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ABSTRACT: A naphthalene unit-containing bis(ether anhydride), 2,7-bis(3,4-dicar-
boxyphenoxy)naphthalene dianhydride, was prepared in three steps starting from the
nucleophilic nitrodisplacement reaction of 2,7-dihydroxynaphthalene and 4-nitrophtha-
lonitrile in N,N-dimethylformamide (DMF) solution in the presence of potassium car-
bonate followed by alkaline hydrolysis of the intermediate bis(ether dinitrile) and
subsequent dehydration of the resulting bis(ether diacid). High-molar-mass aromatic
poly(ether imide)s were synthesized using a conventional two-stage polymerization
process from the bis(ether anhydride) and ten aromatic diamines. The intermediate
poly(ether amic acid)s had inherent viscosities of 0.95–2.67 dL/g. The films of poly-
(ether imide)s derived from two rigid diamines, that is, p -phenylenediamine and benzi-
dine, crystallized and embrittled during the thermal imidization process. The other
poly(ether imide)s belonged to amorphous materials and could be fabricated into trans-
parent, flexible, and tough films. These poly(ether imide) films had yield strengths of
91–115 MPa, tensile strengths of 89–136 MPa, elongation to break of 11–45%, and
initial moduli of 1.7–2.2 GPa. The Tgs of poly(ether imide)s were recorded in the
range of 222–2567C depending on the nature of the diamine moiety. All polymers were
thermally stable up to 5007C, with 10% weight loss being recorded above 5407C in air
and nitrogen atmospheres. q 1997 John Wiley & Sons, Inc. J Polym Sci A: Polym Chem 35:
2281–2287, 1997
Keywords: 2,7-bis(3,4-dicarboxyphenoxy)naphthalene dianhydride; poly(ether im-
ide)s

INTRODUCTION of high softening temperatures and limited solu-
bility in commercially available solvents. In fact,
they are usually processed via the form of theirAromatic polyimides are known for their excellent
poly(amic acid) precursors followed by chemicalthermal stability and chemical resistance, to-
or thermal imidization.gether with balanced electric and mechanical

Poly(ether imide)s, with the following generalproperties.1 Polyimides are mainly used in the
structure (A):aerospace and electronic industries in the forms of

films and moldings. Other uses for these polymers
such as adhesives, composite matrices, coatings
and foams are rapidly increasing. However, aro-
matic polyimides are difficult to process because
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can provide a compromise between good thermal bis ( 3,4 - dicarboxyphenoxy ) naphthalene dianhy -
dride (4) and its derived poly(ether imide)s andstability and processability when compared to

polyimides. The poly(ether imide)s with the gen- the basic characterization of these polymers as well.
eral structure of (A) are usually prepared by the
widely utilized two-stage process for the manufac-
turing of polyimides via poly(amic acid)s from EXPERIMENTAL
bis(ether anhydride)s with general structure (B)
and aromatic diamines. The large number of com-

Materialsmercially or
2,7-Dihydroxynaphthalene (Acros), 4-nitrophtha-
lonitrile (TCI), potassium carbonate (K2CO3,
Fluka), N,N-dimethylformamide (DMF, Fluka),
potassium hydroxide (Wako), and acetic anhy-
dride (Janssen) were used as received. p -Pheny-
lenediamine (5a ) (Wako) and benzidine (5c )
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were purified by sublimation. m-Phenylenedi-
amine (5b ) (Janssen) was vacuum-distilled prior

synthetically available aromatic diols (the source to use. 4,4 *-Bis(4-aminophenoxy)biphenyl (5h )
of the Ar * moieties) and diamines (the source of (mp 198–1997C), 2,2-bis[4-(4-aminophenoxy)-
the Ar units) indicates that hundreds of structur- phenyl]propane (5i ) (mp 1267C), and bis[4-(4-
ally different poly(ether imide)s may be synthe- aminophenoxy)phenyl] sulfone (5 j ) (mp 185–
sized. 1877C) were prepared by the nucleophilic substi-

