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Abstract Two new naphthalene-ring-containing bis(ester-
amine)s, 2,3-bis(4-aminobenzoyloxy)naphthalene (p-2) and
2,3-bis(3-aminobenzoyloxy)naphthalene (m-2), were prepared
from the condensation of 2,3-dihydroxynaphthalene with 4-
nitrobenzoyl chloride and 3-nitrobenzoyl chloride, respective-
ly, followed by catalytic hydrogenation. The novel aromatic
poly(ester-amide)s and poly(ester-imide)s having 2,3-linked
bis(benzoyloxy)naphthalene units have been synthesized
from the polycondensation reactions of bis(ester-amine)s (p-
2 and m-2) or an equimolar mixture of 4,4′-oxydianiline and
p-2 or m-2 with various aromatic dicarboxylic acids and
dianhydrides. The synthesis of the poly(ester-amide)s was
achieved by the phosphorylation polyamidation reaction by
means of triphenyl phosphate, and the synthesis of the poly
(ester-imide)s included ring-opening polyaddition to give
poly(amic acid)s followed by chemical imidization to poly-
imides. Most of the poly(ester-amide)s were readily soluble in
various organic solvents. Six poly(ester-amide)s and two poly
(ester-imide)s derived from less rigid diacids and dianhy-
drides, respectively, were amorphous and could be solution-
cast into transparent and tough films with good mechanical
properties. Most of the poly(ester-amide)s displayed discern-
ible glass-transition temperatures (Tgs) between 192 and
223 °C in the DSC traces. All of the poly(ester-imide)s, except

for one sample, showed clear Tg values between 225 and
265 °C by DSC. These poly(ester-imide)s showed excellent
thermal stability with 10 wt% loss temperatures above 460 °C
in nitrogen or air.
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Introduction

Aromatic polyamides and polyimides have been catego-
rized as the high-performance polymeric materials with
several useful properties such as outstanding thermal
stability, high radiation and chemical resistance, low
flammability, and excellent mechanical properties [1–6].
However, these polymers usually encounter processing
difficulties due to their high glass-transition (Tg) or melting
temperatures and limited solubility in common organic
solvents. Therefore, a lot of efforts have been attempted to
improve the processing characteristics of the relatively
intractable polymers, while still maintaining the excellent
thermal and mechanical properties. Those efforts include
the introduction of flexible links [7–12], asymmetric units
[13–16], bulky pendant groups [17–24], and kinked or non-
coplanar structures [25–32] into the polymer chain. These
modifications have lowered the Tg or the melting temper-
atures and increased the solubility by reduction in crystal-
linity. A number of reports describe the syntheses of poly
(ether-amide)s and poly(ether-imide)s based on diamines
with ether linkages [33–36]. The incorporation of aryl-ether
linkages generally imparts an enhanced solubility, process-
ability, and toughness of the polymers without substantial
diminution of thermal properties. It has been demonstrated
that incorporation of both ether and naphthyl units
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(especially using 2,3-linked naphthalene units) into the
polymer backbones may enhance the solubility and pro-
cessability of aromatic polyamides and polyimides without
any significant reduction in thermal stability [37–43]. The
introduction of a naphthalene ring into the polymer main
chain is expected to lead to an increase in thermal stability
as compared with the benzene ring, because of the
contribution from the more rigid structure and higher
resonance stabilization energy of the former. Another active
line of research is to establish the influence of aromatic
substitution patterns on the nature of aromatic polyamides
and polyimides [44–47]. In continuing our interest in
preparing easily processable high-performance polymers
bearing naphthyl units, this present study deals with the
synthesis and basic characterization of ortho-catenated
aromatic poly(ester-amide)s and poly(ester-imide)s using the
bis(ester-amine)s (p-2 and m-2) bearing 2,3-bis(benzoyloxy)
naphthalene unit as major diamine components. The presence
of ester groups may provide the resulting polymers with
higher flexibility in backbone and increased solubility. In
addition, the formation of bent structures due to the presence
of ortho links (2,3-disubstituted naphthalene units) will help
prevent the extended close chain packing, and subsequently,
the interchain interactions. Thus, the resulting polymers are
expected to exhibit enhanced solubility and processability as
compared to conventional aromatic polyamides and poly-
imides. The thermal properties of the poly(ester-amide)s and
poly(ester-imide)s obtained from the bis(ester-amine) p-2
are compared with those of structurally related poly(ether-
amide)s and poly(ether-imide)s from 2,3-bis(4-aminophe-
noxy)naphthalene [37, 38].

Experimental

Materials

2,3-Dihydroxynaphthalene (from Acros), 4,4′-oxydianiline
(from TCI), 4-nitrobenzoyl chloride (from Acros), 3-nitro-
benzoyl chloride (from Acros) and 10% palladium on
activated carbon (Pd/C, from Fluka) were used as received.
Commercially available aromatic dicarboxylic acids such as
terephthalic acid (4a, from Fluka), isophthalic acid (4b,
from Wako), 4,4′-oxydibenzoic acid (4c, from TCI), 4,4′-
hexafluoroisopropylidenedibenzoic acid (4d, from Chriskev),
and 4,4′-sulfonyldibenzoic acid (4e, from New Japan
Chemical Company) were used as received. Pyromellitic
dianhydride (PMDA, 6a) (Aldrich) was purified by recrystal-
lization from acetic anhydride. 2,2-Bis(3,4-dicarboxyphenyl)
hexafluoropropane dianhydride (6FDA, 6b) (Hoechst
Celanese) was heated in vacuo at 250 °C for 3 h prior to
use. Commercially available anhydrous calcium chloride

(CaCl2) was dried in vacuo at 180 °C for 8 h prior to use.
N-Methyl-2-pyrrolidone (NMP), N,N-dimethylformamide
(DMF), N,N-dimethylacetamide (DMAc), and pyridine
were purified by distillation under reduced pressure over
calcium hydride and stored over 4 Å molecular sieves.
Triphenyl phosphite (TPP) was also purified by distillation
under reduced pressure.

