments, Billerica, MA) operated

at resonance frequencies of 399.53–100.47 and 399.53–

161.72 MHz for 13C. The 13C CP/MAS spectra were

measured with a 3.9 ms 908 pulse, with 3 s pulse delay

time, acquisition time of 30 ms, and 2048 scans. All NMR

spectra were taken at 300 K using broadband proton

decoupling and normal cross-polarization pulse sequencing.

A magic angle sample spinning (MAS) rate of 5.4 kHz was

used to eliminate resonance broadening attributed to the

anisotropy of the chemical shift tensors.
2.6.4. Modulated differential scanning calorimetry (MDSC)

Glass transition temperatures were determined using a

Du-Pont Q100 Modulated Differential Scanning Calori-

meter operating under nitrogen atmosphere. The cured

sample (ca. 7 mg) was placed in a sealed aluminum sample

pan and was heated from 30 to 300 8C at heating rate of a

5 8C/min using an amplitude of modulation G0.6 8C and a

period of 60 s.
2.6.5. Dynamic mechanical analysis (DMA)

Dynamic mechanical behavior of cured sample was

studied using a Du-Pont 2980 dynamic mechanical

analyzer. Cured sample was polished to z3.0!13.0!
30.0 mm3 and mounted on a single cantilever clamp. The
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mechanical properties were measured under nitrogen in step

mode every 5 8C from 100 to 350 8C at frequency rZ1 Hz.

2.6.6. Thermogravimetric analysis (TGA)

The thermal stability of the samples was characterized by

using a Du-Pont 2050 Thermogravimetric Analyzer operat-

ing under a nitrogen atmosphere. The cured sample ca. 7 mg

was placed in a Pt cell and heated at a rate of 20 8C/min from

30 to 800 8C at a nitrogen flow rate of 60 ml/min.

2.6.7. Dielectric analysis (DEA)

DEA experiments were performed using a Du-Pont 2970

Dielectric Analyzer equipped with a ceramic parallel plate

sensor. The frequency used for the DEA experiments was

100 kHz and the permittivity (3 0) was monitored.
3. Results and discussion

An optimal curing process depends on the understanding

of the curing kinetics, curing mechanism, and an accurate

modeling of the curing process. This modeling process

includes determining the mechanism and an appropriate

kinetic equation in terms of reaction order and activation

energy. An accurate model not only helps to predict the

curing behavior and assist process design and control, but

also can be used to predict aging and degradation of

thermosetting polymer systems. The model can further be

used to compare the curing behavior of different systems or

formulations using different matrices, catalysts, fillers and

additives.

The current understanding of the mechanism and kinetics

of curing lags the rapid increase in formulations and

industrial applications of epoxy-based resins and composite

systems. The mechanism and kinetics of curing have yet to

be understood comprehensively, and an accurate model of

an optimal curing process has yet to be clearly established

[11]. To date, no study has been reported that models the

curing of the OG/mPDA system.

An appropriate method must be used to measure

accurately the curing kinetic parameters, namely the degree

of conversion (a), the conversion rate (da/dt), and the

activation energy (E).

The rate of conversion can be defined as follow:

da

dt
Z

dH=dt

DHRxn

(1)

where DHRxn is the heat of reaction. DSC techniques can be

applied to this problem using two basic approaches:

isothermal curing carried out at a single cure temperature

and dynamic curing undertaken at a constant heating rate.

3.1. Dynamic kinetics

We performed a kinetic analysis using two kinetic
models: the Kissinger and Flynn–Wall–Ozawa models

[12–14]. We used these two methods in this study rather

than other non-isothermal methods because they do not

require a prior knowledge of the reaction mechanism in

order to quantify the kinetic parameters.

According to the Kissinger method, the activation energy

is obtained from the maximum reaction rate where

d(da/dt)/dt is zero under condition of a constant heating

rate. The resulting relation can be expressed as

d½lnðq=T2
mÞ�

dð1=TmÞ
ZK

E

R
(2)

where Tm is the temperature at which the rate is maximized

and q is a constant heating rate. Therefore, a plot of lnðq=T2
mÞ

versus 1/Tm gives the activation energy without the need to

make any assumptions about the conversion-dependent

function.

Flynn–Wall–Ozawa developed an alternative method to

calculate the activation energy, based on the equation:

logðqÞZ log
AE

gðaÞR

� �
K2:315K

0:457E

RT
(3)

Using this equation, a more accurate value of the activation

energy can be obtained by iteration or least-squares

techniques to improve the linear approximation of the

temperature integration term.

