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Abstract

In continuing studies to develop low melt viscosity phenylethynyl end-capped imide oligomers for aerospace applications, new kinds of
all-aromatic phenylethynyl-terminated imide oligomers were prepared by the reaction of 3,3’,4,4'-benzophenonetetracarboxylic dianhydride
(BTDA) or biphenylenetetracarboxylic dianhydride (s-BPDA) with 2,5-bis(4-aminophenoxy)-biphenyl (p-TPEQ) and 4-phenylethynylphthalic
anhydride (PEPA) or 4-(1-phenylethynyl)1,8-naphthalic anhydride (PENA). The oligomers bearing pendant phenyl groups exhibit much lower
melt viscosities at low temperatures, and thus provide wide processing window. The thermal curing process of the oligomers was investigated
with DSC. The tensile and thermal properties of the cured films were evaluated. Oligomers derived from PENA cured at lower temperatures and
the corresponding cured polymers show better hydrolytic stability than those of PEPA. Results showed that the utilization of diamine monomer
(p-TPEQ) can improve the processability and solubility of phenylethynyl-terminated imide oligomers without sacrificing their thermo-oxidative

stability.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Aromatic polyimides are well known as polymers with
outstanding mechanical properties and high temperature capa-
bilities. They can be utilized for a wide range of applications:
as matrices for high-performance advanced composite mate-
rials, as thin films in electronic applications, as structural
adhesives and sealants, as high temperature insulators for
aircraft wire coatings, and as membranes for gas separation
[1—11]. However, a poor processability limited their wide-
spread adoption as matrix resins for structural composites.
To improve their processability (melt processing properties
or solubility in organic solvents), more and more attention
has been focused on the study of various kinds of PETIs
(phenylethynyl-terminated polyimide oligomers) [12—22].

Aromatic polyimides prepared from the phenylethynyl-
terminated imide oligomers demonstrated many advantages
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in both favorable processability and good material properties,
and could provide high-performance composites with broad
potential applications. The advantages of these materials are
that (1) no volatiles are formed during the curing reaction,
(2) the phenylethynyl group exhibits greater process control
over the ethynyl group due to its wider processing window,
and (3) improved thermal and thermo-oxidative stability
over ethynyl-terminated imide oligomers [4,23]. Ever since
1980s, under the work of many researchers, especially in
NASA Langley, more than 100 kinds of PETIs have been
prepared and studied. Among them, PETI-5 was the best-
evaluated one with a unique combination of excellent mechan-
ical properties and good processability [4,15]. However, it is
still necessary to get new kinds of PETIs with much better
processability in order to extend the utility of polyimides as
high-performance materials.

An effective approach to attain solubilities without de-
creasing the rigidity of the polymer or oligomer backbone
substantially is the incorporation of bulky substituent pendants
into the polymer backbone. According to the literature [24],
2,5-bis(4-aminophenoxy)-biphenyl ( p-TPEQ), an all-aromatic
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diether—diamine, can form polyimide with higher thermal
stability and better solubility than any other bulky substituents,
such as the fert-butyl-containing one. Besides, comparing
properties of polyimides derived from 2,5-biphenyl-linked
diamine with those derived from isomeric 4,4’-bis(4-amino-
phenoxy)biphenyl or 2,2'-bis(4-aminophenoxy)biphenyl, the
2,5-biphenyl-bearing polyimides have far better solubility
than the 4,4'-linked one and have a far better tensile property
than the 2,2'-linked one [24—28]. Although this phenyl-
containing diamine monomer has been used to prepare poly-
imides by many other researchers [24], only few studies on
the phenylethynyl-terminated imide oligomers derived from
this diamine could be found in the literature. Herein, we
synthesized four series of PETI oligomers by the reaction of
3,3’,4,4'-benzophenonetetracarboxylic dianhydride (BTDA)
or biphenylenetetracarboxylic dianhydride (s-BPDA) with
p-TPEQ and 4-phenylethynylphthalic anhydride (PEPA) or
4-(1-phenylethynyl)1,8-naphthalic anhydride (PENA). It was
expected that, for the corresponding cured resins, the incorpo-
ration of this unsymmetrical and hindered moiety would
disturb the coplanarity of the aromatic unit reducing packing
efficiency and crystallizing-ability. This should enhance
solubility and maintain high T,s through controlled segmental
mobility [24].

