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ABSTRACT: The copoly(amic acid)s were prepared from
two various diamines 2,20-bis (4-aminophenoxy phenyl) hex-
afluoropropane or 2,20-bis (4-aminophenoxy phenyl) propane
and amine-terminated oligosiloxane, respectively, with aro-
matic tetracarboxylic dianhydride (3,30,4,40-benzophenone
tetracarboxylic dianhydride). The resulted copoly(amic acid)
with various mole ratio of triallyl isocyanurate (TAIC)/4,40-
bismaleimidophenylmethane (BMI) were subsequently ther-
mally imidized to the corresponding copolyimides. These
polymers were characterized using viscometer, differential
scanning calorimetry, thermogravimetric analyses, dynamic
mechanical analysis (DMA), dielectric analyzer, and scan-
ning electron microscope. The dielectric constant (DK) and

dissipation factor (Df) of copolyimides with TAIC/BMI were
much lower than that of copolyimides without TAIC/BMI.
Furthermore, the formation of copolyimides also would
enhance their thermal stability and solubility. DMA of
copolymers showed only a glass transition temperature (Tg),
indicating a random structure and an amorphous state. The
morphology of copolyimides revealed no phase separation.
This indicates that the homogeneous state has been achieved
in this coreaction system. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 107: 3280–3290, 2008
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INTRODUCTION

High-performance polymers are very useful in highly
demanding environments to provide special proper-
ties. They are employed as resins in advanced compo-
sites and in electronics. The articles had been pub-
lished and updated in our study.1–4 Addition and con-
densation imide resins are two different types of
imides available for high-performance matrix applica-
tions. Addition polyimides are usually low-molecular-
weight resins (e.g. bismaleimide) containing unsatu-
rated moieties for subsequent crosslinking reactions.
Owing to the high crosslinking density, addition poly-
imides generally possess high stiffness. Condensation
polyimides (i.e. polyimides), in particular those
derived from fully aromatic monomers, represent the
most important class of high temperature polymers.
These materials have a number of outstanding proper-
ties,5–10 and have been widely used in electronic appli-
cations, membranes for gas separation, structural
adhesives, sealants and as matrices for high-perform-

ance advanced nanocomposite materials.11,12 However,
most polyimides suffer from processing problems
because of their insolubility/infusibility, and the evo-
lution of volatiles during the ring formation. High-
performance polyimides are used in the fabrication of
microelectronic devices as interdielectric and passiva-
tion layers, owing to relatively high thermal stability
and excellent electrical properties. Modified structures
with flexible (ether or siloxane) linkages13,14 between
aromatic rings or with bulky pendant (heterocyclic or
branch) groups15,16 have provided improvement in
solubility,17–26 which noncoplanar (i.e. three-dimen-
sional)27 and asymmetric (or zigzag) structure28–36

have also found to be quite effective in improving the
solubility of polyimides. Moreover, the introduction of
the phenylethynyl group as an end-capping agent in
low-molecular-weight imide oligomers has greatly
improved the processability.37–39

Epoxy resins modified with bismaleimide through
reaction and blending have been reported to show
good physical and chemical properties.40–42 Addi-
tionally, the use of a reactive compound triallyl iso-
cyanurate (TAIC) to improve the particulate mor-
phology of polymer.43,44 In our previous work,45 the
coreaction of epoxy with TAIC/4,40-bismaleimido-
phenylmethane (BMI), and the resultant yield a ho-
mogeneous system. In this study, copoly(amic acid)
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was synthesized from a 3,30,4,40-benzophenone tetra-
carboxylic dianhydride (BTDA) with a mixture of two
diamines (i.e. BAPP/ATOS and BAFP/ATOS). The
resulted copoly(amic acid) was subsequently blended
with various mole ratios of TAIC/BMI, and thermally
imidized to the corresponding copolyimide. It was
reasoned that the introduction of the damines 2,20-bis
(4-aminophenoxy phenyl) hexafluoropropane (BAFP)
and 2,20-bis (4-aminophenoxy phenyl) propane
(BAPP), containing hexafluoroisopropylidene with
ether linkage and flexible siloxane unit that could
reduce the stiffness of the polymer backbone and
enhance the solubility of the resulting copolyimides.
Furthermore, the interchain interaction of amine-termi-
nated imide with TAIC/BMI could yield larger free
volume of polymer and hence improve the dielectric
property of copolyimides. This article also explores
the relationship between the structure, morphology,
and properties of these systems.