Monomer synthesis

2,3-Bis(4-nitrobenzoyloxy)naphthalene (p-1) and 2,3-Bis
(3-nitrobenzoyloxy)naphthalene (m-1)

The dinitro-diester p-1 was prepared by the condensation of
2,3-dihydroxynaphthalene with 4-nitrobenzoyl chloride.
2,3-Dihydroxynaphthalene (16 g, 0.1 mol), dissolved in
300 mL of dried DMAc, and triethylamine (30 mL,
0.22 mol) were mixed in a 1 L round-bottomed flask. A
solution of 4-nitrobenzoyl chloride (39 g, 0.21 mol) in
DMAc (100 mL) was then added dropwise over a period of
about 1 h. After complete addition, the reaction mixture
was stirred at 80 °C for 8 h. The reaction mixture was then
poured into 1.5 L of water. The precipitate was collected by
filtration, washed thoroughly with water and methanol, and
dried. The crude product (43.6 g, 95% yield) was purified
by recrystallization from DMF/CH3OH (150 mL/50 mL) to
give 38.8 g (85% yield) of the pure dinitro-diester p-1 as
light yellowish crystals; mp=211 °C. IR (KBr) (cm−1):
1,745 (C=O stretching), 1,523, 1,346 (NO2 stretching),
1,275, 1,082 (C–O–C stretching). Elemental analysis,
calculated for C24H14N2O8 (458.38): C, 62.89%; H,
3.08%; N, 6.11%. Found: C, 62.96%; H, 3.06%; N, 6.16%.

The dinitro-diester m-1 was synthesized from 2,3-
dihydroxynaphthalene and 3-nitrobenzoyl chloride accord-
ing to a similar procedure. Pure m-1 (83% yield) was
obtained as ‘off-white’ crystals by recrystallization from
DMF/CH3OH (100 mL/100 mL); mp=164 °C. IR (KBr)
(cm−1): 1,753 (C=O stretching), 1,535, 1,356 (NO2 stretch-
ing), 1,261, 1,110 (C–O–C stretching). Elemental analysis,
calculated for C24H14N2O8 (458.38): C, 62.89%; H, 3.08%;
N, 6.11%. Found: C, 62.87%; H, 3.04%; N, 6.17%.

2,3-Bis(4-aminobenzoyloxy)naphthalene (p-2) and 2,3-Bis
(3-aminobenzoyloxy)naphthalene (m-2)

The bis(ester-amine)s p-2 and m-2 were prepared by the
catalytic hydrogenation of the dinitro-diester compounds
p-1and m-1, respectively. A mixture of 32.4 g (0.07 mol) of
the dinitro-diester compound p-1 and 0.4 g of 10% Pd/C in
300 mL of DMAc was stirred at room temperature under a
hydrogen atmosphere until the theoretical amount of
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hydrogen was consumed. The time taken to reach this stage
was about 3 d. The solution was filtered to remove the
catalyst, and the obtained filtrate was poured into 1 L of
stirred methanol to give a light grey crystalline product.
The yield was 23.2 g (82%); mp=278 °C. IR (KBr) (cm−1):
3,467, 3,373 (NH2 stretching), 1,685 (C=O stretching),
1,282, 1,093 (C–O–C stretching). 1H NMR [400 MHz,
DMSO-d6, δ, ppm]: 7.94 (dd, J=8 Hz, 2 H), 7.91
(s, 2 H ), 7.70 (d, J=8 Hz, 4 H), 7.53 (dd, J=8 Hz, 2 H),
6.55 (d, J=8 Hz, 4 H), 6.13 (s, –NH2, 4 H). 13C NMR
(100 MHz, DMSO-d6, δ, ppm): 164.43 (C=O), 154.51,
142.19, 132.18, 131.37, 127.61, 126.58, 121.13, 114.20,
113.12. Elemental analysis, calculated for C24H18N2O4

(398.42): C, 72.35%; H, 4.55%; N, 7.03%. Found: C,
72.47%; H, 4.63%; N, 6.97%.

The bis(ester-amine) m-2 was synthesized from the
dinitro-diester compound m-1 as a light grey crystalline
product with a 80% yield; mp=149 °C. IR (KBr) (cm−1):
3,435, 3,354 (NH2 stretching), 1,726 (C=O stretching),
1,294, 1,105 (C–O–C stretching). 1H NMR [400 MHz,
DMSO-d6, δ, ppm]: 8.02 (s, 2 H), 8.02 (d, J=8 Hz,
2 H), 7.61 (dd, J=8 Hz, 2 H ), 7.33 (s, 2 H), 7.23 (d, J=
8 Hz, 2 H), 7.16 (t, J=8Hz, 2 H), 6.90 (d, J=8 Hz, 2 H), 5.43
(s, –NH2, 4 H). 13C NMR (100 MHz, DMSO-d6, δ, ppm):
165.12 (C=O), 149.38, 141.68, 131.68, 129.82, 129.05,
127.86, 127.10, 121.44, 119.94, 117.60, 114.89. Elemental
analysis , calculated for C24H18N2O4 (398.42):
C, 72.35%; H, 4.55%; N, 7.03%. Found: C, 72.40%; H,
4.59%; N, 7.07%.

Synthesis of poly(ester-amide)s

A typical example of the phosphorylation polycondensation
reaction employed for the preparation of the poly(ester-amide)
m-5j is as follows. A mixture of 0.2391 g (0.60 mmol) of the
bis(ester-amine) m-2, 0.1201 g (0.60 mmol) of 4,4′-
oxydianiline, 0.3674 g (1.20 mmol) of 4,4′-sulfonyldibenzoic
acid (4e), 0.2 g of calcium chloride, 2.0 mL of NMP, 0.5 mL
of pyridine, and 1.2 mL of TPP was heated with stirring at
110 °C for 3 h. As the polycondensation proceeded, the
solution gradually became viscous. The resulting highly
viscous polymer solution was slowly poured onto 250 mL of
stirred methanol, giving rise to a white, fiber-like precipitate
which was collected by filtration, washed thoroughly with
methanol and hot water and then dried at 100 °C in a
vacuum oven. The yield was quantitative. The inherent
viscosity of the obtained polymer m-5j was 0.68 dL/g,
measured at a concentration of 0.5 g/dL in DMAc containing
5 wt% LiCl at 30 °C. The FT-IR spectrum (thin-film)
exhibited characteristic absorptions at 3,332 (N–H stretch-
ing), 1,745 (ester C=O stretching), 1,662 (amide C=O
stretching), 1,500 (N–H bending) and 1,249 and 1,099 cm−1

(asymmetrical and symmetrical C–O–C stretching). All of the
other poly(ester-amide)s were synthesized by using a similar
procedure to that described above.