As end-capping reagent, PENA gained less attention than
PEPA, because the PENA-terminated imide oligomers gave
little advantages than the PEPA-based ones and the naphthalic
anhydride displays a lower activity [29—31]. However, the
lower activity usually leads to a better stability when the naph-
thalic structures were introduced into the polymer backbone.
As we studied, the incorporation of PENA made the cured
resins to exhibit better hydrolysis stability than the PEPA-
based ones, which makes the PENA-based polyimides applica-
ble in the Fuel Cell system [32—35].

The work reported herein concerns the syntheses, charac-
terizations and preliminary evaluation of some imide oligo-
mers and their corresponding thermally cured polymers.

2. Experimental
2.1. Materials

The following chemicals were obtained from the indicated
sources and used without further purification.

3,3',4,4'-Benzophenonetetracarboxylic dianhydride (BTDA)
was obtained from Beijing Jiaohua Company, 97%, m.p.
221 °C, biphenylenetetracarboxylic dianhydride (s-BPDA)
from Chriskev Company Inc., m.p. 305—308 °C, 4-phenyl-
ethynylphthalic anhydride (PEPA) from MANAC Corp.,
Japan, m.p. 152°C and N-methyl-2-pyrrolidinone (NMP)
and D,N-dimethyl formamide (DMF) were purchased from
Tianjin Chemical Agent Factory. N,N-Dimethylacetamide
(DMACc) was distilled under reduced pressure before use.

Dinitro compound (2,5-bis(4-nitrophenoxy)biphenyl) was
synthesized according to the literature [24], the diamine mono-
mer was obtained by the catalytic hydrogenation of dinitro

compound with Fe/HCI in ethanol/water. The overall yield
was 60%. Mass spectroscopy: (m/e) 368, calculated molecular
weight: 368.43 gmol™!, m.p. (d.s.c., 20 °Cmin~") peak at
58—61 °C. PENA was synthesized according to the literature
[31]. Mass spectroscopy: (m/e) 298, calculated molecular
weight: 298.29 gmol ™!, m.p. (d.s.c., 20 °Cmin~") peak at
233 °C (sharp).

2.2. Polyimide synthesis

Scheme 1 represents the experimental procedure used to
prepare the oligomers and their cured polymers. Because the
oligomers were synthesized with the same diamine, they
were denominated as the dianhydrides and the end-caps can
be divided into four series. For convenience, in this paper,
all the samples are denominated in shortened forms of the
monomer, dianhydride: “s” represents s-BPDA, “bt” repre-
sents BTDA; end-cap agent: ““a” represents PEPA, “b’’ repre-
sents PENA; the oligomer-degree nos. 1, 2, 4, 9 represent the
number of the dianhydride molecules in the oligomer. For
example, “s—al” means the sample made from s-BPDA
with p-TPEQ and PEPA with an oligomer degree of 1.

2.2.1. The synthesis of PEPA end-capped oligomers

Two series of PEPA end-capped oligomers from s-BPDA or
BTDA were synthesized according to a published method
[12,20,21] as illustrated by oligo-s—a4. p-TPEQ (3.68 g,
0.01 mol) and 15 ml DMAc were placed in a flame-dried
100 ml three necked round-bottom flask which was equipped
with nitrogen inlet, mechanical stirrer and drying tube. After
the diamine was dissolved completely, s-BPDA (2.352 g,
0.008 mol) was added and the reaction mixture was stirred
at room temperature for ~3 h under a nitrogen atmosphere.
Then PEPA (0.992 g, 0.004 mol) was added with additional
DMACc to adjust the solids’ concentration to ~30% (W/w).
The mixture was stirred at room temperature for another 2 h.
The oligoamide acid solution was cast on a glass plate and
dried in an air oven at 80 °C and 150 °C for 1 h each, then
the material was imidized at 200 °C for 1 h and 250 °C for
1.5h in a vacuum oven, finally ground to obtain oligo-s—a4
powder which has the polymerization degree of 4 (as de-
scribed before, 4 represents the number of the dianhydride
molecules in the oligomer). All other PEPA terminated
oligomers were synthesized with an analogous procedure
as described.

2.2.2. The synthesis of PENA end-capped oligomers

Two series of PENA end-capped oligomers from s-BPDA
or BTDA were prepared as follows. The first step for the amide
acid solution was just the same as that of PEPA. While PENA
was added, because of its poor activity at ambient temperature,
the mixture was heated to keep the end-cap reaction going on.
Finally imide oligomer was prepared by subsequently adding
toluene and refluxing the solution under a Dean Stark trap
for 5h under nitrogen atmosphere. The solution was then
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cast on a glass plate and dried at 150 °C in an air oven to
remove the solvent, then in a vacuum oven at 250 °C for 1 h
to get the entirely imidized oligomer and finally ground to
obtain the PENA end-capped imide oligomer powder.

