
ORIGINAL PAPER

Preparation and characterization of nano-hybrids combining
poly(urea-imide) with a porous silica-pillared layered phase

Wei-Yao Chang1 & Ching-Nan Chuang1 & Szu-Hsien Chen1
& Chih-Kuang Wang2,3 &

Kuo-Huang Hsieh1,4

Received: 11 June 2015 /Accepted: 10 September 2015 /Published online: 2 October 2015
# Springer Science+Business Media Dordrecht 2015

Abstract The mechanical, thermal and dielectric properties
of nano-hybrids comprised of poly(urea-imide) (PUI) and a
highly porous nano-silica-pillared layered clay were studied.
The PUI was prepared from an aromatic diamine (4,4′-
diphenylmethane diisocyanate; MDI), an aromatic
dianhydride (pyromellitic diahydride; PMDA) and 4,4′-
oxydianiline (ODA). Different ratios of the nano-silica-
pillared layered clays (NSP7030) were modified using
tetraethoxysilane (TEOS) via a sol–gel process. The TEOS
modified NSP7030 clays (NSP7030/TEOS) were further cal-
cined at 500 °C (C-NSP7030/TEOS). The nano-hybrids com-
prised of PUI and C-NSP7030/TEOS clays were character-
ized by thermogravimetric analysis (TGA), scanning electron
microscopy (SEM), and their mechanical and dielectrical
properties et al. The results showed that the exfoliated
(major) and intercalated (minor) structures of the nano-silica-
pillared layered clays (NSP7030) were successfully modified
by TEOS via a sol–gel process. Furthermore, the nano-hybrids

exhibited slightly higher thermal stability than the pure PUI
component. The highest thermal decomposition temperature
at 5 % weight loss (Td 5 %) of the material degraded was at
510 °C because the nano-hybrids contained poly(urea-imide)
with 15 wt.% C-NSP7030/TEOS(1/5). Pure PUI exhibited
good values of tensile strength and elongation which were
96.1 MPa and 9.0 %. After the addition of C-NSP7030/
TEOS(1/5), the values of tensile strength and elongation de-
creased slightly. Surprisingly, the dielectric constant of nano-
hybrids containing 15 wt.% C-NSP7030/TEOS(1/5) could be
enhanced from 3.88 to 3.31. In addition, agglomerations of the
C-NSP7030/TEOS(1/5) clay are observed in the micrographs
when the PUImatrix was loadedwith 10 and 15wt% of the C-
NSP7030/TEOS(1/5) clays.
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Introduction

Nano-composites composed of an organic polymer matrix
with dispersed inorganic nanofillers are a novel class of
nano-hybrids that have many developed functional properties.
These include dielectric properties, thermal stability, mechan-
ical strength, flexibility, ductility, and processability when
compared to traditional composites [1, 2]. These nanofillers,
even at very low concentrations, can influence the macroscop-
ic properties of the polymer matrix significantly [3]. This in-
spiring results are mainly caused by the exfoliated structure
and layer intercalation of nano-fillers, which can improve the
interfacial contact efficiently between the organic matrices
and inorganic fillers and thus promote the properties of
nano-composites. In addition, the crystallinity of polymeric
matrix may be affected by the addition of nano-fillers [4].
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Therefore, nano-composites can be utilized widely in various
fields by adjusting different contents of nano-fillers [4, 5].

Polyimides have various applications in printed circuits, as
well as in the automobile, aerospace, andmemory industries due
to their thermal stability, high chemical resistance, high mechan-
ical strength, and lower dielectric constants [6–8]. Polyimides
(PIs) are step or condensation polymers derived from either
aliphatic or aromatic dianhydrides and diamines and their deriv-
atives, and they contain a heterocyclic imide linkage in their
repeat unit [6, 9]. The chemical composition and chain structure
of PIs lead them to be infusible within the processing tempera-
ture and insoluble in organic solvents. However, the application
of PIs in some fields remains limited [10]. Previous researches
showed that bulky groups of PIs indeed enhanced the interchain
spacing, solubility, and further prevented the coplanar phenom-
enon of aromatic rings [6, 11]. It is worth mentioning that most
of the poly(urea-imide)s presented an excellent solubility in po-
lar aprotic solvents such as N-methyl-2-pyrrolidone (NMP), N,
N-dimethylformamide (DMF), N,N-dimethylacetamide
(DMAc), and dimethyl sulfoxide (DMSO), they were partially
soluble in m-cresol and pyridine, and they were not soluble in
less polar solvents, such as chloroform (CClH3) and tetrahydro-
furan (THF) at room temperature. The resulting poly(urea-im-
ide)s showed a better solubility in common organic solvents
than polyimides, poly(amide-imide)s, and even poly(ether-im-
ide)s with the same aromatic structure [10].