EXPERIMENTAL

Materials

2,2-Bis(4-hydroxy phenyl) propane or bisphenol A
(BPA, Acros, Belgium), 2,2-bis(4-hydroxy phenyl)
hexafluoropropane or bisphenol AF (BPAF, (Chriskev),
p-chloronitrobenzene (Acros), anhydrous potassium
carbonate (Showa, Tokyo, Japan), hydrazine monohy-
drate (Acros), and 10% palladium on activated char-
coal (TCI, Tokyo, Japan) were used. Amine-terminated
oligosiloxane (ATOS, weight average molecular is 900,
Shin-Etsu, Japan), 3,30,4,40-benzophenone tetracarbox-
ylic dianhydride (BTDA, Acros), triallyl isocyanurate
(TAIC, Aldrich), 4,40-bismaleimidophenylmethane or
bismaleimide (BMI, Aldrich, Milwaukee, WI), N,N-
dimethylacetamide (Tedia), N-methyl-2-pyrrolidinone
(NMP, Tedia), tetrahydrofuran (Tedia). The solvent
(NMP) for copolyimide synthesis was dehydrated
with CaH2 and then distilled before being stored in
4-Å molecular sieves. Triphenylphosphine (Ph3P) was
obtained from TCI, and that was used as an accelera-
tor. All the monomers were commercial products (LC
grade) and used without further purification.

Measurements

Differential scanning calorimeter (DSC; Perkin-Elmer
DSC-7) measurements were used in this study. Sam-
ples of � 5–10 mg in weight were sealed in hermetic
aluminum pans and scanned in the calorimeter at a
heating rate of 108C/min from 30 to 3508C under N2

atmosphere. For dynamic scanning, calibration of the
calorimeter was conducted for the heating rate using
an indium standard. Thermogravimetric analyses
(TGA) were performed on a Perkin-Elmer TGA-7 ther-
mal analyzer using a heating rate of 208C/min in N2

at a purge pressure of 25 psi within the temperature
range of 30–8008C. Dynamic mechanical analysis
(DMA) was performed on a Perkin–Elmer DMA-7
thermal analyzer system. A sample 15-mm length
(measuring system display sample height, it was
decided from zero), 3 mm in width, and � 42 lm in
depth was used. The modulus and glass transition
temperature (Tg) values were taken as the peak of tan
d in the heat flow curves were studied when the sam-
ple was subjected to temperature scan mode with a
extension measuring system (use stainless steel exten-
sion kit) at a programmed heating rate of 108C/min
in a frequency of 1 Hz. 1H NMR spectra were regis-
tered using a Bruker Avance-600 spectrometer using
DMSO-d6 as a solvent. Elemental analyses were car-
ried out with a Heraeus CHN-Rapid elemental ana-
lyzer. Fourier transform infrared (FTIR) spectra were
recorded on a 8100-type spectrometer with KBr pel-
lets, and spectra in the optical range of 400–4000 cm21

were obtained by averaging 32 scans at a resolution of
4 cm21. The dielectric constant and dissipation factor
were determined by the bridge method with a RF im-
pedance/material Analyzer at 1 MHz. The applied
voltage was 1 V and was maintained at room temper-
ature in N2 by the two parallel plate mode. The speci-
mens (1 3 1 cm2 3 3 mm thickness) were sub-
jected to vacuum pretreatment of 1–3 mmHg at 1008C
for 8 h to eliminate the absorbed water. A Hitachi S
4200 scanning electron microscope (SEM) was
employed to examine the morphology of samples frac-
tured cryogenically in liquid nitrogen. The fracture
surfaces were vacuum-coated with gold.

Syntheses of 2,20-bis(4-nitrophenoxy phenyl)
propane, 2,20-bis(4-nitrophenoxy phenyl)
hexafluoropropane, BAPP, and BAFP

The 2,20-bis(4-nitrophenoxy phenyl) propane (BNPP)
and BAPP were synthesized according to literatures
described in Ref. 46. Another 2,20-bis(4-nitrophenoxy
phenyl) hexafluoropropane (BNFP) and BAFP were
synthesized analogously, the element analyses for
BNFP; C 5 56.06%, H 5 2.77%, N 5 4.84% (theoreti-
cally) and C 5 55.91%, H 5 2.80%, N 5 4.80% (exper-
imentally), and the element analyses for BAFP; C
5 62.55%, H 5 3.86%, N 5 5.51% (theoretically) and
C 5 62.17%, H 5 3.87%, N 5 5.35% (experimentally).