Both the Kissinger and Flynn–Wall–Ozawa methods

assume that the DSC peak exotherm is an iso-conversion

and its value is independent of the heating rate. We

employed these two methods in this study by using the data

obtained in the dynamic heating experiments at different

heating rates between 10 and 40 8C minK1. Fig. 1 displays

the heat flow measured by DSC during curing at various

heating rates. The temperature of maximum rate (Tp)

increases from 154.0 to 206.2 8C upon increasing the

heating rate.

By applying the Flynn–Wall–Ozawa and Kissinger

methods to the observed maximum reaction rate (i.e. the

peak of the DSC thermogram), we determined the activation

energy from the slope of the line presented in Fig. 2. The

calculated activation energies for curing of the OG/mPDA

system are 49.21 and 51.95 kJ/mol according to the

Kissinger and Flynn–Wall–Ozawa methods, respectively.

The corresponding activation energies obtained for curing

of the DGEBA/mPDA are 48.21 and 48.33 kJ/mol,

respectively. Therefore, the OG/mPDA system has a

slightly higher activation energy than that of the DGEBA/

mPDA, implying that OG has lower reactivity than

DGEBA.
3.2. Isothermal kinetics

The conversion and the rate of conversion proceed

continuously through the reaction as the uncured resin is

cured isothermally. The conversion is measured using



Fig. 1. Typical dynamic DSC thermograms of the OG/mPDA system.
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DSC as

at Z
DHh

DHRxn

(4)

where the subscript t indicates the value at time t and DHh is

the heat of reaction at time t. An alternative method is to

measure the heat evolved during cross-linking of the

partially cured sample. This latter method becomes

necessary when the exothermic energy is too small to be

detected by the former method. A distinct advantage of the

latter method is that it allows the value of Tg and the
Fig. 2. Activation energies for the curing of the OG/mPDA system obta
conversion to be measured simultaneously. With this

method, the percentage conversion is calculated using the

equation

at Z
DHRxn KDHr

DHRxn

(5)

where DHr is the residual heat of reaction. The analysis of

autocatalyzed curing reactions assumes that at least one of

the reaction products is also involved in the propagation

reaction characterized by an accelerating isothermal con-

version rate. The kinetics of autocatalyzed reactions are
ined by the Kissinger method and Flynn–Wall–Ozawa methods.



Table 1

Temperatures of the peaks of the exotherms and the corresponding

activation energies, obtained from DSC analysis during curing of the

OG/mPDA and DGEBA/mPDA systems

q (8C/min) T1
p (8C)

OG/mPDA DGEBA/

mPDA

10 154.0 150.4

20 177.9 174.2

30 191.0 184.0

40 206.2 200.2

Ea (kJ/mol) Kissinger 49.21 45.21

Flynn–Wall–

Ozawa

51.95 48.33

T1
p : the temperature of maximum rate.
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described as follows

da

dt
Z k 0amð1KaÞn (6)

where mis reaction order of autocatalytic reaction and n is

reaction order of nonautocatalytic reaction and k 0(T) is the

specific rate constant.

Fig. 3 displays typical isothermal DSC thermograms of

the OG/mPDA system. The peaks indicating the times at

which the reaction rates reach their maxim at curing

temperatures of 90, 100, 110 and 120 8C occurring at 15.79,

5.68, 4.04and 1.98 min, respectively. The reaction rate at

any temperature increases with time and passes through a

maximum. The maximum reaction peak has a higher

intensity, and less time is needed as the isothermal

temperature is increased. Fig. 4 displays plots of the

reaction rate versus conversion for the OG/mPDA system

where maximum rates are reached at conversions between

0.2 and 0.4 (Table 1).

The findings in Fig. 4 indicate that the curing reaction of

the OG/mPDA system is autocatalytic in nature and, thus,

Eq. (6) is applicable. Table 2 lists the kinetic parameters

obtained for OG cured with mPDA. The activation energies

of the isothermal kinetics of the OG/mPDA and DGEBA/

mPDA systems are 59.11 and 53.5 kJ/mol [15], similar

trend occurs here as they did for the dynamic kinetics study.
3.3. Curing process

We characterized the curing process of the DGE-

BA/mPDA and OG/mPDA systems by FTIR spectroscopy

at both 120 and 190 8C. Fig. 5 displays the FTIR spectra
Fig. 3. Typical isothermal DSC thermograms of the O
obtained at various time periods during the curing process of

the DGEBA/mPDA (A) and OG/mPDA (B) systems by

heating at 120 8C (pre-cured) and 190 8C (post-cured),

respectively. A comparison of the spectra for the curing

process at 120 8C reveals that the stretching vibration band

of the epoxy ring at 910 cmK1 decreases upon increasing the

curing time. Both systems were then heated at 190 8C for

180 min of the post-cured process. After post-curing, the

epoxy characteristic peak (910 cmK1) of the DGBEA/

mPDA system is almost disappeared. In the OG/mPDA

system, substantial fraction of unreacted epoxy peak still

present. Fig. 6 displays the epoxy conversion based on

A910 cmK1 =A829 cmK1 at various time periods during the curing

process of DGEBA/mPDA (A) and OG/mPDA (B) systems

by heating at 120 8C (pre-cured). The A910 cmK1 is the area of

epoxy ring and A829 cmK1 is area of the phenyl group of
G/mPDA systemat various curing temperatures.



