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Abstract Four novel wholly para-oriented aromatic poly(ether-amide-hydrazide)s
containing various pendant groups on their aromatic rings were synthesized from
p-aminosalicylic acid hydrazide (PASH) with an equimolar amount of either 4,4’-
(1,4-phenylenedioxy)dibenzoyl chloride (la), 4,4’-(2,5-tolylenedioxy)dibenzoyl
chloride (1b), 4,4’-(2-tert-butyl-1,4-phenylenedioxy)dibenzoyl chloride (1c), or 4,4’-
(2,5-biphenylenedioxy)dibenzoyl chloride (1d) via a low temperature solution
polycondensation reaction. A polyamide-hydrazide without the ether and pendant
groups, poly[4-(terephthaloylamino)salicylic acid hydrazide, PTASH, is also inves-
tigated for comparison. It was synthesized from PASH and terephthaloyl chloride by
the same synthetic route. The polymer intrinsic viscosities ranged from 4.5 to
2.47 dlg™" in N,N-dimethyl acetamide (DMAc) at 30 °C and decreased with the
introduction of the ether and pendant groups into the polymer. All the polymers
were soluble in DMAc, N,N-dimethyl formamide (DMF), and N-methyl-2-pyrrol-
idone (NMP) and their solutions could be cast into flexible films with good
mechanical strengths. Further, they exhibited a great affinity to water sorption. Their
solubility and hydrophilicity increased with introduction of the ether and pendant
groups into the polymer. The prepared polymers could be thermally cyclodehy-
drated under nitrogen atmosphere into the corresponding poly(ether-amide-1,3,4-
oxadiazole)s approximately in the region of 300—450 °C. The introduction of the
flexibilizing ether linkages and the pendant groups into the polymer improves the
solubility of the resulting poly(ether-amide-1,3,4-oxadiazole)s compared to poly
(amide-1,3,4-oxadiazole) free from these groups.
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Introduction

Wholly aromatic polyamide-hydrazides have attracted great attention as a class of
high performance materials with high thermal and thermo-oxidative stability [1-5].
They are extensively used in reverse osmosis applications [6—14]. Their appropri-
ately drawn fibers showed very high mechanical strength and moduli [15-17].
Further, their modified transition metal chelates have shown good electrical
conductivity [18-21]. Aromatic polyamide-hydrazides are well known as precursors
to polyamide-1,3,4-oxadiazoles which are one of the most important classes of
chemically and thermally stable heterocylic polymers [22, 23]. Polyamide-1,3,4-
oxadiazoles are considered to be an interesting alternative for the development of
high-temperature- and flame-resistant fibers [24, 25] and thermally stable mem-
branes for gas separation [26]. In addition, they have been widely investigated in the
field of polymer light-emitting diodes as well as other fields of polymer electronics
[27, 28]. Unfortunately, these polymers are difficult to process because of low
solubility in organic solvents and high melting or softening temperatures. Many
efforts have been made to improve these characteristics to make such polymers more
processable by the introduction of flexible linkages in the backbone [29, 30] or bulky
pendant groups on the aromatic rings [31]. Thus, it was of interest to investigate the
possibility of preparing and evaluating a series of novel wholly para-oriented
aromatic poly(ether-amide-hydrazide)s containing bulky pendant groups on their aro-
matic rings and their corresponding poly(ether-amide-1,3,4-oxadiazole)s. p-Amino-
salicylic acid hydrazide (PASH), 4,4'-(1,4-phenylenedioxy)dibenzoyl chloride (1a),
4,4'-(2,5-tolylenedioxy)dibenzoyl chloride (1b), 4,4'-(2-tert-butyl-1,4-phenylenedi-
oxy)dibenzoyl chloride (1¢), and 4,4'-(2,5-biphenylenedioxy)dibenzoyl chloride (1d)
were selected as monomers to be used in this study. Besides the afore-mentioned
properties of wholly aromatic polyamide-hydrazides, one can expect the greater
hydrophilicity of the prepared polymers, owing to the presence of ether and hydroxyl
groups in addition to the amide and hydrazide linkages in their repeating units, which
is of prime importance for their processing as synthetic fibers and membranes.
Further, we hoped that the incorporation of both ether and pendant groups would
result in oxadiazole polymers with enhanced solubility and acceptable other
characteristics. For a comparative study, a related polymer without the ether and the
pendant groups (poly[4-(terephthaloylamino)salicylic acid hydrazide]), PTASH, was
also investigated. A detailed description of its preparation and properties has already
been reported [32].
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Experimental
Monomer synthesis

