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ABSTRACT: Two series of semi-interpenetrating poly-
mer network (semi-IPN) composite films, PEI/bismalei-
mide (UTBM) and PEI/fluorinated BMI (UTFBM) were
prepared using a thermoplastic PEI and two different
crosslinkable imide moieties. The effects of chemical
structure and content of crosslinkable imide moieties on
thermal stability, dielectric properties, and water sorption
have been investigated. Glass transition temperature and
weight loss temperatures increased with increase in the
content of crosslinkable imide moieties, indicating the
enhanced thermal stability of the semi-IPN composite

films. The refractive indices of the semi-IPN composite
systems increased with increasing crosslinkable imide
moieties due to the higher polarizabilities of atoms. The
water sorption of the semi-IPN composite films was sig-
nificantly decreased by the incorporation of crosslinkable
imide moieties, which are interpreted by morphological
structure. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 113:
777-783, 2009
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INTRODUCTION

Aromatic polyimides possess outstanding thermal,
mechanical, and electrical properties as well as excel-
lent chemical resistance.'™ Ultem 1000, a poly(ether
imide) (PEI), has received significant attention from
both academia and industry. It is an amorphous poly-
mer offering high strength, excellent flame and heat
resistance, and good melt processibility. There is no
appreciable loss in mechanical properties up to 170°C,
making it ideal for high strength/high heat applica-
tions, and those requiring consistent dielectric proper-
ties over a wide frequency range. PEI is commonly
used for electrical/electronic insulators (including
many semiconductor process components) and a vari-
ety of structural components requiring high strength
and rigidity at elevated temperatures.

However, the monomeric unit of PEI contains two
ether groups, four carboxylic groups, and two imide
groups that are hydrophilic (see Fig. 1). In addition,
these groups may hinder the order of interaction in
polymer and lead to the amorphous and structure-
less morphological structure in PEL*® The high con-
centration of polar groups and poor morphological
structure in PEI induced to relatively high water
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sorption. The water sorption causes the potential
reliability problems in microelectronic devices,' >
such as displacement, package crack, delamination,
loss of adhesion, potential corrosion, and mechanical
failures in thin films.

To reduce the water sorption in PEI, the semi-inter-
penetrating polymer network composite films were
prepared from PEI and two different crosslinkable
imide moieties, bismaleimide (BMI) and fluorinated
bismaleimide (FBMI) (Fig. 1). The characteristic ther-
mal, optical, and dielectric properties of the semi-IPN
composite films have been investigated. Furthermore,
the water sorption behaviors of the semi-IPN compos-
ite films have been gravimetrically investigated by
using a thin film diffusion analyzer.*'> Thermal, opti-
cal, and water sorption properties of the semi-IPN
composite films were correlated with the chemical
structures of crosslinkble bismaleimide and different
composition.

EXPERIMENTAL
Materials

The chemical structures of PEI and two crosslinkable
imide moieties, bismaleimide (BMI) and fluorinated
bismaleimide (FBMI), are shown in Figure 1. FBMI
powder was synthesized from 4,4'-hexafluoroisopro-
pylidene bis(phthalic anhydride) (6FDA), diaminodi-
phenylmethane (MDA), and maleic anhydride (MA)
as a crosslink site.® BMI powder was purchased from
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Figure 1 Structures of the crosslinkable imide moieties
and poly(ether imide).

Aldrich Chemical Co. General Electric supplied PEI
(Ultem 1000), which is an amorphous thermoplastic
with a number-average molar mass of 20 kg mol !, a
density of 1.27, and a glass transition temperature (T,)
of ~ 250°C. PEI was dried under vacuum for 24 h at
80°C to remove moisture prior to use.

