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Abstract: A highly flexible polyimide (PI) was synthesized successfully from ethylene glycol bis(anhydrotrimellitate)
(TMEG) and 1,3-bis(4-aminophenoxy)benzene (TPER) for its application in electronics. To enhance the thermal
stability and mechanical properties of this novel PI, we prepared PI nanocomposite films using nanoparticles of clays
that had been treated with organic intercalating agents (organoclays). We used two types of organoclays: montmo-
rillonite (MMT) treated with hexadecylamine (C,¢) and MMT treated with dimethyl dihydrogenated tallow quaternary
ammonium (15A). Pl/organoclay hybrid films were obtained by first preparing poly(amic acid) (PAA)/organoclay
films and then converting the PAA to polyimide by thermal conversion. PAA was characterized by FT-IR and 'H-
NMR spectroscopy and the conversion of PAA to PI was confirmed by FT-IR spectroscopy. We analyzed the dispersion
of the organoclays in the PI film by X-ray diffraction. The thermal stability and mechanical properties of the hybrid

films were also investigated.
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Introduction

Recently, nanoscale polymer/organoclay composites have
been extensively studied."” Nanocomposites have been used
to improve the properties of many materials such as poly-
amide, polystyrene, poly(methyl methacrylate), polyacrylate
and epoxies.® For example, the addition of nanoclays gives
increased mechanical properties and thermal stability, lowers
the thermal expansion coefficient and gas permeability coef-
ficient and decreases flammability.”'® There are two types of
nanocomposites: intercalated type and exfoliated type."
Intercalated nanocomposites are formed when polymer chains
are inserted between the silicate layers, generating ordered
lamella with an interlayer distance of a few nanometers. In
exfoliated nanocomposites, silicate layers of about 1 nm in
thickness are exfoliated and dispersed in the polymer matrix.

The expansion or delamination of clay layers is the key to
preparing polymer/organoclay nanocomposites, and depends
on the type and size of the organic intercalating agent.'*"
Organic intercalating agents are introduced in order to
match the polarity of the organoclay and that of the polymer
matrix. This is done by replacing the hydrophilic inorganic
exchange cations on the intragallery surfaces of the clay with
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organic cations via a cation exchange reaction.'*"”

Polyimides (PIs) can be commonly synthesized from
diamine and dianhydride by a two-stage process.'®** Their
good thermal stability, high chemical resistance and excellent
mechanical properties have led to their use in a variety of
advanced technologies such as microelectronic devices and
high-speed signal processing in semiconductor-based com-
ponents.”2

Aromatic PIs synthesized from widely-used diamines and
dianhydrides such as p-phenylene diamine (PPD), oxydi-
aniline (ODA), 3,4,3"4"-biphenyl tetracarboxylic dianhydride
(BPDA), and 1,2,4,5-tetracarboxylic benzene dianhydride
(PMDA) have high glass transition temperatures of 320-
420°C.” Despite their excellent thermal and mechanical
properties, the high T, of these PIs limits the electronic
applications such as for adhesive tape. This is because the
adhesion process of PI film with semiconductor is per-
formed under the condition of 150-250°C.

Although some works of Pls having ether group or bulky
side group were reported for better processability, the PIs
having ether group showed 7, of 241-357°C and still a
severe bonding condition of 415°C under 30 MPa was
required.”* In addition, conventional PIs with bulky side
group show rather low initial modulus of 1.37~2.69 GPa
whereas their 7, is more than 250°C.*!

Thus, we synthesized a new PI from ethylene glycol bis
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(anhydro trimellitate) and 1,3-bis(4-aminophenoxy) benzene.
We chose these two monomers because they consist of
highly flexible ether and ester linkage within their chemical
structure, which might improve the processability of PI
synthesized with these two monomers. Together with the
processability, the thermal stability and mechanical properties
of the PIs must be also taken into consideration in electronic
applications because the packaging process is done at a high
temperature.