Copoly(amic acid) synthesis (1) PAA
(BAPP-ATOS/BTDA) and (2) PAF
(BAFP-ATOS/BTDA)

Into a 250-mL four-necked round-bottom separable
flask equipped with an addition funnel and a high-
purity N2 inlet, a solution of diamine (including
ATOS and BAPP, mole ratio is 1 : 4, 2.2140 g of
ATOS and 4.0344 g of BAPP were mixed) in 50 g of
NMP was charged, then 3.7638 g of BTDA was
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added all at once. The mole ratio and solid content
in solvent of diamine/dianhydride mixture were
equally equivalent and 20 wt %, respectively, see eq.
(1). For solid content in solvent;

m
h
ðP xiMiÞdiamine þMdianhyd

i
Ws

¼ 0:2 (1)

Here, m is the mole, xi is the mole fraction of compo-
nent i, Mi is the molecular weight of component i,
Ws is the weight of solvent (50 g). The reaction mix-
ture was stirred at room temperature in N2 atmos-
phere affording a viscous copoly (amic acid) solution
after 4 h. Another copoly(amic acid), PAF (with
BAFP-ATOS/BTDA) was prepared analogously. The
reaction is shown in Scheme 1.

Scheme 1 The copolyimide (PIA or PIF) was prepared from their corresponding copoly(amic acid) (PAA or
PAF).
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Copolyimide and film casting, (1) PIA (from PAA)
and PIF (from PAF) (2) PIATB (from PAA with
TAIC/BMI) and PIFTB (from PAF with TAIC/BMI)

The PAA and TAIC/BMI (mole ratio 5 2/3) at an
equivalent amount with 0.2% Ph3P were mixed to-
gether, see eq. (2) (e.g. 10 wt %)

nðP xiMiÞTAIC=BMI

nðP xiMiÞTAIC=BMI þWPAA
¼ 0:1 (2)

where n is the mole, xi is the mole fraction of com-
ponent i, Mi is the molecular weight of component i,
and WPAA is the weight of copoly(amic acid). TAIC
(0.7072 g) and BMI (1.5251 g) were added to the
aforementioned solution of WPAA (20 g). The reaction
mixture was spread (with film casting apparatus) on
a heatproof glass plate and dried at 608C for 12 h in
a forced air oven. The film on glass was then con-
verted to copolyimide by heating in air at 1008C for
2 h, 2008C for 1 h, 2508C for 1 h, and 3008C for 2 h.

Scheme 2 The interaction of amine-terminated poly(amic acid) with TAIC/BMI.
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The film was cooled to room temperature and
stripped from the plate by soaking in water. Another
copolyimide film, PAF with TAIC/BMI (PIFTB sys-
tem) was prepared analogously. The reaction is
shown in Schemes 1 and 2.

Sample code

The sample codes for diamine ATOS-based copolyi-
mides are designated PIA and PIF, respectively, as
shown in Scheme 1. PI stands for copolyimide, A (or
F) stands for BAPP (or BAFP). However, for the
modified copolyimides are designated as PIATB-XY
and PIFTB-XY, respectively. The number of XY after
the dash is the weight percentage of TAIC/BMI-
modified copolyimide. For the systems, TAIC and
BMI were applied to the starting mixture with PAA
and PAF, as shown in Scheme 2 and Table I.

RESULTS AND DISCUSSION

Synthesis of monomer

The monomers (BNPP, BNFP, BAPP, and BAFP)
were synthesized according to our laboratory
method. All monomers, expect elemental analysis,
and the structures of diamines BAPP and BAFP
were confirmed by NMR and were in agreement
with the proposed structures. Figure 1 shows the
1H-NMR spectra of BAPP and BAFP. The character-
istic peaks for BAPP of the aromatic Hs at 6.58–7.11

ppm, amine at 4.95 ppm, and aliphatic Hs at 1.56
ppm is observed. The ratio of integration area of the
aromatic Hs : amine Hs : aliphatic Hs is 3.83 : 0.98 :
1.50 5 3.91 : 1.00 : 1.53, which agrees with the theo-
retical value of 16 : 4 : 6 5 4.0 : 1.0 : 1.5, whereas the
aliphatic Hs peak at around 1.56 ppm have disap-
peared in the BAFP spectrum. The characteristic
peaks of the aromatic Hs at 6.60–7.25 ppm and
amine at 5.05 ppm is observed. The ratio of integra-