Synthesis of poly(ester-imide)s

The synthesis of the poly(ester-imide) m-8d was used as an
example to illustrate the general synthetic route used to
produce the poly(ester-imide)s. To a solution of 0.2679 g
(0.67 mmol) of the bis(ester-amine) m-2 and 0.1346 g
(0.67 mmol) of 4,4′-oxydianiline in 9.5 mL of CaH2-dried
DMAc in a 50-mL flask, 0.5971 g (1.34 mmol) of
dianhydride 6FDA was added in one portion. Thus, the
solid content of the solution is approximately 10 wt%. The
mixture was stirred at room temperature overnight (for
about 24 h) to afford a viscous poly(amic acid) solution.
The inherent viscosity of the resultant poly(amic acid) m-7d
was 0.65 dL/g, measured in DMAc at a concentration of
0.5 g/dL at 30 °C. The poly(amic acid) was subsequently
chemically cyclized in solution to give the poly(ester-imide)
m-8d. A mixture of 2 mL of pyridine and 5 mL of acetic
anhydride was added into the preceding poly(amic acid)
solution, and the reaction mixture was stirred at room
temperature for 2 h and then heated at 100 °C for 1 h. The
resultant poly(ester-imide) solution was poured into 200 mL
of methanol to give a light yellow precipitate which was
collected by filtration, washed thoroughly with methanol and
hot water and then dried at 100 °C in a vacuum oven. The
yield was almost quantitative. The FT-IR spectrum (thin-film)
exhibited characteristic absorptions at 1,778 cm−1 (imide
asymmetrical C=O stretching), 1,724–1,734 cm−1 (imide
symmetrical and ester C=O stretching), 1,375 cm−1 (C–N
stretching), 1,244, 1,116 cm−1 (asymmetrical and symmetrical
C–O–C stretching), and 725 cm−1 (imide ring deformation).
All of other poly(ester-imide)s were synthesized by using a
similar procedure as above.

Preparation of the polymer films

For the ‘organosoluble’ poly(ester-amide)s and poly
(ester-imide)s, the samples were cast into films by using
the solvent-casting technique. A polymer solution was
made by dissolving about 0.5 g of the polymer sample
in 5 mL of DMAc to afford an approximately 10 wt%
solution. After the polymer was completely dissolved,
the homogeneous solution was poured into a 7 cm
diameter glass Petri dish and then placed in a oven
overnight (at 90 °C) to enable slow evaporation of the
cast solvent. The ‘semi-dried’ polymer film was stripped
off from the glass substrate and further dried in vacuo at
160 °C for 8 h. The obtained films, about 0.1 mm in
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thickness, were used for X-ray diffraction measurements,
tensile tests, solubility tests and thermal analysis.

Measurements

Elemental analysis was carried out on a Heraeus VarioEL-
III C, H, N analyzer. Infrared spectra were recorded on a
Horiba FT-720 Fourier-transform infrared (FT-IR) spec-
trometer. 1H and 13C NMR spectra were measured on a
JEOL EX-400 NMR spectrometer with perdeuterodimethyl
sulfoxide (DMSO-d6) as the solvent and tetramethylsilane
as the internal reference, operating at 400 and 100 MHz,
respectively. The inherent viscosities of the poly(ester-
amide)s were obtained at a concentration of 0.5 g/dL in
DMAc containing 5 wt% LiCl using a Cannon-Fenske
viscometer at 30 °C. The inherent viscosities of the poly
(ester-imide)s were measured at a concentration of 0.5 g/dL
in DMAc with an Ubbelohde viscometer at 30 °C. Gel
permeation chromatography (GPC) was carried out on a
Waters chromatography unit interfaced with a Waters 2410
refractive-index detector. Two Waters 5 μm columns,
Styragel HR-2 and HR-4 (7.8 mm inside diameter×
300 mm), connected in series, were used with tetrahydro-
furan (THF) as the eluent and were calibrated with narrow-
polydispersity polystyrene standards. Wide-angle X-ray
diffraction (WAXD) measurements were performed at room
temperature (about 25 °C) on a Shimadzu XRD 6000 X-ray
diffractometer (40 kV, 20 mA), using graphite-monochrom-

atized Cu-Kα radiation. An Instron universal tester (Model
4400R) with a load cell of 5 kg was used to study the
stress–strain behavior of the polymer film samples. A gauge
length of 2 cm and a crosshead speed of 5 mm/min were
employed in this study. Measurements were performed at
room temperature with film specimens (0.5 cm wide, 6 cm
long and about 0.1 mm thick), and an average of at least
three replicas was used. Thermogravimetric analysis (TGA)
was conducted with a Perkin-Elmer Pyris 1 TGA instru-
ment. These experiments were carried out on approximately
6–8 mg film or powder samples heated under flowing
nitrogen or air (40 mL/min), at a heating rate of 20 °C/min
from 200 to 800 °C. Differential scanning calorimetry
(DSC) analysis was performed on a Perkin-Elmer Pyris 1
DSC instrument, at a scanning rate of 20 °C/min from 50 to
400 °C under flowing nitrogen (20 mL/min). The glass-
transition temperatures (Tgs) were read at the midpoint of
the transition in the heat capacity and were taken from the
second heating trace after rapid cooling from 400 °C at a
cooling rate of 200 °C/min. Thermomechanical analysis
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(TMA) was carried out on a Perkin-Elmer TMA 7
instrument. The TMA experiments were conducted from
50 to 300 °C at a heating rate of 10 °C/min using a
penetration probe of 1.0 mm in diameter under an applied
constant load of 10 mN. The softening temperatures (Ts)
were taken as the onset temperatures of the probe
displacement on the TMA traces.