But the enhancement of the processability (not unexpect-
edly) comes at the expense of the thermal stability and
mechanical properties. In order to enhance the thermal sta-
bility and mechanical properties of this new PI, we blended
the organoclay treated with intercalating agents with the
synthesized new PI. In the present work, the potential appli-
cation of this PI/organoclay nanocomposites for adhesive
tape was investigated based on the processability (estimated
by T, ), mechanical properties and thermal stability.

Experimental

Materials. Two types of organoclay were used in this
study. One is montmorillonite treated with hexadecylamine
(C,¢-MMT), which was prepared according to the literature. *>*
After sieving the C,-MMT through a 325-mesh sieve to
remove impurities, the C;c-MMT has a cationic exchange
capacity of 119 meq./100 g. The other organoclay, Cloisite-
15A (15A-MMT), was supplied by Southern Clay Products
and was used as received. 1SA-MMT is montmorillonite
treated with dimethyl dihydrogenated tallow (~65% C,g,
~30% Cis, ~5% C.4) quaternary ammonium as the organic
modifier and has a cation exchange capacity of 125 meq./
100 g.

Ethylene glycol bis(anhydro trimellitate) (TMEG) and 1,3
-bis(4-aminophenoxy) benzene (TPER) were obtained from
Ricacid and Wakayama Seika, respectively. N,N-dimethyl-
acetamide (DMAc) was purified and dried over molecular
sieves before use. Common reagents were used without
further purification.

Preparation of Poly(amic acid). Poly(amic acid) (PAA)
was synthesized from TPER and TMEG in DMAc by the
low temperature method;****** TPER (4.2675 g, 0.0146 mol)
and DMAc (40 mL) were placed in a S00 mL three-neck
round-bottom flask equipped with a mechanical stirrer and
nitrogen inlet. This mixture was stirred at 0°C for 30 min
under nitrogen until the diamine dissolved completely. A
solution of TMEG (5.9903 g, 0.0146 mol) in DMAc (10 mL)
was then added to a solution of TPER in DMAc under a
nitrogen atmosphere. The solution was stirred vigorously at
J°C for 1 h and then at room temperature for 12 h, yielding
a 18 wt% DMAc solution of PAA. The PAA solution was
brown, clear and viscous. The reaction scheme was outlined
‘n Scheme 1.

Preparation of P1/Organoclay Nanocomposite Films.
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The Pl/organoclay nanocomposites were prepared by
blending the required ratios of organoclay suspension in
DMAc with the solution of PAA in DMAc. Since a similar
synthetic procedure was used for all the PI/organoclay
nanocomposites (see Figure 1), here we describe only the
preparation of the PI/C,,-MMT nanocomposite with 2 wt%
content of the organoclay as a representative example, A
mixture of 4.0 g of the DMAc dispersion of 0.08 g C;s-MMT,
40.0 g of PAA solution and excess DMAc was stirred vigor-
ously at room temperature for 1 h. The blend was cast onto
10.0< 10.0 cm? glass slides, dried under vacuum at 50°C
for 6 h, cured at 150, 200 and 250°C for 1 h each, and post-
cured in an air oven at 300 and 350°C for 1 h each. The
resulting PI/organoclay nanocomposite films were typically
10-15 pm thick. The pristine film was light brown; however,
after thermal treatment for the solvent removal and imidization,
the PI/organoclay films were darker in color than control
film subjected to the same thermal conditions. This coloration
was more apparent in films containing higher clay-loadings.
Using the method described above, the PI films with 0, 1, 2, 4,
6, 8 and 10 wt% of C--MMT and 15A-MMT, respectively
were prepared.

Measurements. 'H-NMR spectra were recorded using a
JEOL 400 MHz 'H-NMR spectrophotometer and IR spectra
were recorded using an infrared spectrophotometer (Perkin-
Elmer Spectrum 2000 FT-IR spectrometer). Wide-angle X-ray
diffraction (WAXD) patterns were recorded at room tem-
perature on a Rigaku Rotaflex D/MAX diffractometer using
Cu Karadiation (40 kV, 50 mA). X-ray diffraction experiment
was performed in a range of 26 = 2~40° with a scan rate of
2°/min. Mechanical properties of the films were measured
on an Instron Mechanical Tester (Instron, Model 5565) at a
crosshead speed of 2 mm/min according to the specifications
of ASTM D882-88. Thermal properties were examined
under a N, atmosphere using a Dupont 910 differential scan-
ning calorimeter (DSC) and a thermogravimetric analyzer
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Scheme 1. Schematic diagram of the synthesis of PAA and PI
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Figure 1. Flow chart of PI/organoclay nanocomposite prepara-
tion.