Fig. 4. Reaction rate versus conversion of the OG/mPDA system at various curing temperatures.
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mPDA. The DGEBA/mPDA has the usual high conversion

as would be expected. Due to the severe steric effect of the

POSS units of the OG monomer of OG/mPDA system

results in incomplete curing only 50% epoxy conversion

after pre-curing.
3.4. Curing mechanism of OG/mPDA system

We confirmed the curing mechanism of OG/mPDA by

FTIR spectroscopy and 13C NMR and 13C solid state NMR.

Fig. 7 displayed the chemical shifts of 13C NMR of OG for –

CH3 group at K0.5 ppm and epoxy group at 50.6 and

44.0 ppm. Fig. 8 displayed the chemical shifts of mPDA for

meta-diamine phenyl group at 147.3 ppm. Fig. 9 showed the

chemical shifts of 13C solid state NMR of OG cured with

mPDA for –CH3 group of OG atK0.4 ppm, epoxy group at

53.2 and 46.4 ppm, and meta-diamine phenyl group of

mPDA at 145.5 ppm and other chemical shifts of OG cured

with mPDA were exist in NMR spectra. Fig. 5 showed the

FTIR spectra obtained at various time periods during the

curing process of the OG/mPDA (B) system and the FTIR

spectra showed the unreacted epoxy group at 910 cmK1 and
Table 2

Data obtained during isothermal curing of OG/mPDA system at various curing te

Curing temperature (8C) Rate constant (minK1) Reaction order

m

90 0.0454 0.35

100 0.108 0.27

110 0.125 0.24

120 0.229 0.24

E1
a : the activation energy of curing reaction.
the epoxy group conversion is 50%. Scheme 3 showed the

curing mechanism for OG/mPDA system.
3.5. Glass transition temperature

Modulated differential scanning calorimetry (MDSC)

was applied to determine the glass transition temperature

(Tg) of the post-cured epoxies. Fig. 10 displays the

thermograms of reverse heat flow versus temperature of

the OG/mPDA and DGEBA/mPDA systems and results are

summarized in Table 3. Fig. 10 shows the glass transition of

OG/mPDA system is less clearly defined due to the POSS

cluster slows down the transition from glasslike behavior to

rubberlike behavior [16]. The values of Tg of OG/mPDA

and DGEBA/mPDA systems are at 239.3 and 159.5 8C,

respectively. In literatures [6,16,17] had been reported that

the presence of the rigid POSS cages is able to effectively

hinder the motion of the network junctions even the epoxy

conversion is very lower. Due to the POSS clusters

nanoscopic size, hinder the motion of network junctions.

Therefore, the Tg of the OG/mPDA network is substantially

higher than that of the DGEBA/mPDA network [5,8,10].
mperatures

E1
a (kJ/mol)

n

0.90 59.11

0.92

0.89

0.96



Fig. 5. FTIR spectra obtained during the process of curing (A) DAEBA/mPDA (B) OG/mPDA.

Fig. 6. Plot of conversion of epoxy ring during the process of curing (A) DAEBA/mPDA (B) OG/mPDA.

Table 3

Thermal properties and dielectric constant of OG/mPDA and DGEBA/mPDA materials

Tg (8C) Td,init (8C) Td,max (8C) DTG (%/min) Char yield at

750 8C (%)

Dielectric constant

OG/mPDA 239 254 439 15.8 38.8 2.31

DGEBA/mPDA 160 345 385 47.8 14.2 3.51

W.-Y. Chen et al. / Polymer 45 (2004) 6897–69086904



Fig. 7. 13C NMR spectrum of OG.
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Fig. 11 showed the thermogram of tan d of DMA of OG/

mPDA at frequencyZ1 and temperature of a-relaxation
(Tg) is at 235 8C (closely to MDSC result). Fig. 6 showed the

epoxy conversion verse Tg of OG/mPDA and observed that

the Tg of OG/mPDA increased with epoxy conversion

increasing. Due to the Tg increased with crosslinking density

increasing and the crosslinking density increased with

epoxy conversion increasing.
Fig. 8. 13C NMR spec
3.6. Thermal stability

The TGA thermograms of the post-cured OG/mPDA and

DGEBA/mPDA under N2 atmosphere are presented in Fig.