Bis(ether anhydride)s having the structure tution reaction of the corresponding bisphenols,
(B) can be easily prepared using a nucleophilic that is, 4,4 *-biphenol, 2,2-bis(4-hydroxyphenyl)-
displacement of a nitro or halide group from a propane (bisphenol A), and bis(4-hydroxyphenyl)
phthalic acid derivative, for example, 3- or 4-nitro- sulfone, and p -chloronitrobenzene in the presence
phthalic derivative and 3- or 4-fluorophthalic acid of potassium carbonate, giving the bis(p -nitro-
derivative, by reaction with the alkali metal salt phenoxy) compounds, and subsequent reduction
of an aromatic diol. The literature depicts two ma- of the dinitro compounds using hydrazine as the
jor routes suitable for the synthesis of bis(ether reducing agent and palladium as the catalyst.10–11

anhydride)s derived from phthalic acid deriva- The other diamines, 4,4 *-methylenedianiline (5d )
tives and various diols; these procedures have (TCI), 4,4 *-oxydianiline (5e ) (TCI), 3,4 *-oxydia-
been reviewed by Takekoshi2 and Eastmond et niline (5 f ) , and 1,4-bis(4-aminophenoxy)ben-
al.3 The most popularly used displacement reac- zene (5g ) (TCI), were also used without purifica-
tions are those between N-phenyl or N-alkyl nitro- tion. N,N-Dimethylacetamide (DMAc) was puri-
phthalimides and bisphenolates.4–6 The bis(ether fied by distillation under reduced pressure over
phthalimide)s so formed are hydrolyzed to bis- calcium hydride and stored in the presence of 4 Å
(ether diacid)s and then dehydrated to yield the molecular sieves.
bis(ether anhydride)s. The alternative nitrodis-
placement reaction is that between nitrophtha-

Monomer Synthesislonitrile and bisphenolates.7–9 This reaction pro-
duces a tetranitrile, which is then converted to 2,7-Bis(3,4-Dicyanophenoxy)naphthalene (2)
the corresponding tetracarboxylic acid and hence
to the bis(ether anhydride). In principle, these In a 300-mL flask, 5.6 g (0.035 mol) of 2,7-dihy-

droxynaphthalene (1 ) , 12.2 g (0.07 mol) of 4-ni-techniques can be used to synthesize bis(ether
anhydride)s from bisphenols (e.g., bisphenol A), trophthalonitrile, and 10.1 g (0.073 mol) of K2CO3

were suspended in 80 mL of DMF. The suspensionbenzenediols (e.g., hydroquinone, resorcinol, and
catechol), or naphthalenediols. A number of bis- solution was stirred at room temperature for

about 24 h. Then, the reaction mixture was(ether anhydride)s have been prepared from bis-
phenols and benzenediols.2–9 However, the bis- poured into 700 mL of water, and the precipitated

brown solid was collected and washed thoroughly(ether anhydride)s of naphthalenediols are scarcely
known. In our continuing effort to develop high- with methanol and water. The yield of the product

was 13.6 g (94%); mp 204–2057C [2077C (DSC)]performance polymers containing naphthalene moi-
eties, this article deals with the synthesis of 2,7- [lit.12 203.5–204.57C]. The IR spectrum (KBr) ex-
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hibited absorptions at 2230 (CGN) and 1250 poured into a 9-cm glass culture dish, which was
placed in a 907C oven overnight to remove thecm01 (C{O{C).

ANAL. Calcd for C26H12N4O2 (412.41): C, solvent. The semidried poly(ether amic acid) film
was further dried and transformed into poly-75.72%; H, 2.93%; N, 13.58%. Found: C, 75.67%;

H, 2.95%; N, 13.50%. (ether imide) by sequential heating at 1507C for
20 min, 1807C for 20 min, 2207C for 20 min, and
2507C for 30 min. By soaking in hot water, a flex-2,7-Bis(3,4-Dicarboxyphenoxy)naphthalene (3)
ible poly(ether imide) film of 7a lifted off fromIn a 500-mL flask, a suspension of bis(ether dini- the glass surface.trile) 2 (11.2 g; 0.027 mol) in an ethanol/water IR of 6a (film): 2400–3500 (N{H and O{Hmixture (150 mL/150 mL) containing dissolved str.) , 1500–1730 (broad, arom. C|C str./ C|O58.9 g (1.08 mol) of KOH was boiled under reflux. str. / N{H, O{H bending), and 1200–1300The suspension turned into a clear solution after cm01 (C{O). IR of 7a (film): 1780 (asym. C|O),about 4 days. Reflux was continued for an addi- 1725 (sym. C|O), 1430–1620 (arom. C|C),tional day until the evolution of ammonia had 1365 (C{N), 1240 (C{O), 1080, and 745 cm01

ceased. The resulting hot, clear solution was fil- (imide ring deformation).tered to remove any insoluble impurities. The hot All other poly(ether imide)s were prepared byfiltrate was allowed to cool and acidified by conc. a similar method.HCl to pH Å 3. The brown precipitated product
was filtered off, washed repeatly with water, and
dried in vacuum, to give 15.6 g (100%) of bis-