TABLE I
Synthesis of Copolyimides from Various Component, Composition Systems, and Thermal Stability,

Mechanical and Electric Properties

Polymer hr
a

[h]exp
b

(dL/g)
[h]cal

c

(dL/g)
Tg

d

(8C)
Td

e

(8C)
Char

yieldf (%)
Dk

g

(U)
Df

h

(mU)
Modulusi

(108 Pa)

PIA 1.053 0.44 0.39 213 520 61.5 3.01 14.3 3.6
PIATB10 1.056 0.47 0.41 225 530 51.1 2.93 11.5 4.2
PIATB20 1.067 0.52 0.49 247 521 58.2 2.84 10.2 3.8
PIATB30 1.115 0.88 0.86 284 516 63.2 2.78 9.6 3.5
PIATB40 1.118 1.02 0.89 293 483 56.8 2.72 8.4 3.4
PIATB50 1.126 1.11 0.95 352 484 52.7 2.70 7.8 2.6
PIF 1.072 0.56 0.53 192 535 47.4 2.87 13.2 2.8
PIFTB10 1.146 1.15 1.11 200 556 51.4 2.82 11.4 3.8
PIFTB20 1.162 1.24 1.24 219 529 49.6 2.74 9.8 3.4
PIFTB30 1.119 1.33 1.29 224 525 54.5 2.71 8.7 2.6
PIFTB40 1.208 1.58 1.60 236 506 52.2 2.65 7.6 2.4
PIFTB50 1.253 1.97 1.98 296 502 51.6 2.62 7.1 2.1

a 0.14 g/dL in concentrated NMP at 308C.
b The solution (in concentrated NMP, 0.12–0.16 g/dL, taking five points) was measured at 308C, by extrapolation to zero

concentration, yielding [hexp], that is
� lnhr

c

�
c!0

¼ ½h�exp.
c Calculated from eq. (4), taking average concentration value (0.14 g/dL, from 0.12 to 0.16 g/dL), the full equation may

be written as
� lnhr

c

� ¼ 1
2chrðhr � 1Þð3� hrÞ ¼ ½h�cal.

d Tg measured by DMA.
e Five weight percent decomposition temperature under nitrogen atmosphere.
f Char yield at 8008C under nitrogen atmosphere.
g Dielectric constant measured at 1 MHz, room temperature.
h Dissipation factor measured at 1 MHz, room temperature.
i The modulus values at 758C were observed.

Figure 1 1H-NMR spectra of BAPP (top) and BAFP
(bottom).
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tion area of amine Hs/Aromatic Hs is 0.98/3.95
5 1/4.03, which also agrees with the theoretical
value of 1/4.0.

Synthesis of copoly(amic acid)

A series of copolyimides containing bisphenol (A or
AF) group and siloxane units were synthesized by
the conventional two-step method; the synthesis
started with diamines and an aromatic tetracarboxy-
lic dianhydride, and these were followed by ring-
opening polyaddition and subsequent thermal cyclo-
dehydration imidization. The formation of copoly
(amic acid) is actually a very complex situation that
includes competition between propagation and hy-
drolysis.47 According to the Carother’s theory, to
obtain a high molecular weight copoly(amic acid),
the monomer purity and solvent dryness are
extremely critical.

The structure of copolymer

Copolyimide (PIA and PIF)

The reaction is shown in Scheme 1. Although the
structures of the copolymers are idealized, most of
copolymers contained a small percentage of triads
(three mers) in their distributions, because the ther-
modynamically and spatially preferred structure was
usually the dyad configuration (two mers). The com-
position of the repeating unit differed from that of
the two mers (monomeric units) by the elements of
water. The copolymers had sequence lengths of one,
two, or at most several repeating units.

