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bstract

Hybrids containing silicon, phosphorous and nitrogen were prepared by the sol–gel method and compared with pure epoxy. The silicon,
hosphorous and nitrogen components were successfully incorporated into the networks of polymer. Thermogravimetric analysis (TGA) was used
or rapid evaluation of the thermal stability of different materials. The integral procedure decomposition temperature (IPDT) has been correlated
he volatile parts of polymeric materials and used for estimating the inherent thermal stability of polymeric materials. The IPDT of pure epoxy
as 464 ◦C and the IPDTs of hybrids were higher than that of pure epoxy. The thermal stability of hybrids increased with the contents of inorganic

omponents. The inorganic components can improve the thermal stability of pure epoxy.

Two methods have been used to study the degradation of hybrids containing silicon, phosphorous and nitrogen hybrid during thermal analysis.

hese investigated methods are Kissenger, Ozawa’s methods. The activation energies (Ea) were obtained from these methods and compared. It
s found that the values of Ea for modified epoxy hybrids are higher than that of pure epoxy. The hybrids of high activation energy possess high
hermal stability.
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eywords: Epoxy; Sol–gel; Degradation; Thermal stability; Activation energy; Silicon; Phosphorous; Nitrogen

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
2. Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

2.1. Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
2.2. Preparation of IPTS-epoxy/SM-IATE 15/DPPETES hybrid materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
2.3. Reaction schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.4. Thermogravimetric analysis (TGA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.1. Thermal stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.2. Kinetics of thermal degradation in nitrogen atmosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

. . . .

. . .

. Introduction

Inorganic/organic hybrid materials are of increasing inter-
st as constituents of coating materials for a wide variety of
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applications since they offer the prospect of combining the
mechanical toughness and flexibility of organic component with
the hardness and thermal stability of the inorganic component.
4. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Improvement of thermal stability of polymer materials is a last-
ing challenge. Formation of stable char is one of the desirable
mechanisms of flame retardation in polymers, since the char
layer acts both as a thermal insulator and as a barrier to oxygen

mailto:dragon@sunrise.hk.edu.tw
dx.doi.org/10.1016/j.tca.2006.11.013


9 chimi

d
t
i
s
T
n
m
n
fi
i
t
[
t
m
c
c
t
i

M

C

a

N

M

o
s
r
O
o

2

2

(
Y
s
g
(
g
(
L
s
c
D
U
T
r
w
t
w
U

2
h

t
D
e
t
a
1
a
w
o
D
s
A
I
s

T
C

S

E
E
E
E

8 C.-L. Chiang et al. / Thermo

iffusion. A good way to augment char formation is by addi-
ion of inorganic fillers, since the presence of inherently stable
norganic phase makes char more mechanically stronger, con-
equently improving its insulating and barrier properties [1].
he organic/inorganic hybrid materials could also be called
anocomposites, as the inorganic phase is dispersed in the poly-
er matrix at a molecular (nanometric) level. But unlike the

anocomposites prepared by mixing pre-existing nano-sized
ller into the matrix, in hybrids the inorganic phase is formed

n situ by hydrolysis and condensation of metal alkoxides. The
echnique is called the sol–gel reaction. The sol–gel process
2–10] has provided promising opportunities for the prepara-
ion of a variety of organic/inorganic hybrid materials at the

olecular level. The in situ development of a three-dimensional
ross-linked inorganic network structure using an organic pre-
ursor such as an alkoxide, M(OR)4, can be carried out within
he polymer matrix. The hydrolysis and condensation reactions
nvolved in the process may proceed as follows [11]:

Hydrolysis:

(OR)4 + H2O → (RO)3M–OH + ROH (1)

ondensation:

(2)

nd/or

(3)

et reaction:

(4)

= Si or Ti, etc.

In this work, thermal properties and degradation kinetics

f novel organic/inorganic epoxy hybrid containing nitrogen/
ilicon/phosphorus were studied by means of thermogravimet-
ic analysis (TGA). Two analytical methods, Kissinger’s [12],
zawa’s [13] methods were used to obtain the kinetic parameters
f thermal degradation for comparison.

r
p
w
c
w
t

able 1
ompositions of epoxy/SM-IATE hybrid systems with different DPPETES contents

ample no. IPTS-epoxy
(wt.%)

SM-IATE
(wt.%)

DPPETE
(wt.%)

poxy/SM-IATE 15 85 15 0
poxy/SM-IATE 15/DPPETES 5 80 15 5
poxy/SM-IATE 15/DPPETES 10 75 15 10
poxy/SM-IATE 15/DPPETES 15 70 15 15
ca Acta 453 (2007) 97–104