Smectite clays have a sandwich structure and are full of
positive ion such as Na+, Ca2+, and Mg2+ [12, 13]. When other
cations separate the clay layers, the interlamellar space will
increase and allow different adsorbents and catalysts into the
interlayer region and affect the pore size. For example, it can be
introduced directly into the interlayer of the layered phase with-
out pre-swelling, allowing the intercalation of the amine and
pillar precursor tetramethyloxysilane (TEOS) into the interlayer
[14]. The main method of TEOS intercalation between clay
layers is via the sol–gel method [14, 15]. The advantages of
the sol–gel method include the low reaction temperature (below
room temperature) such that it cannot deposit at high tempera-
tures, the reduced cost, and the particle size can be easily con-
trolled by adjusting the catalyst, water, and temperature [16].
Therefore, the sol–gel technique is widely used in the prepara-
tion of uniform nano-materials from a homogeneous dispersion
and can also reinforce the mechanical properties of the organic
materials. The most utilized alkoxides are tetramethyloxysilane
(TMOS), and tetramethyloxysilane(TEOS) [17, 18].

Porous nano-silica-pillared clay materials are characterized
by a high surface area, pore volume and thermal stability [15,
19–22]. These porous nano-silica-pillared clays have received
considerable attention because of their good environmental
compatibility, low cost, wide availability, and they can even be
reused. However, owing to the re-stacking phenomenon of
nano-silica-pillared layered clays after exfoliation, the poor sta-
bility of nano-silica-pillared layered clays still restricts their

development. In order to solve afore-mentioned problem, the
porous nano-silica-pillared layered clays were modified by
TEOS in this study. The stability of nano-silica-pillared layered
clays could be improved significantly after exfoliation. In addi-
tion, the poly(urea-imide) was blended with porous nano-silica-
pillared layered clays to form the nanocomposite. The properties
including thermal properties, microstructure morphology, di-
electric constant, and mechanical properties were investigated.
The poly(urea-imide) was prepared from an aromatic diamine
(4,4′-diphenylmethane diisocyanate), aromatic dianhydride
(pyromellitic diahydride) and 4,4′-oxydianiline (ODA). The suc-
cessful preparation of the poly(urea-imide) was confirmed by
Fourier transform infrared (FTIR) spectroscopy. Different ratios
of the nano-silica-pillared layered clays (NSP7030) were mod-
ified using TEOS via a sol–gel process, and the TEOSmodified
NSP7030 clays (NSP7030/TEOS) were further calcined at
500 °C (C-NSP7030/TEOS) and evaluated using X-ray diffrac-
tion (XRD), surface area measurements and transmission elec-
tron microscopy (TEM). Finally, the nano-hybrid composites
comprising the C-NSP7030/TEOS clays and poly(urea-imide)
were characterized using thermogravimetric analysis (TGA),
scanning electron microscopy (SEM), and their mechanical
and electrical properties examined.

Experimental

Materials

Sodium montmorillonite (Na+-MMT), a layered silicate clay
with a cationic exchange capacity (CEC) of 120mequiv/100 g,
was supplied by Nanocor Co., USA. Diethylene glycolamine
(HOCH2CH2OCH2CH2NH2) was purchased from Aldrich
Chemical Co. The tetraethoxysilane (TEOS, ACROS Co.,
USA) was used as received. The 4,4′-diphenylmethane
diisocyanate (MDI, ACROS Co., USA) was purified by vac-
uum distillation before use. The pyromellitic diahydride
(PMDA, ACROS Co., USA) was purified by acetic anhydride
before use. The 4,4′-oxydianiline (ODA, TCI Co., Japan) was
purified by recrystallization from ethanol and dried in an oven
at 110 °C for 5 h before use. All other solvents and hydrochlo-
ric acid (HCl) were purchased from ACROS Co., USA.