8 and results are summarized in Table 3. The initial

decomposition temperature (Td,init) of the OG/mPDA

(254 8C) is lower than that of the DGEBA/mPDA

(345 8C). As indicated in Fig. 5, a significant fraction of
trum of mPDA.



Fig. 9. 13C solid state NMR spectrum of OG cured with mPDA.
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unreacted epoxy (w50%) still exists in the FTIR spectrum

of the post-cure product. Therefore a similar mole fraction

of unreacted amino groups is also expected to be present

because stoichiometric quantities of epoxy and amino are

employed in preparing this OG/mPDA system. Amino

groups that are either pendent or unreacted in the final cured

product tend to decompose or volatilize upon heating at

relatively low temperatures [6]. Therefore, the value of

Td,init of the OG/mPDAmaterial lower than that of DGEBA/

mPDA understandable. However, maximum decomposition

rate temperature (Td,max) of the former is higher than the
Scheme 3. Curing mechanism o
latter (439 8C versus 385 8C). Maximum decomposition rate

(DTG,max) of the former is lower than the latter (15.8%/min

versus 47.8%/min). Because the cage structure of the OG/

mPDA is more stable. The char yield at 750 8C of the OG/

mPDA system is also significantly higher than that of the

DGEBA/mPDA (38.8 versus 14.2%). This result can be

interpreted as the consequence of degradation of the POSS

structure to form SiO2 that is inflammable [6,17]. In

conclusion, the OG/mPDA should inherently possess higher

thermal stability than the DGEBA/mPDA, however, the

presence of unreacted amine group causes lower initial

decomposition temperature (Fig. 12).

3.7. Dielectric constant

We characterized the dielectric constant of cured

OG/mPDA and DGEBA/mPDA by DEA and density test.

For DEA testing, dielectric constants of the finally cured

OG/mPDA and DGEBA/mPDA materials at 100 kHz and

25 8C are 2.31 and 3.51, respectively (Table 3). For density

testing, the results were shown in Table 4 and the density of

OG/mPDA system was lower than DGEBA/mPDA and OG/

mPDA system had high porosity (24%). It has been reported

previously that higher POSS content results in a lower

dielectric constant [18]. Thus, as expected, the POSS-

containing OG/mPDA system possesses a lower dielectric

constant than that of the DGEBA/mPDA system. The

presence of nanoporous cubes-like POSS units in the epoxy

resin is responsible for the lower dielectric constant [18,19].
f OG cured with mPDA.



Fig. 10. Plot of reverse heat flow versus temperature obtained during MDSC analysis of the OG/mPDA and DGEBA/mPDA systems.

Fig. 11. Thermogram of tan d of DMA of OG/mPDA.

Table 4

Densities of OG/mPDA and DGEBA/mPDA systems

Theoretical density (g/cm3) Measured density (g/cm3) Porosity (%) Fraction free volume*

(FFV)

DGEBA/mPDA 1.38 1.34 0 0.29

OG/mPDA 1.30 1.02 24 0.51

Fraction Free volume*: fractional free volume

W.-Y. Chen et al. / Polymer 45 (2004) 6897–6908 6907



Fig. 12. TGA thermograms of OG/mPDA and DGEBA/mPDA materials.
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4. Conclusions

A new nanomaterial based on POSS-epoxy (OG) and

meta-phenylenediamne (mPDA) has been synthesized. The

activation energy in curing OG/mPDA system is higher than

that of DGEBA/mPDA system based on both Kissinger and

Flynn–Wall–Ozawa methods. In an isothermal kinetic study

based on autocatalytic system, the activation energy for

curing OG/mPDA is also higher than that of the DGE-

BA/mPDA system. The glass transition temperature (Tg) of

the cured OG/mPDA product is significantly higher than

that of the DGEBA/mPDA material due to the presence of

the POSS cages that is able to effectively hinder the motion

of the network junctions. The cured OG/mPDA product

inherently possesses higher thermal stability than the cured

DGEBA/mPDA product based on higher maximum

decomposition rate temperature, and higher char yield of

the former. However, the existence of large fraction of the

unreacted amine groups causes lower initial decomposition

temperature of the OG/mPDA because it tends to decom-

pose or volatilize on heating at relatively low temperature.

The dielectric constant of the OG/mPDA material (2.31) is

substantially lower than that of the DGEBA/mPDA (3.51)

as a consequence the presence of nanoporous POSS cubes in

the epoxy matrix.
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