. Experimental

.1. Materials

The epoxy resin used was the diglycidyl ether of bisphenol A
DEGBA, NPEL-128) which was generously provided by Nan
a Plastics Corporation, Taiwan. 3-Isocyanatopropyltriethoxy-
ilane (IPTS) was purchased from United Chemical Technolo-
ies, Inc., USA. 2-(Diphenylphosphino)ethyltriethoxysilane
DPPETES) was obtained from United Chemical Technolo-
ies, Inc., Bristol, PA, USA. Isocyanuric acid triglycidyl ester
IATE) was obtained from TCI, Tokyo Chemical Industry Co.,
td, Tokyo, Japan. 3-Aminopropyltriethoxysilane (APTS) was
upplied from ACROS Organics Co., Janssens Pharmaceuti-
alaan, 3A2440 Geel. Poly(oxypropylene)diamine (Jeffamine
400) was from the Huntsman Corporation, Salt Lake City,
tah 84108, USA. N,N-Dimethyl acetamide (DMAc) was from
EDIA Co. Farfield, Ohio, USA. Tetrahydrofuran (THF) was

eagent grade and supplied by Echo Chemical Co. Ltd., Tai-
an. Concentrated hydrochloric acid used was obtained from

he Union Chemical Works Ltd, Taiwan. Isopropyl alcohol (IP)
as purchased from the Tedia Company, Inc, Farfield, Ohio, and
SA.

.2. Preparation of IPTS-epoxy/SM-IATE 15/DPPETES
ybrid materials

The hybrid ceramers were prepared by mixing two solu-
ions, A and B and then added 5 wt.%, 10 wt.%, 15 wt.%
PPETES into the mixture. Solution A consisted of modified

poxy resin and THF. The modified epoxy resin was syn-
hesized as follows: 4 g IPTS (equivalent weight 247 g) was
dded to 10 g DGEBA type epoxy resin (equivalent weight
80 g) at 60 ◦C, and was then stirred for 4 h until the char-
cteristic peak of the NCO group disappeared. IPTS reacted
ith epoxy to form IPTS-epoxy. Solution B, was composed
f IATE/APTS, in a molar ratio 3:1. IATE was dissolved into
MAc and its solid content was 20 wt.%. APTS was then

lowly poured into IATE solution and mixed at 50 ◦C for 12 h.
PTS was incorporated into IATE to form silane modified

ATE (SM-IATE). HCl was used as the catalyst for hydroly-
is. D400 was used as the curing agent of the modified epoxy
esin. The IPTS-epoxy/SM-IATE hybrid materials were pre-
ared with various SM-IATE feed ratios (Table 1). The mixtures

ere stirred until the solution became clear. The solutions were

ast into aluminum dishes to gel at room temperature. The
et gels were aged at room temperature for 48 h, and was

hen dried at 80 ◦C for 2 h in a vacuum oven. The samples

S Si content
(wt.%)

N content
(wt.%)

P content
(wt.%)

Si + N + P Content
(wt.%)

3.82 4.14 0.00 7.96
4.05 3.98 0.41 8.44
4.27 3.81 0.82 8.90
4.49 3.64 1.23 9.36
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Scheme 1. Reaction proce

ere placed in a vacuum oven at 150 ◦C for 4 h, then
as cured at 160 ◦C for 24 h. Table 1 shows compositions
f epoxy/SM-IATE hybrid systems with different DPPETES
ontents.
.3. Reaction schemes

See Schemes 1–3.

t
4
c
c

Scheme 2. Reaction process an
structure of IPTS-epoxy.

.4. Thermogravimetric analysis (TGA)

Thermal degradation of hybrid was investigated by a ther-
ogravimetric analyzer (Perkin Elmer TGA 7) from room
emperature to 800 ◦C with various heating rates (i.e., 5, 10, 20,
0 ◦C/min) under nitrogen atmosphere. The measurements were
onducted using 6–10 mg samples. Weight-loss/temperature
urves were recorded.

d structure of SM-IATE.
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. Results and discussion

.1. Thermal stability

Thermogravimetric analysis is one of the commonly used
echniques for rapid evaluation of the thermal stability of differ-
nt materials, and also indicates the decomposition of polymers
t various temperatures. Fig. 1 shows the TGA thermograms

f epoxy resin with various contents, from room temperature to
00 ◦C, in nitrogen atmosphere. Fig. 2 presents DTG curves with
arious contents at 10 ◦C/min. The slope of the curve indicates
he rate of the weight loss of material. The rate of weight loss

f
t
t
o

f epoxy/SM-IATE/DPPETS hybrids.

ecreases with decreasing value of the slope for the curve. The
alue of derivative for pure epoxy is higher than those of hybrids
n Fig. 2. It presents the inorganic components can restrain poly-

er from thermal degradation. From Figs. 1 and 2, the addition
f nitrogen/silicon/phosphorus can slow down the rate of degra-
ation of epoxy. Table 1 shows weight loss characteristics of
he epoxy resin with various contents of SM-IATE/DPPTTES.
ig. 3 shows the weight loss temperature versus weight loss

or epoxy resin with various SM-IATE/DPPETS contents. The
hermal stability of hybrids was lower than pure epoxy when the
hermal degradation just occurred. Owing to the less strength
f phosphorus bonds, phosphorus-containing groups in poly-
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Fig. 1. TGA thermograms of epoxy resin with various contents.