(TGA) at a heating rate of 20°C/min. TEM photographs of
ultrathin section PI/organoclay samples were taken on an
EM 912 OMEGA (CARL ZEISS) transmission electron
microscope using an acceleration voltage of 120 kV.

Results and Discussion

The formation of PAA was confirmed by FT-IR and NMR
spectroscopy. Figure 2 shows the IR spectra of PAA (A) and
PI (B). The IR spectrum of PAA shows characteristic bands
of amide groups at 3200, 2900, 1660 and 1550 cm’!, which
correspond to NH,, COOH, C=0 (CONH) and C-NH,
respectively. In the thermal imidization process, PAA is con-
verted to the corresponding PI via a ring closure reaction. The
conversion to the PI was confirmed by the observation of
the characteristic absorption bands of C=O stretching in
imide groups (1780, 1720 and 730 cm™") and C-N stretching
in imide groups (1374 cm™). Figure 3 shows the 'H-NMR
spectrum of a solution of PAA in DMF. In the insert of
Figure 3, the peaks at 6.7~8.5 and 10.3~10.5 ppm corre-
spond to aromatic proton and -NH, respectively. The results
are in good agreement with the proposed structure.

C1s-MMT is known to have good dispersibility by many
researchers.’®*® The other organoclay, 15A-MMT, has a
wider spacing between the clay layers than C,,--MMT as
shown in Figure 4. Figure 4 shows XRD curves of nonmod-
ified montmorillonite (MMT), 15A-MMT and C,;-MMT.
Replacement of the hydrophilic inorganic cations on the
MMT surface with organic intercalating agents led to an
increase in the d-spacing from 1.2 to 3.1 nm for ISA-MMT
and from 1.2 to 1.7 nm for C,,-MMT. This confirms that the
intercalating agents cause an expansion of the silicate layers
in the clay.

Figure 5(A) and (B) show the XRD patterns of 15A-
MMT and C,,-MMT before and after thermal treatment for
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Figure 4. XRD patterns of MMT, 15A-MMT and C,,-MMT.

10 min at 350°C, respectively. For both organoclays, ther-
mal treatment causes the XRD peaks to shift to the right,
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indicating a reduction in the clay iaterlayer distance. One
explanation for this is that thermal decomposition of the
intercalating agent during imidization results in a coalescence
of the clay layers, thereby reducing the d-spacing. This is
supported by the observation that the organoclays turned
black after thermal treatment for 10 min at 350°C.

TGA curves obtained from powders of the two organoclays
in nitrogen are presented in Figure 6. ISA-MMT and C,¢-
MMT begin to lose mass at 246 and 329°C, have a 68 wi%
residue and 82 wt% residue at 500°C, and a 59 wt% residue
and 78 wit% residue at 800°C, respectively. This weight loss
is due to the degradation of the intercalating agent. This
result is consistent with the XRD data, which showed that
Cs-MMT has better thermal stability than 1SA-MMT.