Results and discussion

Synthesis of bis(ester-amine)s

The new bis(ester-amine)s p-2 and m-2 were successfully
synthesized by using the hydrogen Pd/C-catalysed reduc-
tion of the dinitro-diester compounds p-1 and m-1 resulting

from the condensation reaction of 2,3-dihydroxynaphtha-
lene with 4-nitrobenzoyl chloride and 3-nitrobenzoyl
chloride, respectively, as shown in Scheme 1. Elemental
analysis, plus IR and NMR spectroscopy were used to
confirm the structures of all intermediates and monomers.
The elemental analysis values were generally in agreement
with the calculated values for the proposed structures. The
FT-IR spectra of the p-1 and p-2 and the m-1 and m-2 are
illustrated in Figs. 1 and 2, respectively. The nitro groups of
the p-1 showed two characteristic absorption bands at 1,523
(asymmetrical NO2 stretching) and 1,346 (symmetrical
NO2 stretching) cm

−1. After the reduction, the characteristic
absorptions of the nitro groups disappeared, and the amino
groups showed a pair of N–H stretching absorption bands at
3,467 (asymmetrical NH2 stretching) and 3,373 (symmet-
rical NH2 stretching) cm−1. In the FT-IR spectrum of bis
(ester-amine) p-2, the characteristic absorption band at
1,685 cm−1 was assigned to the ester carbonyl group, which
was about 60 cm−1 lower than that of the dinitro-diester p-1
(1,745 cm−1). Conjugation of the amino group substituted
at the para-position caused the absorption shift. The
structures of the bis(ester-amine)s p-2 and m-2 were also
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identified by high-resolution NMR spectroscopy. The 1H
NMR and 13C NMR spectra of the bis(ester-amine)s p-2
and m-2 are shown in Figs. 3 and 4, respectively. The
assignments of each carbon and proton are also given in the
figures, and all the NMR spectroscopic data are consistent
with the proposed molecular structures. In the 1H-NMR
spectra, a downfield chemical shift (δH is increased) usually
corresponds to the decrease in the electron-donating
property of the amino group. The electron-withdrawing
effect is stronger for the para-substituted ester carbonyl
group than that substituted at the meta-position. Thus, the
nucleophilicity for the amino groups of bis(ester-amine)
m-2 (δH=5.43 ppm) was expected to be stronger than those
of its para-isomer ( p-2; δH=6.13 ppm). It also can be seen
from the 13C NMR spectra that the amino group attached
carbon atoms (C9) in p-2 resonated at a lower field (δ=
154.51 ppm) compared to the corresponding ones (C10) in
m-2 (δ=149.38 ppm) because of the stronger electron-
withdrawing effect of the carbonyl group in the former.

Synthesis of poly(ester-amide)s

The direct polycondensation of aromatic diamines with
aromatic dicarboxylic acids in NMP solution containing
dissolved CaCl2 using triphenyl phosphite (TPP) and
pyridine as condensing agents is known to be a convenient
method for the preparation of aromatic polyamides on the
laboratory scale [48]. This method was adopted here to
prepare two series of aromatic homopoly(ester-amide)s
p-5a-e and m-5a-e from the bis(ester-amine)s p-2 and
m-2, respectively, with various aromatic dicarboxylic acids
4a-e, as shown in Scheme 2. Two series of random copoly
(ester-amide)s p-5f-j and m-5f-j were also prepared from an
equimolar mixture of the bis(ester-amine)s and 4,4′-oxy-
dianiline with various aromatic dicarboxylic acids 4a-e.
The inherent viscosities of poly(ester-amide)s p-5a-j and
m-5a-j are summarized in Table 1. These two series of poly
(ester-amide)s were obtained in almost quantitative yields
with inherent viscosities of 0.32–0.65 dL/g for p-5a-j and
0.38–0.68 dL/g for m-5a-j. As can be seen from Table 2, the
GPC data obtained for p-5b, p-5d, p-5 i, m-5b-e, and m-5i
indicated that the Mw and Mn values were in the range
13,400–30,300 and 9,500–15,000 g/mol, respectively, on the
basis of polystyrene standards. Except for p-5a and p-5f, all
the other poly(ester-amide)s could be solution-cast into free-
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standing films. Some of the poly(ester-amide)s such as p-5g-
j and m-5i-j could be cast into transparent, flexible, and
strong films from DMAc solutions, indicative of the
formation of high-molecular-weight polymers. However,
the other films cracked upon creasing, possibly because of
a higher level of crystallinity or lower molecular weight.

The structural features of the poly(ester-amide)s were
verified by FT-IR spectroscopy and elemental analysis. A

typical FT-IR spectrum of polymer m-5j is illustrated in
Fig. 5. They showed the characteristic IR absorptions of the
amide group at around 3,310–3,340 cm−1 (N–H stretching),
1,660–1,680 cm−1 (amide C=O stretching) and 1,500–
1,530 cm−1 (N–H bending). All of the poly(ester-amide)s
also exhibited strong characteristic absorption bands at
around 1,730–1,750 cm−1 (ester C=O stretching), and at
1,240–1,270 cm−1 and 1,080–1,100 cm−1 (asymmetrical
and symmetrical C–O–C stretching, respectively) due to the
ester groups. The results of the elemental analysis of all of
the homopoly(ester-amide)s are reported in Table 3. These
data are in good agreement with the proposed structures,
with the exception of the % C values, which are always
lower than the theoretical ones. This can possibly be
attributed to the very aromatic nature of these polymers,
which commonly leave a small coal residue during the
standard conditions of microanlysis. Another possible
reason may be due to the hygroscopic nature of the amide
groups of these polymers.