The interaction of amine-terminated
poly(amic acid) with TAIC/BMI

Matsumoto et al.48–50 have been concerned with the
elucidation of the specific polymerization behavior
of TAIC. This results from the intermolecular reac-
tion of TAIC on the linear polymer chains. The most
important curing reaction of BMI resins has been
their homopolymerization51 at elevated tempera-
tures. BMI resins generally show DSC exothermic
peak temperature at around 2458C.52 The maleimide
group can undergo a variety of chemical reaction,
and the reactivity of the double bond is a conse-
quence of the electron withdrawing nature of the
two adjacent carbonyl groups, which create a very
electron-deficient double bond, and therefore is sus-
ceptible to homopolymerization. The reactive como-
nomers of TAIC/BMI have been shown to be quite
complex, and the reaction equation is shown in Fig-
ure 2. The coreaction can yield combinations of chain
extension, branching, and crosslinking depending on
the reaction path and state, and the three products
are BMI homopolymerization, TAIC addition, and
TAIC/BMI addition. The onset temperature of an
equivalent mix of TAIC/BMI was around 2438C by
DSC as shown in Figure 3-I. However, for the
TAIC/BMI-Ph3P system (see Figure 3-II), the onset
polymerization peak was shifted to the lower tem-
perature (�1618C). This can be ascribed to the likeli-
hood that a very small quantity of accelerator (Ph3P)
can have a marked effect on the rate of polymeriza-
tion, and the predominant reaction is chain extension
of the double bond between the allyl and maleimide,
with negligible reaction between the BMI monomers
(higher reaction temperature), and the quick dissolu-
tion in DMSO of the resulted TAIC/BMI polymer
(2008C reaction) suggested that the reactions of allyl
and maleimide groups formed a chain extended co-
polymer, with the residual double bonds of TAIC or
BMI being negligible (steric effect).

Figure 2 Reaction equation and structure of TAIC/BMI.

Figure 3 DSC scans for (I) TAIC/BMI and (II) TAIC/
BMI-Ph3P.
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The section treats cases in which whole polymer
chains are linked together to form larger polymer
structures. Stated mathematically, the probability of
finding a sequence � � �ABC� � � of repeating units A,
B, C� � �, which can be written

Pð� � �ABC � � �Þ ¼ PðAÞPðBÞPðCÞ
¼

Y
i

PðiÞ i ¼ A;B;C � � � ð3Þ

where the P(A), P(B), P(C ) and so forth are the
unconditional probabilities of the occurrence of the
various repeat units. A suitable amine-terminated
oligomer, e.g. ATOS, is coreacted with a monomeric
diamine (BAPP or BAFP) and dianhydride (BTDA).
Since the initial amine-functionality was supplied by
the two diamines (ATOS/BAPP or ATOS /BAFP), as
the reaction approaches completion, the chain cleav-
age might be postulated as a shift in the equilibrium
for the poly(amic acid) toward amines, acids, or
anhydrides that constitute a competing reaction with
each other.47 The reaction equation is shown in
Scheme 2. The possible nucleophilic addition of
amine-terminated poly(amic acid) with TAIC/BMI
can be expressed as shown in Figure 4.

The infrared spectra (in Fig. 5) of PIA and PIATB30
were almost identical, which may be attributed to the
similar functional groups in both polymer matrices,
the imide structure showed two absorptions at 1770
and 1715 cm21 that are related to symmetric and
asymmetric C¼¼O and the absorption at 1380 cm21 is
C��N groups, while the characteristic maleimide dou-
ble bonds at a 690 cm21 had disappeared while the
peak assigned to succinimide (C��N��C, 1200 cm21),
which the secondary amine (Ar��NH��C and
R��NH��C) showed a medium intensity band at
1000–1120 cm21. For TAIC/BMI at various mole ratio,
if excess TAIC was employed, the peak assigned to
allyl (C¼¼C��C��, around 1680 cm21) had increased
to a broad peak around this wavenumber, as shown
in Figure 6. If eq. (3) is considered, some of the possi-
ble copolymers will be represented by

Short sequence : polyðA� ran� B� ran� CÞ

The term –ran– was used to indicate a random
copolymer.

Figure 4 Two possible electrophilic addition of amine-terminated poly(amic acid) with TAIC/BMI.

Figure 5 IR spectra of PIA and PIATB30, the viscous so-
lution was cast onto a glass plate and dried to obtain the
film.

Figure 6 IR macrograph spectra of PIATB10, PIATB20,
and PIATB30.
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Characterization of copolymers

Intrinsic viscosity measurement

The intrinsic viscosities of the polymers in concen-
trated NMP solutions (i.e. c 5 0.12–0.16 g/dL) were
measured at 308C with an Ubblelohde viscometer.
For dilute solutions, the logarithm of relative viscos-
ity is divided by c (concentration) and, extrapolating
to zero concentration, yields the intrinsic viscosity,

i.e. lnhr

c

h i
c!0

¼ ½h�exp, where hr is the relative viscosity

(h / h0, h: for the solution; h0: for the solvent).