Figuse 7 shows XRD curves of the two Pl/organoclay
nanocomposites in the range of 28 = 2~30° for vatious clay
loadings. Pure PI films display a broad peak at 26=13
~23°. This peak is also found in the Pl/organoclay nano-
composites. In the P1/15A-MMT nanocomposites with 1~6
wt% content of 15A-MMT as shown in Figure 7(A), no
obvious clay peaks are observed in the XRD curves. This
indicates that the silicate layers of 15A-MMT are exfoliated
and dispersed homogeneously and randomly thronghout the
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Figure 5. XRD patterns of (A) 15A-MMT and (B) C;e-MMT
before and after thermal treatment at 350°C for 10 min.
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nanocomposite films. Generally, we can assume that the
absence of clay peaks in XRD spectra indicates that the
platelets are at least 70 angstroms apart.** Thus, the XRD
data provide direct evidence that the PI/15A-MMT hybrid
forms the nanocomposite. When the amount of 15A-MMT
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Figure 6. TGA thermograms of 15A-MMT and C,:-MMT.
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Figure 7. XRD patterns of (A) P1/15A-MMT nanocomposites
and (B) PI/C,,-MMT nanocomposites as a function of organoclay
loading.
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in the PI exceeds 6 wt%, however, weak peaks appear at 26
=2.7° and 6.2° in the XRD curves. This suggests that at
higher clay loadings some parts of the 15A-MMT have agg-
regated in the PI matrix. Many researchers have reported
that organic intercalating agent in the interlayers of MMT
might be detached from the surface of the MMT during imi-
dization." This can be explained as follows; At high tem-
peratures, ammonium ions of the intercalating agent tend to
decompose to form an amine, and this amine can react with
PAA during imidization. When the content of the organoclay
increases, its density increases in the matrix such that the
decomposed organophilic tactoids can form aggregates,
When 15A-MMT was heat-treated under the same condition
of thermal imidization of PAA, the d-spacing of 15A-MMT
has shifted from 3.1 to 1.2 nm as shown in Figure 5(A).
However, when 15A-MMT is dispersed in the PI matrix, a
weak XRD peak of 15A-MMT appears at 26 = 6.2° (corres-
ponds to the d-spacing of 1.5 nm) in Figure 7(A). This indi-
cates that although the organoclay aggregates in the PI, the
molecules of PI were intercalated in interlayers of silicates.
Figure 7(B) shows the XRD curves of the PI/C,;-MMT
nanocomposites. In the PI/C,,-MMT nanocomposites with
1~6 wt% clay content, no obvious clay peaks are also

observed. However, when the content of C,--MMT exceeds
6 wt%, a weak peak appears at 26=6.3° (1.4 nm) in the
XRD pattern. This is similar to that observed in 15A-MMT.
In comparison to 15A-MMT, although the d-spacing of C -
MMT was narrower than that of 15A-MMT, the C,;-MMT
showed similar tendency to aggregate. This can be attrib-
uted to the higher affinity of C,,-MMT with the PI. This
result also indicates that the dispersion of organoclays in the
Pl is related not only to the distance between silicate layers
but also to the affinity of the intercalation agent with the PI.
The conclusion obtained from XRD pattern is confirmed
from the TEM photographs represented in Figure 8. The dark
lines in the photographs are the silicate layers exfoliated
about 20~40 nm thick. These thicknesses consist of about
10 parallel silicate layers with basal spacing of about 3 nm.
Figure 9(A) shows initial modulus of the Pl/organoclay
nanocomposites as a function of organoclay content.
Increasing the content of organoclay from 0 to 8 wt% causes
the initial moduli of the films to increase from 2.14 GPa
(pure PI) to 3.72 for 8 wt% 15A-MMT and 3.68 for 8 wt%
C-MMT. The rate of increase of the initial modulus with
increasing organoclay content is higher for the PI/15A-MMT
nanocomposite than for the PI/C;,-MMT nanocomposite.

©)

50 nm 1
D)