Silica-pillared layered clay

The nano-silica-pillared layered clays (NSP7030:70 clay/30
colloid silica) were synthesized as described in the references
with minor modifications [23, 24]. In brief, the preparation of
random nano-silica-pillared (NSP) layered clays were made
from the intercalation of 70 wt% sodium montmorillonite
(Na+-MMT) using diethylene glycolamine. 30 wt% colloidal
silica was then added to enhance the intercalation/exfoliation
degree, and the average colloidal silica diameter is
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approximately 100 nm. The silica-pillared layered clays
(NSP7030) were isolated by toluene/NaOH phase extraction
several times to remove the organic amines. The NSP7030
clays were dispersible in methanol/water at 60 °C and settled
into two layers on the addition of toluene. The aqueous phase
containing the silica-pillared layered clays suspension were
separated and purified. The synthetic pathway and a schematic
of the product structure are shown in Fig. 1a.

TEOS modified nano-silica-pillared layered clays

The NSP7030 clays were further modified by a sol–gel reac-
tion using TEOS at different weight ratios of clay to TEOS. In
a typical procedure, 2.0 g of NSP7030 clay was dispersed in
13 ml of water and stirred at 100 °C for 24 h to pre-swell the
clay. Thereafter, TEOS in an ethanol solution (10 ml) was then
added, and the mixture stirred for 30 min. The amount of
TEOS used was 1, 3, and 5 times that of clay, which is indi-
cated by the TEOS content of 2.0, 6.0, and 10.0 g, respective-
ly. The TEOS/ethanol solution was then added drop wise into

the pre-swelling clay solution, followed by the addition of
0.01 N HCl before the reaction mixture was refluxed at
100 °C for 3 days. The suspension was washed and collected
via centrifugation, and the modified clays (NSP7030/TEOS)
were dried at 200 °C for 12 h. In order to enhance the surface
area of clay, 500 °C of calcination was undertaken to remove
the excess organic reagents. The expected structure of
NSP7030/TEOS is shown schematically in Fig. 1b.

Preparation of poly(urea-imide) and their nano-hybrid
composites

This procedure used to synthesize the poly(urea-imide) by a
polycondensation reaction is shown in Scheme 1. First, a
100 ml round-bottom flask equipped with a magnetic stirrer
bar was charged with the diisocynanate monomer (MDI),
which was then dissolved in 30 ml of dimethylacetamide
(DMAc) under a nitrogen atmosphere. The dianhydride
monomer (PMDA) was then added to the MDI solution and
vigorously stirred at ambient temperature under N2 for 2 h.

SiOH or SiONa with

amine agent

Intercalation Exfoliation

MMT clay plate Colloid silica

(diameter 100 nm)
Amine type agent

NSP 7030

TEOS

Sol-gel

NSP 7030/TEOS

a

b

Fig. 1 Schematic diagram of a
the synthetic pathway and the
structure of the nano-silica-
pillared layered clay (NSP7030)
and b the porous nano-silica-
pillared layered clay (NSP7030)
modified by TEOS
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Then, 4,4′-oxydianiline (ODA) was added to the homoge-
neous MDI/PMDA solution and stirred at room temperature
until ODAwas completely dissolved. The obtained solutions
were pulled to a petri dish, and then putted into a vacuum oven
to form the poly(urea-imide) films via a four-step process
(raised the temperature to 60, 90, 120, and 200 °C step by
step). The above-mentioned process was able to make the film
smooth and ensure that the solvent DMAc (b.p. 167 °C) was
removed completely.

The nano-hybrids comprised of poly(urea-imide) and po-
rous silica-pillared layered clay were prepared via ultrasonic
blending. Briefly, the porous silica-pillared layered clays were
added into DMAc and mixed evenly under sonication. The
amount of porous silica-pillared layered clay used was 5, 10,
and 15 wt%, respectively. The MDI / PMDA / ODA DMAc
solution was then added into the former suspension containing
the porous silica-pillared layered clay, and stirred vigorously
to ensure the clay was evenly dispersed. For the nano-hybrid
composite samples, the mixed slurries were cast onto a petri
dish, and then placed into a vacuum oven to form the nano-
hybrid polymer films via a four-step process (raised the tem-
perature to 60, 90, 120, and 200 °C step by step).