Table 1 Inherent viscosities, film quality, and tensile properties of the
poly(ester-amide)s and poly(ester-imide)s

Polymer ηinh
a

(dL/g)
Film
qualityb

Tensile properties of films

Tensile
strength
(MPa)

Elongation
to break
(%)

Initial
modulus
(GPa)

p-5a 0.32 –c –d – –
p-5b 0.48 B – – –
p-5c 0.56 B – – –
p-5d 0.48 B – – –
p-5e 0.45 B – – –
p-5f 0.38 – – – –
p-5g 0.58 F 82 7 1.7
p-5h 0.65 F 85 10 1.8
p-5i 0.54 F 79 8 1.8
p-5j 0.58 F 84 11 2.1
m-5a 0.38 B – – –
m-5b 0.45 B – – –
m-5c 0.51 B – – –
m-5d 0.47 B – – –
m-5e 0.47 B – – –
m-5f 0.45 B – – –
m-5g 0.52 B – – –
m-5h 0.58 B – – –
m-5i 0.52 F 75 8 1.8
m-5j 0.68 F 81 10 2.0
p-8a −(0.34)e – – – –
p-8b 0.29

(0.36)
B – – –

p-8c −(0.37) – – – –
p-8d 0.45

(0.58)
F 91 7 2.2

m-8a −(0.28) – – – –
m-8b 0.25

(0.33)
B – – –

m-8c −(0.49) – – – –
m-8d 0.48

(0.65)
F 89 8 2.0

aMeasured at a concentration of 0.5 g/dL in DMAc containing 5 wt%
LiCl at 30 °C for the poly(ester-amide)s and at a concentration of
0.5g/dL in DMAc at 30 °C for the poly(ester-imide)s

b Films were cast by slow evaporation of polymer solutions in DMAc:
F Flexible, B brittle.

c Insoluble in available organic solvents
d No available samples
e Inherent viscosities of the poly(amic acid) precursors measured at a
concentration of 0.5 g/dL in DMAc at 30 °C

Table 2 Average molecular weights of the poly(ester-amide)s and
poly(ester-imide)s

Polymer Mn
a Mw

a Mw/Mn

p-5b 10,500 17,600 1.68
p-5d 11,800 21,900 1.86
p-5i 15,000 30,300 2.02
m-5b 9,500 13,600 1.43
m-5c 12,700 25,600 2.02
m-5d 10,900 18,700 1.72
m-5e 9,800 13,400 1.37
m-5i 13,500 21,900 1.62
p-8d 10,300 13,700 1.33
m-8b 7,100 8,700 1.23
m-8d 12,200 17,400 1.43

a Relative to polystyrene standards, using THF as the eluent
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Synthesis of poly(ester-imide)s

Four homopoly(ester-imide)s p-8a,b and m-8a,b were pre-
pared from the bis(ester-amine)s p-2 and m-2, respectively,
with PMDA (6a) and 6FDA (6b) by the conventional two-
stage synthetic method involving a ring-opening polyaddition

and subsequent chemical cyclodehydration, as shown in
Scheme 3. Four random copoly(ester-imide)s p-8c,d and
m-8c,d were also prepared from an equimolar mixture of the
bis(ester-amine)s and 4,4′-oxydianiline with dianhydrides
PMDA and 6FDA. As shown in Table 1, the inherent
viscosities of the intermediate poly(amic acid)s were in the
range of 0.34–0.58 dL/g for p-8a-d and 0.28-0.65 dL/g for
m-8a-d in DMAc. We had tried thermal cyclodehydration of
the poly(amic acid)s; however, highly brittle polyimide films
were usually obtained. It may be suggested that the ester
linkages in the polymer chain may be hydrolyzed during
imidization at elevated temperatures. Therefore, the precursor
poly(amic acid)s obtained were chemically cyclized in
solution to give the poly(ester-imide)s. The inherent viscosities
of the organosoluble poly(ester-imide)s were recorded in
0.29–0.45 dL/g for p-8b and p-8d and 0.25–0.48 dL/g for
m-8b and m-8d, as measured in DMAc at 30 °C. As shown in
Table 2, the GPC data obtained for p-8d, m-8b, and m-8d
indicated that theMw andMn values were in the range 8,700–
17,400 and 7,100–12,200 g/mol, respectively, on the basis of
polystyrene standards. The poly(ester-imide)s p-8d and m-8d
could be solution-cast into transparent, flexible, and strong
films, indicative of the formation of high-molecular-weight
polymers. However, the poly(ester-imide)s p-8b and m-8b
cracked upon creasing. The other poly(ester-imide)s p-8a, p-
8c, m-8a, and m-8c derived from PMDA precipitated during
chemical imidization and were insoluble in available organic
solvents, possibly because of a high level of crystallinity or
the structural rigidity of the pyromellitimide segment. There-
fore, no attempts have been made to cast films from these
insoluble polymers.

The structural features of the poly(ester-imide)s were
verified by FT-IR spectroscopy and elemental analysis. A
typical set of FT-IR spectra for the poly(amic acid) m-7d
and poly(ester-imide) m-8d is shown in Fig. 6. As it can be

Table 3 Elemental analysis data for the poly(ester-amide)s and poly(ester-imide)s

Polymer Formula of the repeat unit (Formula weight) C (%) H (%) N (%)