Measurements(ether diacid) 3; mp 207–2097C [2147C (DSC)].
IR (KBr): 2400–3600 (O{H), 1690 (C|O), and IR spectra were recorded on a Jasco FT/IR-70001220 cm01 (C{O{C). Fourier transform infrared spectrometer. Ele-

mental analyses were run in a Perkin–Elmer2,7-Bis(3,4-Dicarboxyphenoxy)naphthalene Model 2400 C, H, N analyzer. The inherent viscos-Dianhydride (4) ities were measured with an Ubbelohde viscome-
ter thermostated at 307C. A Sinku Riko DSC-7000In a 500-mL flask, bis(ether diacid) 3 (12.9 g;

0.026 mol) was suspended in 120 mL of acetic differential scanning calorimeter equipped with a
Sinku Riko TA-7000 analyzer was used to deter-anhydride. The suspension was boiled under re-

flux until turning into a clear solution. The re- mine the thermal transitions. Heating rate was
207C/min. Glass transition temperatures (Tgs)sulting hot, clear solution was filtered to remove

any insoluble impurities. On cooling, the crystal- were read at the middle of the change in the heat
capacity, and were taken from the second heatinglized brown crystals were collected, washed with

dry toluene, and dried in vacuo, to give 8.6 g (72%) scan after rapid cooling. Thermogravimetry anal-
ysis (TGA) was conducted with a Rigaku ther-of bis(ether anhydride) 4; mp 158–1607C [1667C

(DSC)] [lit.12 165–1677C]. IR (KBr): 1850 (asym. moflex TG 8110 coupled to a Rigaku TAS-100
thermal analysis station. Experiments were car-C|O), 1770 (sym. C|O), 1440–1530 (arom.

C|C), and 1280 cm01 (C{O{C). ried out on 9 to 11-mg samples heated in flowing
nitrogen or air (50 cm3/min) at a heating rate ofANAL. Calcd for C26H12O8 (452.37): C, 69.03%;

H, 2.67%. Found: C, 69.00%; H, 2.65%. 207C/min. Wide-angle X-ray diffraction measure-
ments were performed at room temperature
(about 257C) on a Siemens Kristalloflex D5000 X-

Syntheses of Poly(ether imide)s ray diffractometer, using Ni-filtered CuKa radia-
tion (40 kV, 15 mA). The scanning rate was 27 /A typical polymerization procedure is as follows.

p -Phenylenediamine (5a ) (0.1929 g; 1.78 mmol) min over a range of 2U Å 5–407. An Instron uni-
versal tester Model 1130 with a load cell 5 kg waswas dissolved in 9.5 mL of dried DMAc in a 50-mL

flask. After the diamine was dissolved completely, used to study the stress–strain behavior of the
samples. A gauge of 2 cm and a crosshead speed of0.8071 g (1.78 mmol) of bis(ether anhydride) 4

was added in one portion. The mixture was stirred 5 cm/min were used for this study. Measurements
were performed at room temperature with filmat room temperature for 2.5 h. The inherent vis-

cosity of the resulting poly(ether amic acid) (6a ) specimens (6 cm long, 0.5 cm wide, and about
0.1 mm thick), and an average of at least fivein DMAc was 1.28 dL/g, measured at a concentra-

tion of 0.5 g/dL at 307C. The polymer solution was individual determinations was reported.

96-167T/ 8g48$$167t 06-16-97 17:55:05 polca W: Poly Chem



2284 HSIAO AND CHU

Synthesis of Poly(ether imide)s

Bis(ether anhydride) 4 was converted to poly-
(ether imide)s by reaction with aromatic di-
amines by a conventional two-stage process in
DMAc. The viscosities of the reaction mixtures
become very high as poly(ether amic acid)s were
formed, indicating the formation of high-molecu-
lar-weight polymer. As shown in Table I, the in-
herent viscosities of the intermediate poly(ether
amic acid)s are in the 0.95 to 2.67 dL/g range.
The polymerization results also indicate that the
monomer synthesis is successful. The casting
films of poly(ether imide)s 7a and 7c derived
from rigid diamines, such as p -phenylenediamine
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and benzidine, embrittled during the thermal imi-
dization process. This may be due to a high degreeScheme 1.
of crystallinity developed within these poly(ether
imide)s. The other films were tough and flexible