Figure 8. TEM micrographs of (A) 2%, (B) 4%, (C) 6%, and (D) 8% of 15A-MMT content in PI/15A-MMT nanocomposite.
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The observation of higher tensile modulus in the PI/15A-
MMT nanocomposite can be attributed to the larger layer
spacing of 15A-MMT in comparison to C,--MMT, which
facilitates intercalation of the PI into the 15A-MMT galleries.
Figure 9(B) shows the variations of the stress at break of the
PI/organoclay nanocomposites as a function of organoclay
content. The stress at break for both of the PI/organoclay
naocomposites represents the maximum values at 6 wt% of
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Figure 9. Effect of organoclay content on inittal modulus (A),
stress at break (B), and the percentage of elongation (C) of PI/
15A-MMT nanocomposites and P1/C,,-MMT nanocomposites.
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the clays. The maximum stress at break values for PI/15A-
MMT and the PI/Cs-MMT are 28 and 32% higher than the
stress at break of pure PI, respectively. Contrary to the result
in initial moduli, a large decrease of the stress at break is
observed when the organoclay content is increased from 6
to 8wt%. This may be due to the defect of nanocomposites
by the aggregation of organoclays in PI matrix. Figure 9(C)
shows the elongation at break of nanocomposites as a func-
tion of organoclay content for both of the nanocomposites.
The elongation at break decreases with increasing the orga-
noclay content, suggesting that the rigid inorganic filler
increases the brittleness of the nanocomposites. A significant
decrease of the elongation at break is also observed when
the organoclay contents is increased from 6 to 8 wt%. These
results imply that only a small amount of undispersed orga-
noclay on nanoscale level gives rise to the decreases of
stress and elongation at break.

The d-spacing of the C,-MMT was narrower than that of
I5A-MMT, yet the mechanical properties of the PI/Cq-
MMT nanocomposites were slightly lower than those of the
PI/15A-MMT nanocomposites. This can be attributed to the
fact that PI has a greater affinity for C;c-MMT than for 15A-
MMT.” The enhancement of mechanical property for PI/
15A-MMT and PI/C,;s-MMT can therefore be attributed to
the fact that the ability to delaminate and disperse the layered
silicate in the PI matrix is related not only to the distance
with silicate layers but also to the chemical nature of the
interlayer cation.

The thermal stability of PI/organoclay nanocomposites
according to the organoclay content was investigated for the
potential electronic application of these materials. Figure
10(A) and 10(B) show that as the loading of organoclay,
I5A-MMT and Cs-MMT, was increased from 1 to 8 wt%,
the temperature of initial weight loss (7,;) and residue at
900°C increase and decomposition rate decreases. This
improvement of thermal stability may be due to the clay
layer which restrains the movement of the small molecules
produced during the thermal decomposition of the PI mole-
cules and due to the heat resistance of the clay. However,
when the 15A-MMT content was further increased to 10 wt%
(Figure 10(A)), the thermal stability of the films decreased
as a result of the aggregation of the organoclay in the PI
matrix. This observation again supports the claim that the
dispersion behavior affects the thermal stability of the nano-
composite. Contrary to the result of PI/15A-MMT nano-
composite, when C;s-MMT content was increased to 10 wt%,
T, and decomposition rate were similar with those at 8 wt%
of C¢-MMT content. This result may be due to the higher
affinity of C,,-MMT than that of 15A-MMT with PI matrix.
This result implies that the affinity of organoclay with the
matrix affects the dispersion of organoclay in matrix and the
reinforcement of nanocomposite. This tendency is in accord
with the previous initial modulus result.

Figure 11 shows the T, against the organoclay content in
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Figure 10. TGA curves of (A) PI/15SA-MMT nanocomposites
and (B) PI/C,c-MMT nanocomposites.

the PI/organoclay nanocomposites. The synthesized new PI
has a very low T, of 180°C comparing to those of other con-
ventional PIs™*"* but the 7, values of the nanocomposites
increase markedly as the clay content increases up to 6 wt%.
This may be due to the decrease of free volume in the PI
matrix and the interaction between organoclay and PI,
which limits the cooperative motions of the PI main chain
segments. These results imply that the new PI has good pro-
cessability and PI/organoclay nanocomposites become ther-
mally stable. On increasing the clay content above 6 wt%,
T, decreases slightly. It is supposed that this decrease results
from the aggregation of the organoclay.

Conclusions

New PI containing highly flexible ether and ethylene glycol
linkage has been synthesized from TPER and TMEG. The
synthesized PI showed T, of as low as 180°C which is much
lower than that of the conventional aromatic P> The new PI/
organoclay nanocomposite shows good processability, high
thermal stability and initial modulus, which are appropriate
properties for the adhesive tape in electronic applications.
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