2.2.3. Films

The obtained imide oligomers were molded by using
6 x 6 x 0.005 cm® polyimide film frame on a 15 x 15 cm?
stainless steel plate with UPILEX-S separator films under
1.4 MPa by heating initially to T, + 60 °C for 20 min and sub-
sequently to 370 °C for 1 h. The dark red or yellow film-like
specimens of 6 x 6 x 0.005 cm® were obtained.

2.24. Hydrolysis stability in base and acid environments

The hydrolysis stability tests of the polyimide films were
performed by immersing the films into 10% NaOH or 10%
H,SO, aqueous solution, and refluxing for 24 h. Then, the
mechanical properties of the treated films were compared
with the unsettled ones.

2.3. Characterization and measurements

Differential scanning calorimetry (DSC) of the imide olig-
omers was performed using a Mettler Toledo DSC 821e series
analysis system at a heating rate of 20 °C min~' under a nitro-
gen atmosphere at a flow rate of 100 cm® min~'. Each oligo-
mer was scanned twice. The glass transition temperature
(T;) was taken at the mid-point of the heat flow versus temper-
ature curve. Infrared spectroscopy (IR) of oligomer powder
sample deposited onto KBr plates was performed with
OPUS FTIR spectrometer. Melt viscosity measurements were
performed on a Physica MCR300 dynamic rheometer at
a ramp rate of 4 °C min~' in a nitrogen flow. Sample specimen
discs of 2.54 cm diameter and 1.5 mm thickness were prepared
by press molding with 0.5 g of the powder-like imide oligomer
at T, — 20 °C. After loading, specimens were heated to 200 °C
for bonding to the paralled plates. The lower plate was oscil-
lated at a fixed strain of 5% and at a fixed angular frequency of
10 rad s—', while the upper plate was attached to a transducer
that recorded the resultant torque. Melt viscosity (n*, complex
viscosity as a function of time) was measured from 200 °C to
380 °C. Dynamic mechanical analysis (DMA) was performed
on thin film specimen (3 x 0.65 x 0.05cm?®) on a TA in-
strument DMA Q800 at a heating rate of 5°C min~' and at
a load frequency of 1 Hz in an air atmosphere. The peak on
the tan 0 as a function of temperature curves was regarded
as T, of the cured film. Tensile properties such as the tensile
modulus, tensile strength and elongation of the films at break
were measured as the average using specimens on a Daojing
AG-I tensile apparatus. Sample size: 3 x 0.3 x 0.005 cm?,
strain rate: 8 mm s~ '. Thermogravimetric analysis (TGA) was
performed using a Perkin—Elmer (TGA-7) thermogravimetric
analyzer with Pyris data collection and analysis software for
Windows. Film samples were heated at a constant rate of
5°Cmin~" in air or nitrogen (25 cm® min~') atmosphere.

3. Results and discussion
3.1. Oligomer synthesis

Four series of imide oligomers with different molecular
weights were prepared as in the method outlined in Scheme 1.
The amide acid oligomers were synthesized by the reaction of
calculated stoichiometric ratios of anhydride (BTDA or
s-BPDA) and diamine (p-TPEQ) with phenylethynyl end-
capping agent (PEPA or PENA) in DMAc and subsequently
cyclodehydrated by thermal imidization to obtain four series
of phenylethyl terminated imide oligomers. PENA failed to
react at ambient temperature, as a six-membered ring in
PENA is more stable than a five-membered ring in PEPA.

Many works showed that reducing average molecular
weight by changing the stoichiometry and diamine composi-
tion of oligomers has a profound effect on the processability
of the uncured oligomers and on the T, value after crosslink
[4,20,21,36]. In this article, the monomers used for synthesiz-
ing the polyimide oligomers were varied systematically within
the series to study the influence of both molecular structure
and molecular weight on the physical and film-forming prop-
erties. Four series of imide oligomers which had the polymer
degrees of 1, 2, 4, 9 (as listed in Table 1) were prepared. They
are denominated in a way as discussed before in Section 2.2.