RESULTS AND DISCUSSION and could be creased without cracking.
IR spectroscopy allows monitoring of the imide

Monomer Synthesis ring formation during thermal cyclodehydration.
When the poly(ether amic acid) was convertedAccording to a reported method,7–9 the naphtha-
into the poly(ether imide), the characteristic ab-lene unit-containing bis(ether anhydride) 4 was
sorption bands of amide and carboxyl groups inprepared using a three-stage reaction from 2,7-
the regions of 2400–3500 cm01 and 1500–1730dihydroxynaphthalene (1 ) and 4-nitrophthaloni-
cm01 disappeared, and those of the imide ring oc-trile as outlined in Scheme 1. In the first step, the
curred near 1780 (asym. C|O str.) , 1725 (sym.nitrodisplacement reaction between 2,7-dihy-
C|O str.) , 1365 (C{N str.) , 1080, and 745 cm01

droxynaphthalene and 4-nitrophthalonitrile un-
(imide ring deformation). The strong absorptionderwent satisfactorily in DMF at room tempera-
around 1240 cm01 was assigned to the aryl etherture, in which potassium carbonate was used as
stretching.the base to form the phenolate in situ. A 94% yield

Among the poly(ether imide)s prepared, 7bof bis(ether dinitrile) 2 was obtained in this step.
and 7e–h were reported in a recent publication,13

Although the bis(ether dinitrile) was not further
where imidization was carried out chemically.purified, it is clear that the purity was high as
The other five poly(ether imide)s 7a, 7c, 7d, 7i,the purity of anhydride prepared from it was high.
and 7 j are first synthesized. Some basic proper-Then, the bis(ether dinitrile) was readily hy-
ties of these polymers, such as the glass transitiondrolyzed to bis(ether diacid) 3 by ethanolic potas-
temperatures, solubility behavior, and thermalsium hydroxide. The yield of the bis(ether diacid)
stability, are compared with the reported data.is quantitative. Finally, the bis(ether diacid) was
The inherent viscosity data of the poly(amic acid)cyclodehydrated to bis(ether anhydride) 4 in good
precursors and more thermogravimetric data,yield (72%); the C and H analytical data agreed
some mechanical property data, and some X-raywell with the desired structure. The progress of
data, which were not reported previously are in-these reactions could be monitored by IR spectros-
cluded in the present study.copy. The IR spectrum of bis(ether dinitrile) 2

is characterized by a sharp absorption near 2230
cm01 . The most characteristic bands of bis(ether Properties of Poly(Ether imide)s
diacid) 3 are observed near 1690 cm01 (C|O
stretching) and in the region of 2400–3600 cm01 The solubility of poly(ether imide)s was studied

qualitatively. Except for poly(ether imide)s 7d,(O{H stretching). The spectrum of bis(ether an-
hydride) 4 show characteristic cyclic anhydride 7i, and 7j, the poly(ether imide)s were insoluble

in all the organic solvents tested. Poly(ether im-absorption near 1850 and 1770 cm01 attributed
to the asymmetrical and symmetrical stretching ide)s 7d, 7i, and 7 j were soluble in N-methyl-2-

pyrrolidone (NMP). Incorporation of isopropyli-vibrations of C|O.
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Scheme 2.

dene unit into the polymer backbone increased less proper diamines were selected, the poly(ether
the flexibility of polymer chain; hence, poly(ether imide)s based on bis(ether anhydride) 4 and con-
imide) 7i could also be dissolved in chloroform. ventional diamines usually exhibited poor solu-
Poly(ether imide) 7 j containing polar sulfone bility.
group also dissolved in DMF. These results indi- The crystallinity of the prepared poly(ether im-
cated that the incorporation of 2,7-diphenoxy- ide)s was measured by wide-angle X-ray diffrac-
naphthalene unit in the poly(ether imide) main tion scans. Typical diffraction patterns for some
chain gave limited improvement in solubility. Un- representative polymers are presented in Figure