Characterization analysis

The crystallinity of the modified clays (NSP7030/TEOS) at dif-
ferent weight ratios of clay to TEOS were evaluated by a X-ray
diffractometer using CuKα radiation (XRD; Rigaku,
RINT2000, Japan). A scanning rate of 0.3°/min was used with
a 2θ ranging from 2 to 10°. Themicrostructure was examined by
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). TEM observations were obtained using a

JOEL JEM-1230 electron microscope operating at 100 kV. The
samples were prepared by dropping the sample solution onto a
copper grid coated with a carbon film. SEMwas performed on a
JEOL JSM-5600 system operated at 15 kV. The samples were
prepared by spreading them onto a glass plate surface and evap-
orating to dryness in an oven at 200 °C for 8 h. The samples
were coated with Pt before the SEM measurements.

Fourier transform infrared (FTIR) spectra were recorded on
a Nicolet 750 spectrometer. The spectra were obtained by
averaging 64 scans at a resolution of 2 cm−1 over a range of
500–4000 cm−1. Thermogravimetric analysis (TGA) was per-
formed using a Perkin-Elmer Pyris 1 TGA thermogravimetric
analyzer at a heating rate of 10 °C/min from 100 to 800 °C
under a N2 atm. Gas adsorption analysis is commonly used for
surface area and porosity measurements. Nitrogen gas is gen-
erally employed as the probe molecule and is exposed to the
solid under investigation under liquid nitrogen conditions (i.e.,
77 K). The Brunauer, Emmett and Teller (BET) technique is
the most common method for determining the surface area of
powders and porous materials [25]. Therefore, the N2 iso-
therms were measured using a Micromeritics ASAP 2010
system and the surface area and pore size distribution were
determined by BET analysis. The samples loading ranged
from 0.4 to 0.8 g and the BET instrument was normalized
by the comparison with a control group to calculate the data.

The mechanical properties were elucidated using a TIEN
SHIANGLtd., PT-166 tensile tester, and the testingmethod used
was in accordance to ASTMD882. The dielectric constant (k) of
polymer films (~100 nm) were measured by the parallel-plate
capacitor methodwith a Precision LCR (Inductance Capacitance
Resistance) Dielectric Meter (Agilent 4284A) using 1 MHz as
frequency at room temperature. The dielectric constant was

Scheme 1 Synthesis of
poly(urea-imide) (PUI) from 4,4′-
diphenylmethane diisocyanate
(MDI), pyromellitic diahydride
(PMDA) and 4,4′-oxydianiline
(ODA)
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calculated by the following equation: k=Cd/ε0A, where C was
the capacitance, d was the film thickness, ε0 was the permittivity
of free space, Awas the area of the gold electrodes. Gold elec-
trodes were deposited onto the film surface under the vacuum
environment, and the value of capacitance was measured at
25 °C and 0 % relative humidity in a sealed chamber.

Results and discussion

XRD analysis of the NSP7030 clays
and the NSP7030/TEOS modified clay

The X-ray diffraction patterns of NSP7030 clay and
NSP7030/TEOS are shown in Fig. 2. The XRD results
showed the characteristic peak (d001=1.47 nm) of the
NSP7030 clay at a 2θ of 6.0°. The characteristic peak
(d001=1.47 nm) of the NSP7030 clay becomes smooth and
broadens after the TEOS modification. More importantly, the
distance between the lattice layers has increased due to layer
intercalation or the exfoliated structure. For example, the mod-
ified ratio of NSP 7030/TEOS is 1/1, and the characteristic
peak is shifted to a 2θ of 5.7° (d001=1.55 nm). Furthermore,
when the modified ratio of NSP7030/TEOS are from 1/3 to
1/5, the characteristic peak almost vanishes, which means that
the amorphous phase increased after the TEOS modification.
These results indicate that the TEOS has been successfully
inserted into the clay to form an intercalated structure, but that
an exfoliated structure has also been formed.