Calculated Found Calculated Found Calculated Found

p-5a C32H20N2O6(528.52) 72.72 71.79 3.81 3.91 5.30 5.21
p-5b C32H20N2O6(528.52) 72.72 71.68 3.81 3.93 5.30 5.24
p-5c C38H24N2O7(620.62) 73.54 72.85 3.90 4.02 4.51 4.39
p-5d C41H24F6N2O6(754.64) 65.26 64.57 3.21 3.32 3.71 3.63
p-5e C38H24N2O8S(668.68) 68.26 67.19 3.62 3.74 4.19 4.07
m-5a C32H20N2O6(528.52) 72.72 71.82 3.81 3.96 5.30 5.19
m-5b C32H20N2O6(528.52) 72.72 71.64 3.81 3.95 5.30 5.22
m-5c C38H24N2O7(620.62) 73.54 72.59 3.90 4.05 4.51 4.41
m-5d C41H24F6N2O6(754.64) 65.26 64.37 3.21 3.36 3.71 3.63
m-5e C38H24N2O8S(668.68) 68.26 67.18 3.62 3.71 4.19 4.10
p-8a C34H16N2O8(580.51) 70.35 69.37 2.78 2.82 4.83 4.85
p-8b C43H20F6N2O8(806.63) 64.03 63.42 2.50 2.54 3.47 3.55
m-8a C34H16N2O8(580.51) 70.35 69.29 2.78 2.83 4.83 4.86
m-8b C43H20F6N2O8(806.63) 64.03 63.45 2.50 2.56 3.47 3.52
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seen, the spectra are in good agreement with the proposed
structures. All of the poly(amic acid)s revealed character-
istic absorption bands at around 1,660–1,700 cm−1 (amide
and acid C=O stretching) and 2,500–3,500 cm−1 (O–H and
N–H stretching). The disappearance of the amic acid bands
indicates a virtually complete conversion of the poly(amic
acid) precursor into the polyimide. The characteristic
absorption bands of the imide rings appeared at around
1,778 and 1,734 cm−1 (typical of imide carbonyl asymmet-
rical and symmetrical stretching), 1,375 cm−1 (C–N stretch-
ing), and 720 cm−1 (imide ring deformation). All of the poly
(amic acid)s and poly(ester-imide)s also exhibited strong
characteristic absorption bands at around 1,720–1,740 cm−1

(ester C=O stretching) and 1,240–1,270, 1,080–1,120 cm−1

(asymmetrical and symmetrical C–O–C stretching) due to
the ester groups. The results of the elemental analysis of all
of the homopoly(ester-imide)s are also compiled in Table 3.
The elemental analysis values were generally in good
agreement with the calculated values for the proposed
formulas.

Properties of poly(ester-amide)s

All of the poly(ester-amide)s were characterized by WAXD
studies. The diffractograms shown in Fig. 7 indicate that all

of the poly(ester-amide)s, except polymers p-5a and p-5f,
are amorphous. The homopoly(ester-amide) p-5a and
copoly(ester-amide) p-5f derived from the more rigid and
symmetrical terephthalic acid (4a) and the para-linked bis
(ester-amine) p-2 displayed some strong diffraction signals
assignable to a semicrystalline nature and did not afford
ductile films. The copoly(ester-amide)s p-5g-j and m-5i-j
that could afford flexible and tough films (as listed in
Table 1) showed amorphous patterns. The other homopoly
(ester-amide)s and copoly(ester-amide)s which could afford
free-standing films but cracked upon creasing also revealed
amorphous patterns.

The solubility of these poly(ester-amide)s was tested
qualitatively in various organic solvents, and the results are
reported in Table 4. In general, the semicrystalline polymers
displayed a low solubility. For example, p-5a and p-5f were
insoluble in any of the solvents tested. In contrast, the
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amorphous nature of the other polymers was reflected in
their excellent solubility. The amorphous poly(ester-amide)s
p-5b-e, p-5g-j, and m-5a-j exhibited a higher solubility;
they were readily soluble in highly polar solvents, such as
NMP, DMAc, DMF, and DMSO at room temperature.
Some of them were even soluble in less polar m-cresol and
THF at room temperature. Thus, such excellent solubility
makes these polymers potential candidates for practical
applications in spin-on and casting processes. As previously
mentioned, the copoly(ester-amide)s p-5g-j and m-5i-j
could be solution-cast into flexible and tough films. These
thin films were of good quality, creasable and suitable for
tensile testing, and their tensile properties are also presented
in Table 1. These films exhibited ultimate tensile strengths
to break of 75–85 MPa, elongations to break of 7–11%, and
initial moduli of 1.7–2.1 GPa. They can be considered good
for films made on a laboratory scale.

The thermal behavior data of the poly(ester-amide)s,
evaluated by DSC, TMA and TGA, are summarized in
Table 5. In the DSC experiments, the poly(ester-amide)s
p-5a and p-5f showed a clear medium-intensity melting
endotherm with a peak temperature at 346 and 381 °C,
respectively, and no discernible Tgs were observed on the
heating DSC curves probably because of their semicrystal-
line nature. These results correspond to their WAXD patterns
shown in Fig. 7. Most of the poly(ester-amide)s showed
clear Tg values between 192 and 223 °C by DSC. A typical
DSC thermogram for the representative poly(ester-amide)
p-5i is illustrated in Fig. 8. None of the polymers, except
p-5a and p-5f, showed a clear melting endotherm in their
DSC heating traces. This supports the amorphous nature of
these poly(ester-amide)s. The p-5 series poly(ester-amide)s
generally showed a higher Tg as compared with the
corresponding m-5 series counterparts because of the higher
cohesive energies associated with the higher linearity
imposed by the para catenation, instead of the meta
catenation of the diamine moiety. The copoly(ester-amide)
s p-5f-j and m-5f-j also showed a higher Tg as compared
with the corresponding homopoly(ester-amide)s p-5a-e and
m-5a-e counterparts because of an enhanced chain rigidity
of 4,4′-oxydianiline as compared to the bis(ester-amine)s.
The poly(ester-amide) m-5f exhibited the highest Tg value
(223 °C) probably due to the more rigid and symmetrical
diacid residue derived from terephthalic acid (4a). The
softening temperature (Ts) values of the tough poly(ester-
amide) films, measured by TMA, were recorded in the
range 202–218 °C. A typical TMA thermogram of polymer
p-5i is also illustrated in Fig. 8. In most cases, the Ts values
obtained by TMA are comparable to the Tg values
measured by the DSC experiments. The trend in variation
of Ts is similar to that of the Tg observed in the DSC
measurements. Probably due to the presence of flexible
ester linkages, the poly(ester-amide)s generally exhibited
lower Tg values in comparison with the corresponding poly
(ether-amide)s reported in literature [37].