Various semi-IPN composites were prepared by dis-
solving the appropriate amounts of crosslinkable im-
ide moieties and PEI in N-methyl-2-pyrrolidinone
(NMP). The solid content of the polymer composite so-
lution was about 10-15 wt %. Semi-IPN composite
films were prepared by spin coating the polymer com-
posite solution, followed by thermal treatment at
300°C. The ramping and cooling rates were 2.5 and
2.0°C/min, respectively. The thickness of the compos-
ite films was controlled in the range 10-13 pm by a
spin coator’ "' and measured using a surface profiler
(Tencor Instruments Co., Model AS500). Then, the
cured films were detached from the substrates with
the aid of deionized water, washed with distilled
water several times, and dried under vacuum for 24 h.

The composite films thus obtained are designated
on the basis of constituents and blend composition.
For example, the composite films of PEI containing
0, 10, 25, and 40% (w/w) BMI are represented by
UTBMO, UTBM10, UTBM25, and UTBM40, respec-
tively. The letters UT and BM stand for PEI and
BMI, respectively, and numerals represent the
weight percent of BMI. Similarly, the semi-IPN com-
posite films of PEI and FBMI are designated as
UTEFBM followed by numerals.

Measurements

Fourier Transform infrared spectroscopy (FTIR, ATI
Mattson Co., USA) analysis was performed to iden-
tify the crosslinking of BMI and FBMI in the range
of 4004000 cm™'. Glass transition temperatures of
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the semi-IPN composite films were determined by
using a tensile head based dynamic mechanical ther-
mal analyzer (DMTA, Polymer Laboratories, Model
Mark III). The employed heating rate and frequency
were 5.0°C/min and 1 Hz, respectively. Weight
losses of the semi-IPN composite films were per-
formed by a thermogravimetric analysis (TGA, TA
Instruments), which were operated in nitrogen at a
heating rate of 10°C/min.

The refractive indices of the semi-IPN composite
films were measured by using a prism coupler (Metri-
con, Model 2010) with a He-Ne laser light of 632.8 nm
wavelength. In the measurement, the resolution of
refractive index was £ 0.0005. A combination of TE
and TM mode was used for measuring the in-plane
and out-of-plane refractive indices. Dielectric con-
stants at an optical frequency of 474.08 THz were cal-
culated from the measured refractive indices using
the Maxwell equation, & = n”.

For the morphology of the semi-IPN composite
films, wide-angle X-ray diffraction (WAXD) patterns
were obtained by using a wide angle goniometer
(Rigaku Co., Model RINT 2500 H) with a monochro-
mator (flat crystal type). The CuK, radiation source
(A =1.54 A) was operated at 40 kV and 40 mA and all
the measurements were carried out at 6/26 mode.
Diffraction grams were collected over 5-60° (20) at
0.02° intervals with a scan speed of 0.3-0.5°min .

The water sorption behaviors of the semi-IPN
composite films were gravimetrically investigated by
using a thin film diffusion analyzer (CAHN Instru-
ments Co., Model D-200). The water sorption iso-
therms were measured under 25°C and 100%
relative humidity. The details are described in our
previous studies.” !

RESULTS AND DISCUSSION
FTIR analysis

The FTIR spectra of the UTBM and UTFBM semi-
IPN composite films are shown in Figure 2. The
characteristic imide bands are monitored around
1780 cm ™' (symmetric stretch of carbonyl groups),
1720 cm ™! (asymmetrical stretch of carbonyl groups),
1370 em ™! (C-N stretch), and 730 cm ™' (deformation
of imide ring). The crosslinking reaction of BMI and
FBMI was monitored by the appearance of malei-
mide C=C band at 1150 cm '. The maleimide C=C
at 1150 cm ™! disappeared after curing at 300°C for
two semi-IPN composite films. BMI shows a poly-
merization onset temperature (T;) of the exothermic
peak at 180°C, and a polymerization peak tempera-
ture of exothermic reaction around 215°C.">'* Con-
sidering the crosslinking process of BMI and FBMI,
we selected 300°C as the curing temperature for the
semi-IPN composite films, which indicates that BMI
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Figure 2 FTIR spectra of the semi-IPN composite films:
(1-a) UTBMO, (1-b) UTBM10, (1-c) UTBM40, (2-a) UTFBMO,
(2-b) UTFBM10, and (2-c) UTFBM40.

and FBMI are fully reacted during the curing
process.