Gas adsorption/BET analysis of the NSP7030 clays
and the NSP7030/TEOS modified clay

To follow the change in pore volume, the average pore diameter,
and the surface area after calcination at 500 °C of these clays, the

gas adsorption and BETwere evaluated. The total pore volume,
average diameter and surface area of the NSP7030 clays and the
NSP7030/TEOS modified clay are shown in Table 1. The total
pore volume, average pore diameter and surface area obtained
for the NSP7030 clay were 0.054 cm3/g, 181.12 Å and
12.92 m2/g, respectively. However, for NSP7030 clay, the total
pore volume (0.072 cm3/g) and surface area (16.30 m2/g)
showed a tendency to increase with the calcination treatment
at 500 °C, while the average pore diameter decreased
(176.31 Å). This situation arises because the organic reagent
and absorbed solvent were removed, which leads to an increase
in the pore volume and surface area. However, these clay parti-
cles are denser and reduced after calcination at 500 °C, resulting
in a decrease in the pore diameter size.

Furthermore, the total pore volume and surface area of the
NSP7030/TEOS modified clay were increased from the
NSP7030 clay, as shown in Table 2. This result is because
the TEOS intercalated into the interlamellar space of clay,
which enlarged the distance between the exfoliated structures.
Therefore, the NSP7030/TEOS modified clay exhibits an in-
creased pore volume and surface area compared to the
NSP7030 clay. The total pore volume increased from 0.054
to 0.439 cm3/g, and the surface area increased from 12.92 to
335.69 m2/g for the modified ratios (1/0~1/5) of the
NSP7030/TEOS modified clay. On the contrary, the average
pore diameter decreased from 181.12 to 50.85 Å for the mod-
ified ratios (1/0~1/5) of the NSP7030/TEOS modified clay.
This may be because the TEOS intercalated into the interla-
mellar space of the clay, but the loose exfoliated structure was
also filled with TEOS to reduce the average pore diameter.

For the NSP7030/TEOS modified clay, the change in pore
volume, average pore diameter, and surface area after calcina-
tion at 500 °C varies from the NSP7030 clay. The surface area
(102.76~295.02 m2/g) showed a tendency to decrease with
the calcination at 500 °C for the NSP7030/TEOS modified
clay than without calcination. However, the total pore volume
(0.256~0.463 cm3/g) and the average pore diameter (99.35 to
52.00 Å) of the NSP7030/TEOS modified clay showed a in-
creasing tendency from the one after calcination to the one
without calcination. In other words, these organic reagents
and absorbed solvents could be removed to increase the pore
volume and pore diameter after calcination at 500 °C in
NSP7030/TEOS. At the same time, owing to the increased
diameter and volume of pore, the total surface area would
decrease after the calcination at 500 oC. The above results
showed that remove of organic reagents influence the pore
size, pore volume, and surface area of treated clay obviously.

TEM observations of the NSP7030 clays
and the NSP7030/TEOS modified clay

The morphology of the exfoliated structure of the silica-
pillared layered clay of the NSP7030 clay, the NSP7030/

Fig. 2 XRD of the different ratio nano-silica-pillared layered clays
(NSP7030) modified by tetraethyl orthosilicate (TEOS)
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TEOS(1/5) modified clay, and the NSP7030/TEOS(1/5) mod-
ified clay calcined at 500 °C were investigated through trans-
mission electron microscopy (TEM), as shown in Fig. 3. For
example, the TEM image of the silica-pillared layered clay of
NSP7030 showed an intercalated structure morphology, as
shown in Fig. 3a. The dispersion of colloidal silica into the
sodium montmorillonite (Na+-MMT) was obtained and its size
was approximately 100 nm, and the packing of NSP7030 is
layer by layer. However, the exfoliated structures of the
NSP7030 clays do not still seem obvious. Conversely, the ex-
foliated structures of the NSP7030/TEOS(1/5) modified clay
showed a morphology of exfoliated (major) and intercalated
(minor) structures, as shown in Fig. 3b. Therefore, the exfoliat-
ed structures of NSP7030 clay platelets may be considerably
affected by the incorporation of TEOS. Sol–gel reactions of
TEOS occurred in the intercalate layer, leading to the formation
of three-dimensional networks, which may significantly affect
the intercalated structures in the matrix, leading to a predomi-
nantly exfoliated clay structure. Moreover, we can see the po-
rosity changed between the NSP7030 and NSP7030/
TEOS(1/5) modified clays. For example, Fig. 3b shows that
the NSP7030/TEOS(1/5) modified clays are highly porous
within thematrix. From Fig. 3c, the three-dimensional networks
of TEOS became loose and the pore volume also increased after

the calcination of the NSP7030/TEOS(1/5) modified clays. The
results indicated that the organic reagents might be removed
completely, and thus induced the increase of pore volume.