The thermal and thermo-oxidative stabilities of these
poly(ester-amide)s were evaluated by TGA under both
nitrogen and air atmospheres using the 5 and 10 wt% loss
temperatures (Td) for comparison (Table 5). The amounts of
carbonized residues (char yields) at 800 °C in nitrogen for
these poly(ester-amide)s were in the range 50–66 wt%. The
Td values at 5 wt% loss for all of the poly(ester-amide)s
were recorded in the range 303–421 °C in nitrogen and in
the range 299–420 °C in air, which were lower than those
of the analogous poly(ether-amide)s [37] because of the less
stable ester groups. A comparison of the TGA behaviour in
nitrogen and air atmospheres for the representative poly
(ester-amide) p-5j is shown in Fig. 9. This polymer showed
very similar TGA behaviour in nitrogen and air atmos-
pheres below 500 °C, but when the temperature was

Table 4 Solubility behaviour of the poly(ester-amide)s and poly
(ester-imide)s

Polymer Solubilitya

NMP DMAc DMF DMSO m-Cresol THF

p-5a − − − − − −
p-5b + + + + + +
p-5c + + + + + −
p-5d + + + + + +
p-5e + + + + − −
p-5f − − − − − −
p-5g + + + + + −
p-5h + + + + − −
p-5i + + + + + +
p-5j + + + + + −
m-5a + + + + + −
m-5b + + + + + +
m-5c + + + + + +
m-5d + + + + + +
m-5e + + + + + +
m-5f + + + + − −
m-5g + + + + + −
m-5h + + + + − −
m-5i + + + + + +
m-5j + + + + + −
p-8a − − − − − −
p-8b + + + − + −
p-8c − − − − − −
p-8d + + + − + +
m-8a − − − − − −
m-8b + + + + + +
m-8c − − − − − −
m-8d + + + + + +

aQualitative solubility tested with 10 mg of sample in 1 mL of the
solvent: + Soluble at room temperature, − insoluble even on heating,
NMP N-methyl-2-pyrrolidone, DMAc N,N-dimethylacetamide, DMF N,
N-dimethylformamide, DMSO dimethyl sulfoxide, THF tetrahydrofuran
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increased above 500 °C, the polymer showed a rapid
weight loss and decomposed almost completely at 700 °C
in air. All of the poly(ester-amide)s seemed to exhibit a
two-stage decomposition behaviour at elevated temperatures.
The first stage of weight loss starting around 300 °C might
be attributed to the early degradation of the less stable ester
groups. The FT-IR spectra of the solid residues of the
polymers after heat treatment were examined. Figure 10
shows FT-IR spectra of a thin film of the representative poly
(ester-amide) p-5h after being heated sequentially in air, each
for 10 min at 300, 350, 400 and 450 °C. The FT-IR spectra
of p-5h after heat treatment at 300 and 350 °C remained
almost the same as that before heat treatment. After heating

Table 5 Thermal properties of the poly(ester-amide)s and poly(ester-imide)s

Polymer Tg (°C)
a Ts (°C)

b Td at 5 wt% loss (oC)c Td at 10 wt% loss (°C)c Char yield (%)d

In N2 In air In N2 In air

p-5a –e (346)f –g 337 339 364 365 57
p-5b 216 – 303 299 329 325 52
p-5c – – 362 374 414 419 58
p-5d 199 – 338 344 369 383 50
p-5e – – 381 381 426 418 59
p-5f –(381) – 421 420 462 459 58
p-5g 219 217 374 390 413 430 58
p-5h 221 217 395 409 437 450 58
p-5i 211 214 379 389 429 432 55
p-5j 220 218 412 406 444 440 58
m-5a 219 – 350 356 381 389 62
m-5b 195 − 371 366 399 394 63
m-5c 201 – 393 401 433 433 62
m-5d 192 – 376 396 418 437 54
m-5e 202 – 339 346 376 383 59
m-5f 223 – 356 361 415 424 66
m-5g 210 – 405 408 436 441 61
m-5h 214 – 397 408 438 452 61
m-5i 204 202 390 408 440 456 57
m-5j 213 208 388 399 427 441 62
p-8a – – 492 492 527 525 49
p-8b 244 – 461 461 493 500 49
p-8c 265 – 467 453 524 516 54
p-8d 257 257 461 440 504 483 53
m-8a 245 – 467 455 496 487 50
m-8b 225 – 461 462 488 489 49
m-8c 252 – 481 488 515 534 55
m-8d 247 242 477 462 510 491 52

aMiddle-point temperature of the baseline shift on the DSC heating trace (rate of 20 °C/min) from 50 to 400 °C after rapid cooling from 400 °C at
a rate of 200 °C/min

b Softening temperature was measured by TMA (penetration method) with a constant applied load of 10 mN at a heating rate of 10 °C/min. The
film samples were heated at 250 °C for 30 min before the TMA experiments.

c Decomposition temperature was recorded by TGA at a heating rate of 20 °C/min.
d Residual weight percent at 800 °C in N2
e No discernible transition was observed.
f Peak-temperature of the medium-intensity melting endotherm on the first DSC heating trace (rate of 20 °C/min) from 50 to 400 °C.
g Not detected because of no available specimens
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at 400 °C for 10 min, an obvious decrease in the relative
intensities at around 1,739, 1,265 and 1,068 cm−1 indicated
some loss of ester functionalities. After further heating at
450 °C for 10 min, the absorption bands of the ester groups
almost completely disappeared, while a high content of

amide functionalities and aromatic skeletons was still
detected. The aforementioned results showed that these
poly(ester-amide)s seemed to start to decompose from the
weaker ester linkages.