Thermal properties

To compare the thermal properties of the semi-IPN
composite films, tan delta (§) as a function of tem-
perature are depicted in Figure 3. The single and
symmetric damping peak-analogous to that observed
in the neat PEI is detected for all the investigated
composite films. In addition, its position shifts at
higher temperature as the content of BMI and FBMI
increases. These results indicate that the formation
of a single and homogeneous system, at least up to
the scale of the dynamic-mechanical test; that is, the
phase domain, if it exists, is smaller than the size of
the segments that are responsible for the primary
molecular relaxation.””™” Figure 3 also shows the
increase in the glass transition temperature of the
composite films and decrease in mechanical loss
with the crosslinkable moiety content. This is
because with increase in crosslinking, the rigidity of
the system increases and energy dissipation becomes
difficult resulting in decrease in the tan 6 values.

The T, of the semi-IPN composites increased with
increasing content of crosslinkable imide moieties
for both of the two semi-IPN composite systems,
which also indicate the enhancement of the rigidity
in the system. With increase in the crosslinking the
mobility of the polymer segments gets arrested
resulting in high T, of thermoplastic polymer PEI.
Figure 4 shows the TGA thermograms of the semi-
IPN composite films and the 5 and 10% weight loss
temperatures are summarized in Table I. The 5%
weight loss temperatures (T’ ¢<,) increased from 522
to 563°C for the UTBM semi-IPN composite films, and
from 522 to 539°C for the UTFBM semi-IPN composite
films, respectively. From the TGA results, it can be
concluded that the crosslinked structure can increase
the thermal stability of the PEI as illustrated in the
interpenetrating polymer network systems.'® It may
induce relatively high chain rigidity in crosslinkable
moiety and increase in the degree of crosslinking,
which may result in the enhanced thermal stability of
the semi-IPN composite films. Specifically, the incor-
poration of BMI was more effective in the enhance-
ment of thermal stability than that of FBMI. FBMI
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Figure 3 Tan & as a function of temperature for the semi-
IPN composite films; (a) UTBM and (b) UTFBM.

Journal of Applied Polymer Science DOI 10.1002/app



780 SEO, JANG, AND HAN

T T T T T T TABLE I
100 i Thermal Properties of the Semi-IPN Composite Films
\ Glass :Neight 1055
& Film transition emperature
< 80 k thickness  temperature  Tso T10wt %
g Composites (um) Q) Q) Q)
k=
o — UTBMO UTBM semi-IPN composite films
o — — UTBM10 UTBMO 12.52 230 522 538
B UTBM25 UTBM10 11.11 245 540 552
2 —— UTBM40 UTBM25 11.42 249 555 567
= UTBM40 10.98 255 563 575
UTFBM semi-IPN composite films
40 - & UTFBMO 12,52 232 522 538
, 4 ; i i | UTEBMI10 9.56 240 532 547
, - , - - , UTFBM25  10.13 244 541 555
UTFBM40 9.79 257 539 557
100
9 greater enhancement in the thermal stability of the
= UTBM semi-IPN composite films.
2 8ar
=
5 —— UTFBMO
3 — — UTFBM10 . . . :
; ook UTEBM25 Optical and dielectric properties
= —= . . o
‘o UTFBM40 Refractive indices of the semi-IPN composite films
= are summarized in Table II and Figure 5. All the
a0 - A composite films showed larger n,, than n, regardless
of the compositions of the composite films. This
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indicates that polymer chains are preferentially
aligned in the film plane, resulting in positive bire-
fringence (A = n,,—n;) in the composite films.' 7710
With an increase in the BMI and FBMI content, the
1,y increased, consequently leading to increases in
the average refractive n,,. However, UTBM semi-
IPN composite films exhibited increasing trend in
birefringence with increasing content of BMI,
whereas FBMI semi-IPN composite films did not.
These refractive indices can be attributed to the
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Figure 4 TGA thermograms of the semi-IPN composite
films under a nitrogen atmosphere.