FTIR analysis of the poly(urea-imide) (PUI) synthesis

A representative FTIR spectrum of PUI is shown in Fig. 4.
The characteristic absorption bands of PUI are listed below.
The characteristic absorption bands of the imide ring appear at
approximately 1780 and 1720 cm−1 (imide-I), which is indic-
ative of the asymmetrical and symmetrical C=O stretching
vibration, and at 1350 (imide-II), 1078 (imide-III) and
726 cm−1 (imide-IV), whereas the imide-I, -III, -IV bands
were assigned to the axial, transverse, and out-of-plane vibra-
tions of the cyclic imide structure, respectively [26, 27]. The
N–H stretching band of the urea was observed at approximate-
ly 3200–3350 cm−1, and the C=O stretching band of the urea
groups at 1676 cm−1. The C=N stretching band of the
benzothiazole groups appeared at 1619 cm−1, and the N-H
bending and C-N stretching bands at 1557 cm−1 could also
be observed [10]. Other PUI had similar functional groups.
However, the NCO peak observed near 2230 cm−1 disap-
peared, which means the reaction was complete.

Table 1 The total pore volume,
average pore diameter, and
surface area of the nano-silica-
pillared layered clays (NSP7030)
and the TEOSmodified NSP7030
clays

500 °C

Calcination

Total pore volume

(cm3/g)

Average pore diameter

(Å)

Surface area

(m2/g)

Before After Before After Before After

NSP7030 0.054 0.072 181.12 176.31 12.92 16.30

NSP7030/TEOS(1/1) 0.240 0.256 64.92 99.35 149.35 102.76

NSP7030/TEOS(1/3) 0.372 0.379 52.37 62.91 293.91 291.20

NSP7030/TEOS(1/5) 0.439 0.463 50.85 52.00 335.69 295.02

Table 2 The thermal,
mechanical, and electrical
properties of the nano-hybrids of
poly(urea-imide) with different
weight ratios of C-NSP7030/
TEOS(1/5)

Polymer Td 5 %a

(oC)

Td 10 %b

(oC)

Tensile strengthc (MPa) Elongation

(%)

Kd

pure PUI 465 525 96.1 9.0 3.88

5 wt%

C-NSP7030/TEOS(1/5)/PUI

475 530 112.7 5.1 3.62

10 wt%

C-NSP7030/TEOS(1/5)/PUI

490 530 71.6 4.1 3.47

15 wt%

C-NSP7030/TEOS(1/5)/PUI

510 535 43.1 2.7 3.31

The C-NSP7030/TEOS(1/5) modified clay was calcined at 500 °C
a Thermal decomposition temperature at 5 % weight loss
b Thermal decomposition temperature at 10 % weight loss
c Tensile strength is test by ASTM D822
dDielectric constants were measured at 1 MHz and at room temperature
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TGA analysis of the C-NSP7030/TEOS/PUI composites

The thermal properties of the resulting poly(urea-imide) and
their nano-hybrids (poly(urea-imide) and C-NSP7030/

TEOS(1/5) modified clays) were determined by means of
thermogravimetric analysis (TGA), which are shown in
Fig. 5. From the previous section, the NSP7030/TEOS(1/5)
modified clay after calcination at 500 °C (C-NSP7030/
TEOS(1/5)) exhibited a higher pore volume than NSP7030.
As such, the nano-hybrids were that the C-NSP7030/
TEOS(1/5) incorporated into the PUI polymer. The thermal
behavior of these materials is summarized in Table 2. The
excess addition of nano-silica-pillared layered clay was not
able to disperse in the PUI matrix easily, but their thermal
stabilities were almost similar to the pure PUI polymer. The
obtained results indicated that the thermal properties of nano-
hybrids were mainly associated with the PUI polymer
structure.