Fig. 2. DTG curves with various contents at 10 ◦C/min.

Fig. 3. The weight loss temperature vs. weight loss for epoxy resin with various
SM-IATE/DPPETS contents.
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ers decomposed at relatively low temperature region than the
rdinary polymer chains [14]. They form a surface layer of
rotective char during fire before the unburned structure mate-
ials begin to decompose [15–18]. The char yields of hybrids
re higher than pure epoxy during high temperature. The char
ield of the hybrid containing SM-IATE 15% was higher than
ure epoxy at 800 ◦C. High temperature thermal stability can
e increased with the addition of silicon-containing compounds
ecause their products are silicon dioxide, which cannot be
egraded further. The char yields of hybrids containing DPPETS
ncreased with the increasing of the contents of DPPETS con-
ents at 800 ◦C. The phenomena revealed the thermal stability
f hybrids increased with the contents of inorganic components.
pparently, enhancement of thermal stability of hybrids has
een achieved by incorporation of silicon, phosphorus and nitro-
en into epoxy resins with bringing a Si/P/N synergistic effect
19].

The integral procedure decomposition temperature (IPDT)
roposed by Doyle [20] has been correlated the volatile parts of
olymeric materials and used for estimating the inherent thermal
tability of polymeric materials [21,22]. IPDT was calculated
rom

PDT (◦C) = A∗K∗(Tf − Ti) + Ti (1)

∗ = S1 + S2

S1 + S2 + S3
(2)

∗ = S1 + S2

S1
(3)

here A* is the area ratio of total experimental curve defined
y the total TGA thermogram, Ti the initial experimental tem-
erature, Tf the final the initial experimental temperature. Fig. 4
hows a representation of S1, S2 and S3 for calculating A* and

*. From Table 2, the IPDT of pure epoxy was 464 ◦C and the

PDT of hybrids were higher than that of pure epoxy. The ther-
al stability of hybrids increased with the contents of inorganic

omponents. The inorganic components can improve the ther-

Fig. 4. Schematic representation of S1, S2 and S3 for A* and K*.
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Table 2
Weight loss characteristics of the epoxy resin with various contents of SM-IATE/DPPTTES

Sample no. Td10 (◦C) C.Y. at 800 ◦C IPDT (◦C)

Pure epoxy 375 6 464
Epoxy/SM-IATE 15 369 18 689
E 21 737
E 23 793
E 24 795

m
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poxy/SM-IATE 15/DPPETES 5 358
poxy/SM-IATE 15/DPPETES 10 353
poxy/SM-IATE 15/DPPETES 15 354

al stability of pure epoxy. Fig. 5 shows that the value of IPDT
as found to increase linearly with Si + N + P content in hybrid
aterials, which confirms improved thermal stability of hybrid
aterials.

.2. Kinetics of thermal degradation in nitrogen atmosphere

The degree of conversion, α, is defined as the ratio of the
ctual weight loss to the total weight loss, α = m0 − m/m0 − m∞,
here m is the actual weight at time t (or at temperature T); m0

he initial weight, and m∞ is the weight at the end of isother-
al or non-isothermal experiments. Consequently, the rate of

egradation dα/dt, depends on the temperature and the weight
f sample, as given by Eq. (1)

dα

dt
= k(T ) f (α) (1)

here k(T) is the rate constant and f(α) is a function of conver-
ion. If k(T) = A exp(−Ea/RT) and f(α) = (1 − α)n, then Eq. (1)
an be expressed as follows

dα

dt
= A exp

(−Ea

RT

)
(1 − α)n (2)

here A represents the pre-exponential factor; Ea, activation

nergy; R, gas constant; T, absolute temperature, and n, reaction
rder.

dα

(1 − α)n
=

[
A exp(−Ea/RT )

β

]
dT (3)

Fig. 5. The plot of IPDT vs. Si + N + P content.