3.2. Properties of imide oligomers

3.2.1. Thermal properties of the imide oligomers

The thermal properties of all uncured oligomer powder
with different molecular weights were measured by DSC.
Fig. 1 shows the DSC curves of oligo-s—a4 powder in the first
and second scan. All other oligomers had similar thermal
behavior. As expected, only one glass transition was observed
in the first heating run, which represents the T, of uncured
imide oligomer. A higher glass transition temperature was
observed in the second heating run as a result of phenylethynyl
crosslinking. Glass transition temperature of the oligomers
(T;) and glass transition temperature of the cured
polymers (Té), the onset curing temperatures (Typser), €X0ther-
mic peaks (T, and T2, and normalized heat enthalpy (AH)
are all listed in Table 1.

The exothermic peak due to the crosslinking reaction
appeared at 330—405 °C in the first heating run of DSC.
Exothermic enthalpy (AH ) decreased as the content of phenyl-
ethynyl decreased. The onset curing temperatures of oligo-s—
al—9 were in the range of 389—405 °C, about 50 °C higher
than those of the other 12 oligomers in the range of 330—
360 °C, we consider that was because oligo-s—al—9 had nei-
ther carbonyl group nor naphthyl group, which can accelerate
the crosslinking of phenylethyl. Similar phenomena have been
discussed in the literature [31].

The T, determined in the second heating run showed higher
T,, ranging from 256 °C to 327 °C, as a result of a complex
reaction of the C=C in the course of the first heating run.
AT, (AT, =T, — Ty) varied from 56 °C to 179.5 °C according
to the molecular weight and the content of phenylethynyl.
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Table 1
Properties of the oligomers from p-TPEQ
Samples Uncured powder Cured AT, (°C)
n  Caled. M, (zmol™")  Solubility® DSC first run ?f(coc)
DMF NMP T, (°C) Tonser °C) Téxo (°C) Toxo (°C) AH (J/g) )
s—al 1 1400 + ++ 161.5 389 418 - 166 300 138.5
s—a2 2 2100 + + 175 391 418 - 133 288 113
s—ad 4 3300 + + 190 400 438 - 72 277 87
s—a9 9 5500 - + 207 405 417 - 24 263 56
bt—al 1 1500 + ++ 160 340 417 440 173 306 146
bt—a2 2 2100 + + 176 361 416 439 116 292 116
bt—a4 4 3400 + ++ 172 346 402 441 98 264 92
bt—a9 9 5700 + + 199 348 399 - 56 259 60
s—bl 1 1600 + ++ 147.5 330 355 - 156 327 179.5
s—b2 2 2200 + + 163 337 366 - 108 297 134
s—b4 4 3400 + + 187 346 380 - 56 285 98
s—b9 9 5600 + + 183 350 390 - 27 256 73
bt—bl 1 1600 + + 197 340 400 422 160 295 98
bt—b2 2 2200 + + 196 340 410 - 114 323 127
bt—b4 4 3500 + + 195 330 408 422 77 290 95
bt—b9 9 5800 + - 188 348 400 430 20 266 78

T;: glass transition temperature of the oligomers determined on powdered sample by DSC at a heating rate of 20 °Cmin~" in the first run; Té: glass transition
temperature determined on samples by DSC at a heating rate of 20 °C min~! in the second heating run; Tone: Onset crosslink temperature of the oligomers;
Tl and T2 the temperature of exothermic peaks on DSC curves. AT, = Té - Té.

Note: all the samples are denominated in shortened forms of the monomer, dianhydride: *“s” represents s-BPDA, “bt” represents BTDA; end-cap agent: “a”
represents PEPA, “b” represents PENA; the oligomer-degree nos. 1, 2, 4, 9 represent the number of the dianhydride molecules in the oligomer. For example,

“s—al” means the sample made from s-BPDA with p-TPEQ and PEPA with an oligomer degree of 1. The same is seen in Tables 2 and 3.
# Solubility: +, measured at a polymer concentration of 1% w/w; ++, soluble more than 5% at room temperature; =+, partially soluble on heating; —, insoluble.

Oligo-s—bl demonstrated the highest T, and the highest AT,
after curing among the 16 samples. The glass transition
temperatures of the cured imide oligomers are related to not
only crosslink density, but also to the oligomer chain
conformation.

3.2.2. Processability of the imide oligomers

The incorporation of bulky substituent pendants into the
polymer backbone is an effective way to improve the solubility
of the polymer [24]. The solubilities of the imide oligomers in
NMP and DMF were investigated, and the results are summa-
rized in Table 1. With the molecular weight increasing, the
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Fig. 1. Typical DSC curves of the oligo-s—a4 powder.

solubility decreases. The PEPA imide oligomers had higher
solubilities than those of PENA due to the steric hindrance
of the naphthyl groups. All the oligomers have better solubil-
ities in NMP than in DMF because the polarity of NMP is
higher.