Another calculated method of the intrinsic viscos-
ity, for which the following algebraic expansion is
useful;

lnhr

c
¼ 1

c
ðhr � 1Þ � 1

2
ðhr � 1Þ2 þ 1

3
ðhr � 1Þ3 � � � �

� �

ð0 < hr < 2Þ ð4Þ

For dilute solutions, the full eq. (4) may be written
(taking two terms) as

lnhr

c
¼ 1

c
ðhr � 1Þ � 1

2
ðhr � 1Þ2

� �

¼ 1

2c
hrðhr � 1Þð3� hrÞ ¼ ½h�cal ð5Þ

The intrinsic viscosities will be comparison bet-
ween experimentally determined data and the calcu-
lated values from eq. (5). Table I summarizes the
resulted copolyimides. The intrinsic viscosity of
copolymers PIA and PIF had experimental values of
0.44 and 0.56, while [h]exp values of PIATB and
PIFTB systems were from 0.47 to 1.11 and 1.15 to
1.97, respectively. The intrinsic viscosity values of
PIATB and PIFTB were much higher than that of
PIA and PIF systems, which may be due to lower
polymer chain mobility because of the polymer back-

bone having pendant bulky groups. For the PIATB
and PIFTB system, the intrinsic viscosity increase
with the content of TAIC/BMI, because of the for-
mation of a high-molecular-weight polymer.

DMA and TGA analysis

Figure 7 shows the DMA scans for glass transition
temperature (Tg) of PIATB10, PIATB20, PIFTB10,
and PIFTB20. The DMA scan of copolymers showed
only one Tg, indicating that the various repeating
units are randomly distributed along the polymer
chain, and form a random copolymer structure,
which may be attributed to the amorphous molecu-
lar structure for all copolymers. The Tg values of
PIFTB system were lower than the PIATB system,
and this may be attributed to the decrease in density
of molecular chain. Moreover, Tg increased with the

Figure 7 DMA scans for Tg of PIATB10, PIATB20,
PIFTB10, and PIFTB20.

Figure 8 TGA scans of (top) PIA, PIATB30 and PIATB50,
(bottom) PIF, PIFTB30 and PIFTB50.

TABLE II
Solubility Behavior of Copolyimides

Polymer

Solventa

THF m-Cresol DMF DMSO DMAc NMP

PIA 2 h2 h2 h2 h2 h1
PIATB10 2 h2 h1 h2 h1 h1
PIATB20 2 h2 h2 h1 h2 12
PIATB30 2 h2 h2 h2 h2 12
PIATB40 2 h2 h2 h2 h2 12
PIATB50 2 h2 h2 h2 h2 12
PIF 2 h2 h2 h2 h2 h1
PIFTB10 2 h2 h1 h1 h1 12
PIFTB20 2 h2 h1 h1 h1 12
PIFTB30 2 h2 h2 h1 h2 12
PIFTB40 2 h2 h2 h2 h2 12
PIFTB50 2 2 h2 h2 h2 12

a The solubility of copolyimides were measured at a
concentration of 1.0 g/dL in solvent. 12, soluble at room
temperature, but a few residuum was observed, indicating
the very few homopolymerization of BMI; 2, insoluble in
hot solvent; h1, soluble in hot solvent, but yet a few resid-
uum was observed; h2, swelled or slightly soluble in hot
solvent.
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content of TAIC/BMI (see Table I), and this result
may be due to the increase in the concentration of
pendant group and stiff structure of polymer chains.
The thermal properties of the copolymers were
shown in Figure 8. The results of the TGA analyses
showed an excellent thermal stability of the synthe-
sized copolymers. The 5 wt % losses in N2 atmos-
phere were 483–5308C and the char yields at 8008C
were in the range of 51–63% for PIATB system, and
the corresponding values were 502–5568C and 51–
55% for PIFTB system. For the PIATB system, the
5 wt % degradation temperatures were slightly
lower than that of PIFTB system, the reduction of Td

may be attributed to the fact that the C��H bond
(degradation energy is 414 kJ/mol) is less stable
than the C��F bond (degradation energy is 502 kJ/
mol). Table I also lists the modulus values of all the

copolyimides had moderate values. The modulus at
758C is a functional of TAIC/BMI content, indicating
that the coreaction of copoly(amic acid) with TAIC/
BMI would promote the rigidity of the resulted
copolyimide.