1
d
l

F
I

ig. 6. Typical conversion curves for hybrid (epoxy/SM-IATE 15 wt.%/
PPETS 15%).

here β = heating rate Ozawa’s method considers several TGA
urves obtained at various heating rates (β). Fig. 6 shows the
elationships between the conversions and temperature at vari-
us heating rates. Fig. 7 presents Ozawa plots of log β versus

/T for each value of α, which displays excellent linearity. The
egree of conversion α is defined as the ratio of actual weight
oss to total weight loss. From the isoconversation curve, appar-

ig. 7. Typical Ozawa plots for the thermal degradation for hybrid (epoxy/SM-
ATE 15 wt.%/DPPETS 15%).
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Fig. 9. Typical DTG curves for hybrid (epoxy/SM-IATE 15 wt.%/DPPETS
15%).

Table 3
The calculated activation energy of thermal degradation (�E, kJ/mol) by
Kissinger’s method

Sample no. Kissinger’s
method

Ozawa’s
method

Pure epoxy 173 169
Epoxy/SM-IATE 15 241 224
Epoxy/SM-IATE 15/DPPETES 5 199 180
E
E

d
t
t

w
f
c
o
t
a
e
fi
t
i
w

l

4

ig. 8. The plot of the thermal degradation activation energy, �E (kJ/mol), with
arious conversions by Ozawa’s method.

nt activation energies are calculated from the slopes of the lines
sing the expression,

a = −slope × R

0.457
(4)

Fig. 8 illustrates the relationship between the activation ener-
ies of the hybrid and the degree of conversion, due to continuous
hange of degradation mechanisms. The activation energy of
hermal degradation generally increases with the extent con-
ersion for different contents of SM-IATE/DPPETS. Increasing
ependencies of the activation energy on conversion are quite
ypical for degradation of polymers, including epoxy materials
23]. The thermal stability of hybrid increases with the degree of
onversion. The formed char protects the polymer from further
egradation. The activation energy of hybrid containing 15 wt.%
ATE was higher than those of other hybrids containing phospho-
us. The average activation energies of hybrids were higher than
hat of pure epoxy. The phenomena revealed the incorporation of
M-IATE and DPPETS into the networks of hybrids would pro-
ote the thermal stability of hybrids. In the hybrid materials,

hosphorus and silicon might change their thermal degrada-
ion process. An opposite effect of phosphorus and silicon on
he activation energy was observed for the hybrids degrading in
itrogen. Introducing silicon into the epoxy resin leveled up their
ctivation energies of degradation and phosphorus depressed the
ctivation energies. The enhancing effect of silica was under-
tood with the thermal resistance of silica. Owing to the low
urface energy of silica, it would result in migration to the sur-
ace of resins to form a heat-resistant layer. The low activation
nergy of hybrid containing phosphorus was due to the weakness
f P–O bonds [16].

In Kissinger’s method, it was assumed that the temperature
f maximum deflection in differential thermal analysis is also

he temperature at which the reaction rate is a maximum. The

aximum rate occurs when the derivative of Eq. (3) is zero [12].
issinger’s method considers the maximum temperatures (Tm)
f the first derivative weight loss curves. Therefore, Eq. (3) is

i
t
o

poxy/SM-IATE 15/DPPETES 10 201 187
poxy/SM-IATE 15/DPPETES 15 213 190

ifferentiated with respect to T and the resulting expression set
o zero. With some rearrangement and using β = heating rate,
he following expression,

d[ln(β/T 2
m)]

d(1/T 2
m)

= −E

R
(5)

as derived. Therefore, the activation energy can be determined
rom a plot of ln(β/T 2

m) against 1/Tm. Fig. 9 displays the DTG
urves for pure epoxy and hybrids, from which Tm can be
btained. Table 3 showed the activation energies of degrada-
ion calculated from the slope for pure epoxy and hybrids. The
ctivation energy of pure epoxy was 173 kJ/mol. The activation
nergies of hybrids containing different contents of inorganic
llers were 241, 199, 201, 213 kJ/mol, respectively. The activa-

ion energies of hybrids were higher than that of pure resin. The
ncorporation of nitrogen, silicon and phosphorus into epoxy
ould promote the thermal stability of epoxy resin.
Kissinger’s method and Ozawa’s method yield similar calcu-

ation results, which are therefore reasonable.

. Conclusions
From TGA, the char yields of hybrids containing DPPETS
ncreased with the increasing of the contents of DPPETS con-
ents at 800 ◦C. Apparently, enhancement of thermal stability
f hybrids has been achieved by incorporation of silicon, phos-
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horus and nitrogen into epoxy resins with bringing a Si/P/N
ynergistic effect. The IPDTs of hybrids were higher than that of
ure epoxy. The thermal stability of hybrids increased with the
ontents of inorganic components. The inorganic components
an improve the thermal stability of pure epoxy.

It is also found that the values of Ea for modified epoxy hybrid
re higher than that of pure epoxy. The incorporation of nitrogen,
ilicon and phosphorus into epoxy would promote the thermal
tability of epoxy resin. Kissinger’s method and Ozawa’s method
ield similar calculation results, which are therefore reasonable.
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