4,4'-(1,4-Phenylenedioxy)dibenzoyl chloride (la) (m.p. 207-209 °C), 4,4'-(2,
5-tolylenedioxy)dibenzoyl chloride (1b) (m.p. 165-167 °C), 4,4'-(2-tert-butyl-1,
4-phenylenedioxy)dibenzoyl chloride (I1¢) (m.p. 126-128 °C), and 4,4'-(2,5-biph-
enylenedioxy)dibenzoyl chloride (1d) (m.p. 118-121 °C) were synthesized accord-
ing to the method originally developed by Hsiao et al. [33]. Terephthaloyl chloride
was obtained from Acros, Germany. p-Aminosalicylic acid hydrazide (PASH) was
prepared according to the method described by Drain et al. [34].

Polymer synthesis

All polymers were prepared by essentially the same experimental procedure, which
will be given here, as an example, for the preparation of polymer 2d.
p-Aminosalicylic acid hydrazide (PASH), 0.84 g (5 mmol), was dissolved in
25 ml of dry NMP and cooled at —10 °C for 15 min. 2.32 g (5§ mmol) solid diacyl
chloride (1d) was added slowly under constant stirring over a period of 1 h. Stirring
was continued for another 2 h at the aforementioned temperature. Then, the
temperature of the polymerization reaction was allowed to rise gradually to room
temperature and maintained for 24 h with stirring. Afterward, a clear, slightly
yellow, highly viscous solution was obtained. Finally, the polymer solution was
slowly poured into 100 ml of rapidly stirred methanol upon which a fibrous white
precipitate of polymer 2d immediately formed. The polymer was isolated by
filtration, washed successively with methanol and acetone, and dried in a vacuum
oven at 75 °C to constant weight.

Film preparation and cyclodehydration of the hydrazide polymers

Films were prepared by casting on glass plates from 5 wt% polymer solutions in
DMAc. Solvent evaporation was performed at a constant temperature of 120 °C for
4 h. The films were then immersed in deionized water overnight to remove any
residual solvent. Finally, the films were dried in vacuum oven at 75 °C to constant
weight. The thickness of the films was controlled to be 50 pum.

The cyclodehydration to poly(ether-amide-1,3,4-oxadiazole)s was carried out via
the heating of the fabricated films of the corresponding hydrazide polymers at
450 °C for 1 h under nitrogen atmosphere.

Polymer characterization
Elemental analyses of the prepared polymers were done in a Perkin-Elmer (Model

2410 Series II) C, H, N Analyzer (USA) at the Microanalytical Unit, Cairo
University (Egypt).
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Infrared spectra of the polymer films were measured on a Perkin-Elmer Infrared
Spectrophotometer (FTIR 1650). All spectra were recorded within the wave number
range of 4000400 cm ™' at 25 °C.

Intrinsic viscosities were measured for polymer solutions in DMAc with a
0.5 gdl~! concentration at 30 °C using a suspended-level Ubbelohde viscometer with
negligible kinetic energy correction. Flow times were measured at five different
concentrations of the polymer sample. All the plots obtained were linear. Intrinsic
viscosity was determined by usual extrapolation of 7,/c to zero concentration and
expressed in dlg™".

Solubility of the polymers in various amide solvents namely: DMF, DMAc, and
NMP was determined at 25 °C. It was performed by gradual addition of the polymer
to the solvent and stirred well till saturation. The maximum solubility of the
polymers was calculated as percent weight of polymer per hundred ml of solvent
(% wt/v).

The percent moisture regained by the polymer sample was determined by
allowing a dried polymer sample to absorb moisture for 24 h in a humidity chamber
maintained at 85% relative humidity at 23 °C. Then, a weighed amount of the
moisture-absorbed sample was dried in an air oven at 110 °C to constant weight.
The percent moisture regained by the polymer sample was calculated on the basis of
weight loss.

A Rigaku Denki Co. Ltd., RADB system diffractometer with a Ni monochro-
mater was used to record the X-ray diffractograms of these polymers films. X-ray
source was CuKa (40 kV/15 mA). The sample was maintained stationary, while
scattering angles from 3 to 90° were scanned in the reflection mode at a scanning
rate of 2° min~".

Tensile strength, elastic modulus, and elongation at break (%) of the polymer
films were measured on Shimadzu Autograph in air at room temperature.

Differential scanning calorimetry (DSC) measurements were performed on a
Shimadzu differential scanning calorimeter with a resolution of 0.04 pW (Model
DSC-50). The scan ranging between 30 and 600 °C was investigated, using a
constant scanning rate of 10 °C min~'. The samples analyzed were 3 & 0.2 mg in
all the cases. All the DSC measurements were carried out in nitrogen atmosphere
with a flow rate of 30 ml min~".