As mentioned before, the purpose of our work was to find
a kind of phenylethynyl-terminated oligomer that can meet the
RTM (resin transfer molding) requirements. Low viscosity is
the most important character. The melt viscosity measurement
of the oligomers was carried out, and the different melt viscos-
ities as a function of curing temperature are displayed in Fig. 2
which was illustrated with the s-BPDA/p-TPEQ/PEPA series.

400
Temperature (°C)

Fig. 2. Complex melt viscosity behaviors of oligo-s—al—9.
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Oligo-s—al, oligo-s—a2, oligo-s—a4, oligo-s—a9 exhibited
minimum melt viscosity as low as 5Pas (260 °C), 6 Pas
(320 °C), 93 Pas (343 °C) and 266 Pa s (345 °C), respectively.
All the minimum melt viscosities were lower than the reported
oligomers (PETI-5 exhibited its minimum melt viscosity at
60000 Pas (371 °C) and TriA-PI had a lower minimum melt
viscosity at 1000 Pas (320 °C)) [4,20]. The lower minimum
melt viscosities of the oligomers were the contribution of
the pendant phenyl group and the diether group in the diamine
monomer (p-TPEQ). Obviously, decreasing the molecular
weight of the oligomer led to a sharp decrease of the temper-
ature at the minimum melt viscosity and a wider processing
window.

The processability was improved by decreasing the molec-
ular weight of the oligomers, which can be seen in Fig. 2.
Furthermore, the PEPA end-capped ones exhibited higher
potential for RTM (resin transfer molding) use.

3.2.3. Crosslink characterization

The crosslink reaction of phenylethynyl end group was
monitored by IR spectroscopy as illustrated by oligo-bt—a2.
As can be seen in Fig. 3, oligo-bt—a2 showed an absorption
of the terminated phenylethynyl C=C at 2210 cm ™' and the
imide carbonyls C=0 at 1780 cmfl, 1720 cmfl, and charac-
teristic imide bands at 1370 cmfl, 1110 crnfl, and 740 cm ™.
When cured at 370 °C, the absorption at 2210 cm~! decreased
gradually and almost vanished after 70 min, but the imide and
carbonyl absorptions remained constant during the thermal
cure process, which indicated that the C=C bonds of phenyl-
ethynyl reacted during 370 °C curing.

3.3. Films

The cured imide oligomer films were prepared by molding
the oligomer powder at 370 °C for 1 h under pressure. Ther-
mal curing of imide oligomers leads to the phenylethynyl
group undergoing a complex reaction involving chain
extension, branching and crosslinking without the evolution
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0.85 w
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. 080 W 50min
S v
= 075 W
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Fig. 3. Variations of FTIR spectra of oligo-s—b2 heat-treated at 370 °C.

Table 2
Properties of the cured films from the oligomers

Samples Cured film properties

DMA TGA (Ny) TGA Tensile properties

(air)

T, Ty,  Retain Ty, Strength  Modulus  Elongation

0 O (%) C)  (MPa)  (GPa) (%)
s—al 305 506 62.5 494 53 2.6 2.4
s—a2 289 521 o4 514 116 3.0 7.1
s—ad 272 530 63 535 140 34 8.8
s—a9 253 535 63.8 535 103 32 5.4
bt—al 307 549 675 534 55 2.8 4.0
bt—a2 288 526 655 504 114 3.1 6.3
bt—ad 265 524 64.1 504 109 32 47
bt—a9 251 529 655 517 130 2.9 8.0
s—bl 319 508 625 511 57 2.5 3
s—b2 294 531 678 490 93 2.7 4.7
s—b4 274 532 70.6 500 122 2.7 13
s—b9 242 548 67.9 501 31 0.9 7
bt—bl 295 531 688 534 62 2.8 3
bt—b2 327 542 669 510 40 2.5 2.6
bt—b4 262 534 70.2 507 67 2.8 3.6
bt—b9 250 539 645 505 57 1.5 5.8

Tg: glass transition temperature of the oligomers determined on cured film by
DMA at a heating rate of 5 °C min~"; Tas: 5% weight loss temperatures in N,
or air atmosphere; retain: weight% at 700 °C in N, atmosphere.

of volatile by-products. The color of the films made from
oligo-s—al—9 was lighter than the others.