The obtained PUI were stable even as the temperature was
450 °C, and their decomposition temperature at 5 wt.% and
10 wt.% lost were 465 and 525 °C approximately. On the
other hand, all thermograms showed two-step thermal decom-
position patterns. The maximal decomposition temperature in
the first stage was approximately 340–365 °C, which corre-
sponds to the decomposition of the urea groups [10]. The
decomposition temperature in the second stage appeared at
520–550 °C approximately due to the decomposition of the
imide linkages. Therefore, the 10 % weight loss temperatures
arise from the decomposition of ureylene linkages. As shown
in Table 2, the PUI nano-hybrids exhibited good thermal sta-
bility compared to the pure PUI. The decomposition temper-
ature at 5 wt.% of the PUI nano-hybrids was slightly higher
than the pure PUI. These observations may be attributed to the
early degradation of the urea linkages than those of the imide
groups against high temperatures. The highest decomposition
temperature at 5 wt.% of the PUI nano-hybrids was 510 °C as
the content of C-NSP7030/TEOS(1/5) was 15 wt.%.
Therefore, the thermal stability seems to be mainly the PUI
molecules cleavage-based. But the interface area amount be-
tween polymer molecules and nano-clay is also able to slightly

Fig. 3 TEM of the a silica-pillared layered clay of NSP7030, b
NSP7030/TEOS(1/5), and c C-NSP7030/TEOS(1/5)

Fig. 4 FTIR spectrum of the poly(urea-imide) prepared from 4,4′-
diphenylmethane diisocyanate (MDI), pyromellitic diahydride (PMDA)
and 4,4′-oxydianiline (ODA)

Fig. 5 TGA of the poly(urea-imide) and nano-hybrids comprising dif-
ferent weight ratios of the C-NSP7030/TEOS(1/5) to poly(urea-imide)
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increase the Td 5 %. However, the excess addition of nano-
silica-pillared layered clay resulted in the aggregation do-
mains, poor adhesion on the substrates, and early decomposi-
tion of nano-hybrids at 510 °C.

SEM observations of the C-NSP7030/TEOS/PUI
composites

The SEM micrographs showing the effect of the C-NSP7030/
TEOS(1/5) clay loading in a poly(urea-imide) matrix on the
morphology of the resulting nano-hybrids are shown in Fig. 6.
The micrographs in Fig. 6a and e show that the surface and
cross-section morphology were smoother for the poly(urea-
imide) only, respectively. The micrographs in Fig. 6b, c, and
d show the surface morphologies of the nano-hybrids of
poly(urea-imide) with 5, 10 and 15 wt% C-NSP7030/

TEOS(1/5) clay loading, respectively. With increased nano-
hybrid loading, the roughness tended to increase.

The fracture morphologies of the nano-hybrids of
poly(urea-imide) loaded with 5, 10 and 15 wt% C-
NSP7030/TEOS(1/5) clay are shown in Fig. 6f, g, and h,
respectively. In Fig. 6g and h, the C-NSP7030/TEOS(1/5)
clay was found to agglomerate 10, and 15 wt% of the C-
NSP7030/TEOS(1/5) clays were loaded into the PUI matrix.
This result may arise because these clay nanoparticles easily
agglomerate due to their large surface-to-volume ratios and
high surface tension. However, at lower clay loadings, the
C-NSP7030/TEOS(1/5) clay dispersed well in the PUI matrix
with an optimal dosage <5 wt%, as shown in Fig. 6f.

Mechanical properties and dielectric constant analysis
of the C-NSP7030/TEOS/PUI composites