contains flexible hexafluoroisopropylidine groups in
the backbones, whereas BMI contains no flexible link-
age in its backbone. More over, FBMI has a longer

chain length than that of BMIL These factors can con-
tribute toward higher rigidity of the resulting semi
IPN polymer network and consequently leading to

polarizabilities of atoms constituting the backbones
of crosslinkable imide moiety and a decrease in the
free volume of the composite films."'* For UTBM

TABLE II
Optical and Dielectric Properties of the Semi-IPN Composite Films

Film thickness Optical properties Dielectric constant

Composites (um) Tyy n, Moy AP (g'v5)
UTBM semi-IPN composite films
UTBMO 12.52 1.6539 1.6498 1.6525 0.0041 2.73
UTBM10 9.56 1.6607 1.6563 1.6592 0.0044 2.75
UTBM25 10.13 1.6629 1.6569 1.6609 0.0060 2.76
UTBMA40 9.79 1.6675 1.6562 1.6637 0.0113 2.77
UTFBM semi-IPN composite films
UTFBMO 12.52 1.6539 1.6498 1.6525 0.0041 2.73
UTFBM10 9.56 1.6557 1.6472 1.6529 0.0081 2.73
UTFBM25 10.13 1.6568 1.6528 1.6555 0.0040 2.74
UTFBM40 9.79 1.6573 1.6571 1.6572 0.0002 2.75

2 Nay = 21y + 12)/3.
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Figure 5 Average refractive index and birefringence of
the semi-IPN composite films.

semi-IPN composite films, the refractive index
increased with the content of crosslinkable imide
moieties. With increase in crosslinking, a compact
structure was formed, which reduce the molar free
volume, and also there is an increase in the number
of polarizable atoms in a unit volume resulting in
the increase in polarizability and refractive index.

Unlike BMI, FBMI crosslinkable moiety has fluorine
atoms in one molecule. In general, higher polarizabil-
ity causes a higher dipole moment under electromag-
netic field, providing a higher refractive index. The
fluorine atom exhibits a relatively low polarizability
and low index of refraction, because of its high elec-
tronegativity."*'” Moreover, increases both in free
volume due to bigger size of the CF; groups and in
interatomic repulsion of fluorine groups contribute to
the decrease in the net polarizability of the system.
These may explain the refractive index and birefrin-
gence of UTFBM semi-IPN composite films.

In general, the dielectric constant is proportional to
the total polarization of the material including elec-
tronic, atomic, and dipolar polarizabilities. The dielec-
tric constant equals the square of the refractive index

at an optical frequency according to the Maxwell rela-
tionship.''” Dielectric constants of the semi-IPN
composite films were calculated from the calculated
average refractive indices, and they were given in
Table II. With increase in the content of crosslinkable
imide moieties, there is a small increment in dielectric
constant, which varied in the range of 2.73-2.77 for
the UTBM semi-IPN composite film, and in the range
of 2.73-2.75 for the UTFBM semi-IPN composite film,
respectively. However, the difference was very small,
and there was no significant change in the dielectric
constant of the semi-IPN composite films with increase
in the content of crosslinkable imide moieties.

Water sorption

The water sorption behaviors of the semi-IPN com-
posite films were gravimetrically investigated at 25°C
and 100% relative humidity, as shown in Figure 6.
Water sorption isotherms of the semi-IPN composite
films apparently followed the Fickian diffusion model
well despite the morphological heterogeneities due to
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Figure 6 Water sorption isotherms of the semi-IPN com-
posite films.
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TABLE III
Water Uptakes and Diffusion Coefficients of
the Semi-IPN Composite Films

Film Diffusion coefficient Water
thickness D x 107 uptake
Composites (num) (cm?/sec) (wt %)
UTBM Semi-IPN composite films
UTBMO 12.52 12.8 4.60
UTBM10 11.11 12.6 4.06
UTBM25 11.42 12.0 3.76
UTBM40 10.98 11.9 3.14
UTFBM semi-IPN composite films
UTFBMO 12.52 12.8 4.60
UTFBM10 9.56 9.5 4.35
UTFBM25 10.13 8.4 423
UTFBM40 9.79 7.8 3.98

the ordered and disordered phases. Thus, all the
water sorption isotherms were analyzed with the fol-
lowing equation, which is the mathematical solution
for the water diffusion in an infinite slab with a con-
stant surface concentration by Crank and Park’:

00 _ 2 2
M(t) :1_% 1 eXp( D(2m+1)nt>

M(c0) n2 £ (2m 4 1)* L2

M
where M(t) is the water sorption at a time t, M(c0)
the water sorption at an infinite time (f = o0),

D (cm?/s) the mutual diffusion coefficient of water
and polymer system, and L is the film thickness. The
experimental data of the entire range were fitted
with eq. (1), leading to the estimation of the diffu-
sion coefficient and water uptake of the semi-IPN
composite films. The results are summarized in
Table III.

The curves for the water diffusion coefficient and
water uptake versus composition are shown in Fig-
ure 7. Both the diffusion coefficient and water
uptake of the semi-IPN composite films decreased
with increasing crosslinkable imide moieties regard-
less of imide moiety structure. It indicates that the
water resistance capacity of PEI was greatly
enhanced by the semi-IPN composite systems.

Usually, the water sorption behaviors of polymer
films are correlated to the chemical structure and/or
morphological structure.””"" PEI contains hydro-
philic and flexible ether linkage in its backbone,
which also induces amorphous nature and poor
molecular ordering. The hydrophilic group and
amorphous morphological structure of PEI may
induce relatively high water uptake and diffusion
coefficient. But the semi- IPN of PEI, which has a
crosslinked network, which restricts the swelling of
the PEI in water. Also, with increase in crosslinking,
the water diffusion through the polyimide also got
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reduced because of the formation of compact struc-
ture. Also, FBMI and BMI imide moieties have rigid
structure, which induces to the more molecular
ordering in the semi-IPN composite films which is
also in conformance with the WAXD results.

The WAXD results are shown in Figure 8. Although
both WAXD patterns had only one diffuse and amor-
phous halo, its intensity and sharpness increased with
increasing the crosslinkable imide moieties. These
WAXD results indicate that, though the semi-IPN
composite films are structure-less, the molecular
ordering increased with increasing content of FBMI
and BMI imide moieties. In addition to the increase in
the intensity of amorphous halo of the semi-IPN com-
posite films, the UTBM composite films showed a
slight indication, at an angle of 4-8°, that the intramo-
lecular ordering in polymer chain increases.!%112!
These WAXD results showed good agreements with
refractive index results shown in Table II. With
increase in the content of crosslinkable imide moi-
eties, the average refractive indices increased, indicat-
ing the increasing order in polymer chains.
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Figure 7 Diffusion coefficients and water uptakes of the
semi-IPN composite films.
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Figure 8 WAXD patterns of the semi-IPN composite
films. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.].

CONCLUSIONS

Two series of the semi-interpenetrating polymer net-
work (semi-IPN) composite films, PEI/Bismaleimide
(UTBM) and PEI/Fluorinated BMI (UTFBM), were
prepared using thermoplastic PEI and two different
crosslinkable imide moieties. The effects of type and
content of crosslinkable imide moieties on thermal
stability, optical, and water sorption properties of
the semi-IPN composite films were investigated.
Glass transition temperature and weight loss tem-
perature increased with increase in the content of
crosslinkable imide moieties, indicating the enhanced
thermal stability of the semi-IPN composite films.

The refractive indices of the semi-IPN composite
films increased with increasing crosslinkable imide
moieties due to the higher polarizable atoms. The
water sorption of the semi-IPN composite films was
significantly decreased by incorporating the cross-
linkabe imide moieties, because of both reduction in
polymer swelling and enhanced molecular order. In
conclusion, incorporating BMI in PEI is more effec-
tive to increase the thermal stability and decrease
the water sorption than FBMI with bulky and flexi-
ble interlinkage.

This work was supported by Korea Energy Management
Corporation.
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