Properties of poly(ester-imide)s

Morphological information of the poly(ester-imide)s was
obtained by WAXD studies. The WAXD patterns of all the
poly(ester-imide) samples prepared via chemical imidiza-
tion route are also shown in Fig. 7. The poly(ester-imide)s
p-8a, p-8c, m-8a, and m-8c derived from PMDA displayed
some strong diffraction signals assignable to a semicrystal-
line polymer and did not afford a ductile film. The poly
(ester-imide)s p-8b, p-8d, m-8b, and m-8d derived from
6FDA showed amorphous patterns. The copoly(ester-
imide)s p-8d and m-8d could afford flexible and tough
films. These films exhibited ultimate tensile strengths to
break of 89–91 MPa, elongations to break of 7–8%, and
initial moduli of 2.0–2.2 GPa (Table 1). However, the films
of the homopoly(ester-imide)s p-8b and m-8b cracked upon
creasing.

300 °C

350 °C

400 °C

450 °C

%
 T

ra
ns

m
itt

an
ce

 

Wavenumbers (cm-1)

ester C=O stretch ester C-O-C 
stretch 

*

*

*

* *

*

*
*

*

amide C=O stretch aromatic skeletal stretch  

+  amide N-H bending 

Fig. 10 FT-IR spectra (thin-film sample) of the poly(ester-amide)
p-5h after sequential heating in air at the indicated temperatures, each
for 10 min (asterisk indicates the characteristic absorptions of the ester
groups)

0

20

40

60

80

100

200 300 400 500 600 700 800

W
ei

gh
t (

%
)

Temperature (oC)

In N2 

In air 

Fig. 9 TGA curves of the poly(ester-amide) p-5j in nitrogen and air
(heating rates of 20 °C/min)

P
en

et
ra

tio
n 

(m
m

)

TMA trace

DSC trace (2nd run)

Onset, 242 oC

H
ea

t f
lo

w
 (

m
W

)

Tg = 247 oC 

Temperature (oC)

Fig. 11 Typical DSC and TMA thermograms of the poly(ester-imide)
m-8d: DSC, heating rate of 20 °C/min; TMA, heating rate of 10 °C/min
and applied force of 10 mN

0

20

40

60

80

100

200 300 400 500 600 700 800

W
ei

gh
t (

%
)

Temperature (oC)

In N2 

In air 

Fig. 12 TGA curves of the poly(ester-imide) m-8c in nitrogen and air
(heating rates of 20 °C/min)

370 W. Guo, et al.



The solubility properties of the poly(ester-imide)s are
also reported in Table 4. In general, the semicrystalline
polymers revealed a poor solubility. The homopoly(ester-
imide)s p-8a and m-8a and copoly(ester-imide)s p-8c and
m-8c derived from PMDA were insoluble in all of the
organic solvents tested. The poly(ester-imide)s p-8b and
p-8d derived from 6FDA were soluble in NMP, DMAc,
DMF, and m-cresol at room temperature, but insoluble in
DMSO. The poly(ester-imide)s m-8b and m-8d derived from
6FDA were soluble in all of the organic solvents tested.

As shown in Table 5, the poly(ester-imide)s, except
polymer p-8a, showed clear Tg values between 225 and
265 °C by DSC. A typical DSC thermogram, together with
the TMA trace, for the representative poly(ester-imide) m-8d
is illustrated in Fig. 11. The p-8 series poly(ester-imide)s
showed a higher Tg as compared with the corresponding
m-8 series analogs. As can be seen from Table 5, the Ts
values of the flexible poly(ester-imide) films were recorded at
257°C for p-8d and 242°C for m-8d, which are comparable
to their Tg values determined by DSC.

The decomposition temperatures (Tds) at 5 and 10%
weight loss of the poly(ester-imide)s in nitrogen and air
atmospheres determined from the original TGA thermo-
grams are also summarized in Table 5. All of the poly(ester-
imide)s exhibited good thermal and thermo-oxidative
stabilities with insignificant weight losses up to temper-
atures of approximately 450 °C in both nitrogen and air
atmospheres. The amounts of carbonized residues (char
yields) at 800 °C in nitrogen for these poly(ester-imide)s
were in the range 49–55 wt%. The Td values at 5% weight
loss for the p-series poly(ester-imide)s ranged from 461 to
492 °C in nitrogen and 440 to 492 °C in air, which were
lower than those of the analogous poly(ether-imide)s [38]
because of the less stable ester groups. The Td values at 5%
weight loss for the m-series poly(ester-imide)s were
recorded in the range 461–481°C in nitrogen and 455–
488 °C in air. Typical TGA curves of the poly(ester-imide)
m-8c are reproduced in Fig. 12. All of the poly(ester-imide)
s seemed to exhibit a two-stage decomposition behaviour at
elevated temperatures. The first stage of weight loss starting
at around 350 °C might be attributed to the early
degradation of the less stable ester groups.

Conclusions

Two new bis(benzoyloxy)naphthalene-containing aromatic
bis(ester-amine)s p-2 and m-2 have been successfully
synthesized in high purity and good yields from the
condensation reaction of 2,3-dihydroxynaphthalene with
4-nitrobenzoyl chloride and 3-nitrobenzoyl chloride, re-
spectively, followed by subsequent catalytic hydrogen

reduction of the intermediate dinitro compounds. The novel
aromatic poly(ester-amide)s and poly(ester-imide)s having
2,3-linked naphthalene units have been successfully syn-
thesized by the direct phosphorylation polyamidation and a
conventional two-stage method, respectively, from the bis
(ester-amine)s (p-2 and m-2) and an equimolar mixture of
the bis(ester-amine)s and 4,4′-oxydianiline with various
aromatic dicarboxylic acids and dianhydrides. The poly
(ester-amide)s p-5a and p-5f obtained from terephthalic acid
(4a) were semicrystalline and showed less solubility. The
homopoly(ester-imide)s p-8a and m-8a and copoly(ester-
imide)s p-8c and m-8c derived from PMDA were insoluble
in all of the organic solvents tested. Six copoly(ester-amide)s
p-5g-j and m-5i-j and two copoly(ester-imide)s p-8d and m-
8d could be cast into films. These polymers displayed good
solubility, good film-forming capability, reasonable thermal
stability, and moderate Tg or Ts values suitable for
thermoforming processing. Investigation of the thermal
degradation of the poly(ester-amide)s using IR spectroscopy
indicated that ester groups are the thermal weak points of
these polymers.
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