Dielectric constant and dissipation factor

A material with low dielectric constant and dissipa-
tion factor will reduce the signal propagating delay
time [td ¼ l 3 ð ffiffiffiffiffiffiffi

DK

p
=CÞ], and the signal propagating

loss [L ¼ K 3 ðf=CÞ 3 ffiffiffiffiffiffiffi
DK

p
3 Df ]. The dielectric

constant and dissipation factor of copolyimides are
shown in Table I. They (PIATB and PIFTB) were
noticeably lower than that the corresponding PIA
and PIF. Hougham and coworkers53,54 report that
the dielectric constant can be reduced by increasing

Figure 9 SEM micrographs of the fracture surface of (a) PIATB20, (b) PIATB30, (c) PIFTB20, and (d) PIFTB30.
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the molecule’s free volume and by decreasing polar-
ization, The pendant structure have led to greater
spacing between polymer molecules and resulted in
a less efficient chain packaging and an increase in
the free volume of the polymer, thus decreasing the
dielectric constant and dissipation factor. From Table
I, it can be seen that the dielectric constant decreases
with the increase of TAIC/BMI content in the PIATB
and PIFTB systems, which indicates TAIC/BMI
pendant group has increased free volume of the
resulted polymer. Furthermore, for the same content
of TAIC/BMI, the fluoropolymers (PIFTB system)
exhibited lower dielectric constant than polymer
without (PIATB system).

Solubility

Solubility will influence the processability for elec-
tronic applications. The solubility of copolymers in
various solvents was investigated and the results are
summarized in Table II. Copolymer of PIATB systems
exhibited somewhat limited solubility, and PIFTB sys-
tems show better solubility, because the C��F bond
length (�1.36 Å) is larger than that of C��H (1.10 Å).
Although, the molecular structure of copolymers
PIATB and PIFTB were rather similar, but the molecu-
lar volumes were different, PIATB had a smaller free
volume which led to a decrease in solubility. More-
over, owing to the introduction of a bulky isocyanu-
rate side group and siloxane segments into the copoly-
mer, they have exhibited a good solubility toward test
solvents. Generally, the polymers possess hexafluoroi-

sopropylidene unit55 and ketone unit between two
phthalimide groups56 on polymer chain, and exhibited
high solubility because of the electronic polarizability
of its carbonyl group and hexafluoroisopropylidene
groups, which hindered the interaction between
neighboring molecules.

SEM results

In order to provide a structure and property compari-
son, the fractured surface of copolymers at various
compositions were examined by scanning electron
micrographs. Figure 9 shows SEM micrographs of
PIATB20, PIATB30 and PIFTB20, PIFTB30 at around
13,000 3 magnification. As can be seen, the fracture
surface all revealed a simple plane, with no visible
phase domains or boundaries. The samples exhibited
a homogeneous structure, indicating that a homogene-
ous state has been achieved in this coreaction system.

From the earlier discussion, the possible final struc-
ture of copolymer is depicted in Figure 10. The result-
ing structure of the copoly(amic acid) with TAIC/BMI
after heat-induced reactions, and dehydration has
yielded copolyimides. It implies that copolymerization
between amine-terminated imide and TAIC/BMI has
occurred, which is consistent with the single Tg for
the copolyimide observed by DMA.

CONCLUSIONS

The copolyimides containing pendant isocyanurate
and siloxane linkage were prepared from copoly

Figure 10 Schematic drawing of the final molecular structure showing the products of the copoly(amic acid) with TAIC/
BMI-Ph3P mix system after heating.
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(amic acid), PAA, or PAF with TAIC/BMI. These
copolyimides provided excellent physical properties,
such as thermal stability, electric properties, and sol-
ubility, which meet the essential requirements for
high frequency electrical laminate application. The
copoly(amic acid) interacts with TAIC/BMI, and
then dehydrated at elevated temperature. The copoly
(amic acid) formation is actually a very complex sit-
uation which includes the intramolecular or intermo-
lecular competition between propagation and hydro-
lysis, which the reaction can yield combination of
chain extension, branching, and crosslinking depend-
ing on the heating path. DMA scans of all copoly-
mers showed only one Tg, which indicated that the
polymers are a random copolymer structure and the
morphology was in good agreement with the pro-
posed molecular structure.
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