1. Poly(ether imide)s 7a and 7c, which embrittled
during thermal imidization, showed crystalline

Table I. The Inherent Viscosities of Poly(ether amic patterns. This can be attributed to the existence ofacid)s and Film Quality of Poly(ether imide)s
the rigid planar imide segments in their polymer
backbones that led to a better packing of polymerPolymer hinh

a Polymer Film
chains. On the contrary, insertion of one or twoCode (dL/g) Code Qualityb

additional phenoxy groups into the recurring
6a 1.28 7a Brittle units of 7a and 7c resulted in a significant de-
6b 0.95 7b Flexible crease in crystallinity. For example, polymers 7e
6c 1.71 7c Brittle and 7h showed almost completely amorphous dif-
6d 0.98 7d Flexible fraction patterns. This is reasonable because the
6e 1.82 7e Flexible presence of more kinked ether groups induces
6f 0.95 7f Flexible looser chain packing. The incorporation of m-phe-6g 1.82 7g Flexible

nylene unit (polymer 7b ) also led to a large de-6h 2.67 7h Flexible
crease in crystallinity.6i 1.32 7i Flexible

All the poly(ether imide)s which exhibited6j 0.98 7j Flexible
amorphous X-ray diffraction patterns could be

a Measured in DMAc at 307C by an Ubbelohde viscometer. processed into highly cohesive, good-quality, and
b Poly(ether imide) films obtained by sequential heating the creasable films. These flexible films were sub-poly(ether amic acid) films at 1507C for 20 min, 1807C for 20

min, 2207C for 20 min, and 2507C for 30 min. jected to tensile test, and the results are included
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Table III. Thermal Properties of Poly(ether imide)s

Decomposition
Temperatured

(7C) Char
Polymer Tg

a Yielde

Code (7C) In N2 In Air (%)

7a –b (444)c 551 557 59.6
7b 256 582 582 62.8
7c –b 591 583 64.1
7d 251 546 545 64.5
7e 250 580 579 60.0
7f 229 545 545 61.3
7g 228 572 573 60.1
7h 237 578 578 65.0
7i 222 543 543 59.0
7j 246 559 543 55.8

a From DSC measurement conducted at a heating rate
207C/min; Tgs were read at the middle of the base line shift
on the second DSC heating traces.

b No discernible glass transitions was observed.
c The peak temperature of endotherm on the first DSC

heating trace.
d Temperatures at which 10% weight loss were recorded by

thermogravimetry at a heating rate of 207C/min.
e Residual weight % at 8007C in nitrogen.

eral poly(ether imide)s were determined by dif-
ferential scanning calorimetry (DSC). They were
in the range of 222 to 2567C as shown in TableFigure 1. Wide-angle X-ray diffractograms of poly-
III. The Tg values of five poly(ether imide)s 7b(ether imide)s 7a, 7b, 7c, 7e, and 7h.
and 7e–h are virtually identical with those re-
ported by Eastmond and Paprotny.13 According to
well-established principles, Tg of poly(ether im-in Table II. All the specimens showed high tensile

strengths. Their yield or tensile strengths were ide)s vary with molecular structure. Incorpora-
tion of flexible hinges like ether group or unsym-usually higher than 90 MPa. Except for poly-

(ether imide)s 7b and 7j, all other polymers metrical aromatic unit leads to a decrease in Tg .
For example, 4,4 *-oxydianiline-based poly(etheryielded during tensile testing and had a moderate

elongation to break, indicative of high toughness. imide) 7e had a Tg of 2507C, while the 3,4 *-oxydia-
niline- and 1,4-bis(4-aminophenoxy)benzene-de-Glass transition temperatures (Tg) of the sev-

Table II. Tensile Properties of Poly(ether imide) Films

Strength at Strength at Elongation at Initial
Polymer Yield Point Break Point Break Point Modulus

Code (MPa) (MPa) (%) (GPa)

7b – 136 11 2.2
7d 109 100 23 2.2
7e 102 102 45 1.8
7f 115 104 36 1.9
7g 99 97 42 1.9
7h 91 90 28 1.8
7i 95 89 32 1.7
7j – 101 11 1.8
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rived polymers 7f and 7g showed a relatively cant increase in solubility. However, several of these
polymers exhibited a desired combination of proper-lower Tg of 229 and 2287C, respectively. As shown

by the Tg values of polymers 7h–j, the introduc- ties that included excellent mechanical properties,
high thermal stability, and moderate Tgs.tion of rigid biphenylene unit or polar sulfonyl

group resulted in higher Tg values. Poly(ether im-
ide)s 7a and 7c exhibited no discernible Tg possi-
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