Thermogravimetric analysis (TG) curves of all the polymers were recorded on a
Shimadzu TGA-50H Thermogravimetric Analyzer with a resolution of 0.04 uW,
under nitrogen and air atmospheres. The scanning rate was 10 °C min~' over a
scanning range from 30 to 800 °C. The samples’ weights ranged from 3 to 5 mg,

and the gas flow rate was 30 ml min~'.

Results and discussion
Polymer synthesis

Four novel wholly aromatic poly(ether-amide-hydrazide)s bearing bulky pendant
groups on their aromatic rings have been synthesized by reacting PASH with
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stoichiometric amount of either 1a, 1b, 1c, or 1d via a low temperature (—10 °C)
solution (in anhydrous NMP as a solvent) polycondensation as shown in Scheme 1.
It is established that, in such an acidic condition, the rate by which hydrazide group
of aminobenzhydrazide reacted with acid chloride is about seven times greater than
that of the amino group with the same acid chloride [35, 36]. These properties
indicate that when this polymerization is performed by gradual addition of solid
acid chloride in a solution of aminobenzhydrazide monomer, the hydrazide groups
of the latter react first, and the so-called wholly ordered polymer with alternating
amide and hydrazide linkages is formed. Further, the elemental analysis values of
the hydrazide polymers 2a—2d and PTASH agreed well with the theoretical ones
calculated for the expected repeating units (Scheme 1) as represented in Table 1.
All the IR spectra of the hydrazide polymers showed common absorption stretching
vibration bands at the following wave numbers: (1) 3700-3000 cm™! (intensive and
broad) assigned the overlapped -NH, —OH (phenolic) and the possible interchain
hydrogen bonding; (2) 23002250 cm™' (weak) is attributed to possible enol-
type configuration of hydrazide and amide groups; (3) 1670-1650 cm™" (strong)
corresponded to the amide carbonyl groups; (4) 1600 cm ™" indicated the aromatic
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Scheme 1 Typical synthetic scheme for poly(ether-amide-hydrazide)s and the corresponding poly(ether-
amide-1,3,4-oxadiazole)s
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Table 1 Intrinsic viscosity and elemental analyses of poly(ether-amide-hydrazide)s and their
corresponding poly(ether-amide-1,3,4-oxadiazole)s

-1

Polymer code Intrinsic viscosity” dlg Elemental analyses”

%C %H %N %0°
Poly(ether-amide-hydrazide)s®
2a 3.14 67.19 (67.36) 4.04 (3.95) 8.66 (8.73)  20.11 (19.96)
2b 2.98 67.73 (67.88) 4.30 (4.24) 8.45(8.49) 19.52 (19.39)
2c 2.47 69.12 (69.27) 5.09 (5.03) 7.78 (7.82)  18.01 (17.88)
2d 2.65 70.94 (71.09) 4.19 (4.13)  7.50 (7.54) 17.37 (17.24)
PTASH 4.5 60.53 (60.61) 3.71 (3.70) 14.11 (14.14) 21.65 (21.55)
Poly(ether-amide-1,3,4-oxadiazole)s®
3a 1.73 69.89 (69.98) 3.71 (3.67)  9.00 (9.07)  17.40 (17.28)
3b 1.58 70.31 (70.44) 4.12 (3.98) 8.73 (8.81) 16.84 (16.77)
3c 0.98 71.59 (71.68) 4.90 (4.82) 7.95(8.09) 15.56 (15.41)
3d 1.24 73.36 (73.47) 3.98 (3.90) 7.62(7.79) 15.04 (14.84)
PTASH’ 1.92 64.55 (64.52) 3.21 (3.23) 15.10 (15.05) 17.14 (17.20)

 Determined in DMAc at 30 °C, polymer concentration was 0.5 gdl™!
° Data given in parentheses correspond to the calculated values
¢ Calculated as %0 = 100 — (%C + %H + %N)

¢ Polymer samples were thermally treated at 150 °C for 30 min, in nitrogen atmosphere to get rid of their
adsorbed surface moisture