3.3.1. Dynamical mechanical properties

The T, values of cured imide oligomer films were deter-
mined by DMA. The peak on the tan 6 as a function of
temperature curves was considered as the T, of the cured
film, and the data are listed in Table 2. Fig. 4 shows the
DMA curves (modulus as a function of temperature) of cured
PI oligomers (n =1, 2, 4, 9) films based on s-BPDA/p-TPEQ/
PEPA. T, exhibited an obvious reduction with the increasing
molecular weight because of lower crosslink density.
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Fig. 4. DMA curves of cured PI oligomer (n=1, 2, 4, 9) films based on
s-BPDA.
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3.3.2. Tensile properties

The room temperature tensile properties of cured oligomer
films are presented in Table 2. The films of cured imide olig-
omers with lower molecular weight were easy to break due to
higher crosslink density. All cured PEPA end-capped imide
oligomer films exhibited better tensile properties, which had
the strength at break more than 110 MPa, the modulus more
than 2 GPa, and the PENA end-capped ones exhibited rela-
tively lower tensile strength and modulus except that of
oligo-s—b4. The oligo-s—b4 showed excellent tensile proper-
ties, with a strength at break of 122 MPa and a modulus of
2.7 GPa, and 13% elongation. Comparing their tensile proper-
ties, the four series of polymers showed the same trend that the
cured imide oligomers with a calculated molecular weight of
3300 gmol ' exhibited the best strength and modulus and
higher elongation to break. In all, oligo-s—a4 offered the
best tensile properties after crosslinking.

3.3.3. Thermal stability

The thermal stability of films obtained from oligomers
cured at 370 °C was evaluated by TGA in N, and air atmo-
spheres at a heating rate of 5°C min~'. All cured films with
different molecular weights exhibited excellent thermal stabil-
ity. The data are listed in Table 2 and the thermal stability
behavior was illustrated by bt—b9 in Fig. 5. The temperatures
of 5% weight loss were all above 506 °C in N,, the char
yields reported at 700 °C in N, is above 62.5%.

3.3.4. Hydrolysis stability in base and acid solutions

The hydrolysis stability tests of the polyimide films were
performed by immersing the films (as illustrated by oligo-s—
a4 and oligo-s—b4, which were just different from the end-
capping agent with the same molecular weight) into 10%
NaOH or 10% H,SO, aqueous solution, and refluxing for
24 h. The mechanical properties of the membranes before
and after hydration are listed in Table 3.

As can be seen from Table 3, the film from oligo-s—a4
showed 30% reduction in tensile strength to failure and
a 6% reduction in tensile modulus after boiling in 10%
NaOH aqueous solution for 24 h, while oligo-s—b4 showed
just 10% reduction in strength to failure and nearly no reduc-
tion in modulus, from which we can see that PENA is better
than PEPA as the end-capping agent according to the hydroly-
sis stability. The reason is that naphthalene group has

Table 3
Mechanical properties of the membranes before and after hydration

Sample Treatment® Tensile properties
Strength (MPa) Modulus (GPa)  Elongation (%)

s—a4 1 140 34 8.8

2 97 32 12

3 120 2.6 9
s—b4 1 122 2.7 13

2 110 2.7 7

3 120 2.7 7

? Treatment 1: without any treatment; 2: refluxing in 10% NaOH aqueous
solution for 24 h; 3: refluxing in 10% H,SO, aqueous solution for 24 h.
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Fig. 5. TGA curves of the fully cured bt—b9 film in air and N, atmospheres.

participated in the crosslink reaction and thus leads to
a more dense network of the membrane, so the water molecule
cannot easily move into the network to break the bond of the
imide ring.

4. Conclusions

Four series of phenylethynyl-terminated imide oligomers
consisting of s-BPDA or BTDA with p-TPEQ were prepared.
The incorporation of p-TPEQ increased the solubility and
processability of the oligomers compared with the other re-
ported PETI oligomers. The oligomers have low T,s and low
minimum melt viscosities at low temperature, which was con-
tributed by the pendant phenyl groups. The Ts of cured imide
oligomers were related not only to crosslink density, but also
to the oligomer chain conformation. All the oligomers can
be compressed into films and the films exhibited excellent
thermal stability and good mechanical properties. Films ob-
tained from PEPA showed higher tensile strength and modulus
at break than PENA. The films of cured imide oligomers with
M,, 1500 g mol " have higher T, but poorer tensile properties
due to higher crosslink densities and branching. Oligo-s—a4
offered the best combination of properties among all the 16
different oligomers. PENA is better than PEPA as the end-
capping agent to get more hydrolysis stable polymer in alkali
or acid environment.
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