Compared to the organic-functionalized clays, inorganic clays
owned the rigid property, but had the problems of aggregation
and poor adhesion which would influence the properties of
nano-hybrid. Table 2 shows the tensile strength of the nano-
hybrids of poly(urea-imide) at 5, 10 and 15 wt% C-NSP7030/
TEOS(1/5) clay loading. For pure PUI, the tensile strength
was 96.1 MPa. The tensile strength after the inclusion of 5,
10, and 15 wt% clay became 112.7, 71.6, 43.1 MPa, respec-
tively. Therefore, the great improvement of mechanical prop-
erties and adhesion for hybrid materials could be achieved by
dispersing nano-sized clay particles within the PUI matrix
uniformly. For example, the tensile strength increased after
the incorporation of 5 wt% C-NSP7030/TEOS(1/5) clay into
the PUI matrix. Moreover, the higher C-NSP7030/TEOS(1/5)
clay loading, the elongation at break % of the nano-hybrid
composites decreases due to its brittle properties and aggrega-
tion, as shown in Table 2. For pure PUI, the elongation was
9%. After the inclusion of 5, 10, and 15 wt% clay, the elon-
gation became 5.1, 4.1, 2.7 %. These results were also con-
firmed from SEM observations.

The dielectric constant, k, of these polymer films were
investigated by the parallel-plate capacitor method, and the
data are summarized in Table 2. The dielectric constants of
the nano-hybrid composites ranged from 3.88 to 3.31. The
dielectric constants decreased as a function of the C-
NSP7030/TEOS(1/5) clay content. In previous reports, the
dielectric properties have been designed by introducing polar-
izable groups into the polymer chains, increasing the free vol-
ume by inducing porosity as well as copolymerization [28].
Table 2 shows the dependence of the dielectric constant on the
pore volume based on the C-NSP7030/TEOS(1/5) clay con-
tent. The pure PUI had a total pore volume of 0.072 cm3/g.
After the inclusion of 5, 10, and 15 wt% of C-NSP7030/
TEOS(1/5) clays, the total pore volume was 0.256, 0.379,
0.463 cm3/g, respectively. In other words, a higher pore vol-
ume will reduce the dielectric constant.

Fig. 6 SEM of the poly(urea-imide) and nano-hybrids comprising dif-
ferent weight ratios of the C-NSP7030/TEOS(1/5) to poly(urea-imide).
The surface of a PUI, b 5 % C-NSP7030/TEOS(1/5), c 10 % C-
NSP7030/TEOS(1/5), and d 15 % C-NSP7030/TEOS(1/5). The cross-
section of e PUI, f 5 % C-NSP7030/TEOS(1/5), g 10 % C-NSP7030/
TEOS(1/5), and h 15 % C-NSP7030/TEOS(1/5)
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Conclusion

The nano-hybrids comprising poly(urea-imide) (PUI) and po-
rous nano-silica-pillared layered clays are promising materials
due to the improvement of several properties. Synthesis of
PUI was confirmed by FTIR spectroscopy. The intercalation
and random exfoliation of the nano-silica-pillared layered
clays modified by TEOS (NSP7030/TEOS) via a sol–gel tech-
nique with an acidic solution have been achieved and were
confirmed by X-ray diffraction techniques, gas adsorption,
BET analysis and TEM observation. The pure PUI obtained
were stable up to 450 °C and lost 5 % (Td at 5 %), 10 % (Td at
10 %) of their total weight at approximately 465 and 525 °C,
respectively. The nano-hybrids of PUIs exhibited a slightly
higher thermal stability than pure PUI. For example, the Td

5 % was 475 °C because the nano-hybrids consisted of PUI
with 5%C-NSP7030/TEOS(1/5) clay. Themechanical results
also showed that the tensile strength increased because the
nano-hybrids of PUI contained 5 wt% C-NSP7030/
TEOS(1/5) clay. While pure PUI exhibits a tensile strength
of 96.1 MPa, after the inclusion of 5, 10, and 15 wt% C-
NSP7030/TEOS(1/5), the tensile strength was 112.7, 71.6,
43.1 MPa, respectively. With increased nano-hybrid loading,
the roughness tended to increase. When lower loadings of the
C-NSP7030/TEOS(1/5) clay were used, the clay was well
dispersed in the PUI matrix with an optimal dosage <5 wt%.
In addition, the higher the C-NSP7030/TEOS(1/5) clay load-
ing, the elongation at break % of the nano-hybrids is reduced
due to its brittle properties and aggregation. The addition of C-
NSP7030/TEOS(1/5) clays also increased the total pore vol-
ume and reduced the dielectric constant. Therefore, the nano-
hybrids of PUIs may be used for electronic boards because of
their high-temperature resistance and low dielectric constant
in the future.
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