¢ Polymer samples were obtained by thermal cyclodehydration of their corresponding hydrazide poly-
mers under nitrogen at 450 °C for 1 h

carbon—carbon double bonds; (5) 1540-1520 cm ™! is due to =NH of amide II; (6)
1500 cm ™" indicated carbon—carbon single bond in ring; (7) 1420 cm™ " is attributed
to carbon—oxygen (phenolic); (8) 1330-1320, 1290-1280, 1260 cm ™' corresponded
to carbon—hydrogen combined with =NH of amide III; and (9) 1100 cm ™" assigned
the ether linkages stretching. Figure 1 shows the IR spectrum of polymer 2a as an
example. The intrinsic viscosity values for the prepared poly(ether-amide-hydra-
zide)s which stayed in the range of 3.14 and 2.47 dlg™" are listed in Table 1. These
values reflect the high molecular weight of the polymers. The polymers 2a and 2b
exhibited higher intrinsic viscosities relative to those of the 2c¢ and 2d. This
experimental finding may be attributed to the higher chain symmetry and packing
efficiency of the non-substituted and the methyl-substituted polymers which permit
greater interchain hydrogen bonding formation. On the other hand, polymer 2a
showed lower viscosity than that of PTASH as a result of incorporation of the
flexibilizing ether linkages in the former. All of the poly(ether-amide-hydrazide)s
formed flexible, transparent, and colorless films from DMAc. The prepared
poly(ether-amide-hydrazide)s were thermally cyclodehydrated into their correspond-
ing poly(ether-amide-1,3,4-oxadiazole)s (Scheme 1). The films of the hydrazide
polymers changed from being colorless to being darkened after cyclodehydration.
This may be attributed to the conjugation and/or formation of charge-transfer
complex between the oxadiazole ring and the aromatic unit. Poly(ether-amide-1,3,
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4-oxadiazole)s showed lower viscosities than those of the corresponding hydrazide
polymers as shown in Table 1. This may be attributed to the decreased intermolecular
interactions and/or stress buildup caused by chain shrinkage during the cyclization.
These results are supported by those reported by Hensema et al. [37]. Thermal
cyclodehydration of the hydrazide group to the 1,3,4-oxadiazole ring was monitored
with FTIR. As a representative study, a thin film sample of polymer 2a was heated at
450 °C under nitrogen atmosphere for 1 h. Changes of the IR spectrum of this sample
is illustrated in Fig. 1. After thermal treatment, the hydrazide polymer 2a was almost
completely cyclodehydrated to the corresponding poly(1,3,4-oxadiazole) 3a
(Scheme 1), as confirmed by the reduction of the intensity of the absorption peak at
3700-3000 cm ™', indicating deprotonation of the -NH of the hydrazide groups and
partial loss of hydrogen bonding. Further, the reduction of the intensity of the carbonyl
vibration band (at 1670-1650 cm™") suggested partial loss of carbonyl double bond
character. Moreover, IR spectrum showed the appearance of new absorption bands at
1620 cm ™', corresponding to C = N stretching vibration and at 1020 and 960 cm ™
which are assigned to =C-O—C= group [1-3]. The cyclodehydration reaction was
further proved experimentally by identifying the nature of the residual products
formed in the later stages of thermal treatment. For this purpose, elemental analyses
of the oxadiazole polymers 3a-3d and PTASH’, which had been thermally

!
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N 260 ) (=C-0-Castr)
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2a
1620 (C=N str.)

Transmittance (%)

3700-3000
(N-H, phenolic O-H str.)
1670-1650 (C=0 Sh'.)
4000 3000 2000 1500 1000 500
Wave number (cm™)

Fig. 1 FRIR spectra of ply (ether-amide-hydrazide) 2a and its corresponding poly(ether-amide-1,3,4-
oxadiazole) 3a
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cyclodehydrated in nitrogen at 450 °C for 1 h, were carried out. The results are
presented in Table 1. It may be observed that the elemental analysis data are
in excellent agreement with those calculated for the expected repeating units
of polymers 3a, 3b, 3c, and 3d (Scheme 1) and PTASH’. TG and DSC measure-
ments, as will be discussed later, were also used to investigate the cyclodehydration
reaction.

) ANt
NQC\ dc@—c
H

PTASH'

n

Polymer characterization
Solubility

The results of the solubility of the poly(ether-amide-hydrazide)s are listed in Table 2.
All these polymers were highly soluble in polar solvents such as DMAc, DMF, and
NMP at room temperature. The polymers 2a and 2b showed lower solubilities
relative to those of the polymers 2¢ and 2d. The attachment of bulky tert-butyl- and
phenyl- groups on the aromatic rings introduces lateral disorder by forcing the chain
apart and interferes with the intermolecular cohesion of the existing polar linkages
and leads to increased chain packing distance and decreased interchain interactions

Table 2 Maximum solubility and moisture regain of poly(ether-amide-hydrazide)s and their corre-
sponding poly(ether-amide-1,3,4-oxadiazole)s

Polymer code Maximum solubility (wt/v %) Moisture regain® (%)

DMAc DMF NMP

Poly(ether-amide-hydrazide)s

2a 19 16 18 22.00
2b 21 19 20 22.53
2c 29 25 31 24.64
2d 24 21 24 23.37
PTASH 15 10 13 18.70
Poly(ether-amide-1,3,4-oxadiazole)s
3a 4 2 3 12.25
3b 6 3 5 13.15
3c 8 4 6 15.75
3d 7 5 6 14.42
PTASH’ 1 1 1 10.71

* Determined at 23 °C and relative humidity 85%
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such as hydrogen bonding; thus the polymers 2c and 2d were more soluble than the
other polymers. Further, the introduction of the flexibilizing ether linkages into
polymer 2a increases its solubility with respect to PTASH. On the other hand, the
oxadiazole polymers showed decreased solubilities with respect to the corresponding
hydrazide prepolymers (Table 2). This is due to the increased chain stiffness. The
introduction of flexible ether linkages and the bulky pendant groups increased the
solubility of the oxadiazole polymers 3a—3d as compared with that of the oxadiazole
polymer free from these groups (PTASH).

Percent moisture regain

All the polymers showed strong hydrophilicity as indicated from their high moisture
regain values which lie between 22 and 24.64% (at 23 °C, relative humidity 85%)
(Table 2). The hydrophilicity of these polymers can be related to their polar structures
that possess ether, amide, hydroxyl, and hydrazide groups in each repeating unit.
These polar groups form hydrogen bonds with water readily promoting its adsorption
by these polymers. The hydrophilicity is increased with increasing the size of the
group X on the aromatic ring of the evaluated polymers. This observation may be
explained by the polymers 2a and 2b being more strongly hydrogen bonded than 2c
and 2d polymers as a result of their greater chain symmetry and shorter interchain
distance. However, the separation between the macromolecular segments of polymers
2c and 2d would be further expected, particularly in the presence of water, and
consequently the inter- or intra-hydrogen bonds would be partially restricted. Thus,
they are free to interact with water. The enhancement of the moisture regain of the
polymer 2a relative to that of the PTASH is attributed to the incorporation of the
flexibilizing ether linkages into the chains of the former. Owing to the decreased chain
polarity, the oxadiazole polymers exhibited a lower percent moisture regain relative
to that of the corresponding hydrazide polymers (Table 2). The high hydrophilicity of
the hydrazide polymers guides us to select them as reverse osmosis candidate
materials. Their fabrication into semipermeable membranes for reverse osmosis
performance will be reported in the forthcoming article.

Crystallinity

Figure 2 shows the wide-angle X-ray diffraction patterns of the evaluated polymers.
In this figure, polymers 2a and 2b showed a higher crystalline pattern relative to that
of polymers 2c and 2d. Thus, methyl substitution seems to result in a little influence.
The introduction of bulky pendent tert-butyl or phenyl group destroys the backbone
symmetry and regularity and interferes with the intermolecular hydrogen bonding
and the tight packing of the polymer chains, thus resulting in a decrease in
crystallinity. Moreover, polyoxadiazole 3a (as a representative example) showed
increased crystallinity with respect to its corresponding hydrazide precursor 2a
(Fig. 3). This result may be attributed to the similarity of 1,3,4-oxadiazole to
p-phenylene structure which is known to be a planner rigid unit.
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Fig. 2 Wide-angle X-ray
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Mechanical properties

Table 3 summarizes the mechanical properties of the prepared polymer films. The
tensile strengths, elongation at break, and initial moduli of the poly(ether-amide-
hydrazide)s were in the range of 200.78-154.43 MPa, 55.31-113.25%, and 3.89-
3.11 GPa, respectively. In general, elastic modulus as well as tensile strength of the
polymers are decreased as the size of the substituent X on the aromatic rings
increases. On the other hand, the ductility is increased by increasing the size of the
substituent X as displayed by the values of elongation at break. The thermally
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Table 3 Mechanical properties of poly(ether-amide-hydrazide)s and their corresponding poly(ether-
amide-1,3,4-oxadiazole)s

Polymer code Mechanical properties
Elastic modulus (GPa) Elongation at break (%) Tensile strength
(MPa)
Poly(ether-amide-hydrazide)s
2a 3.89 55.31 200.78
2b 3.69 62.17 190.74
2c 3.11 113.25 154.43
2d 332 97.82 171.56
PTASH 421 44.00 205.80
Poly(ether-amide-1,3,4-oxadiazole)s®
3a 5.76 23.23 275.07
3b 5.39 27.35 257.49
3c 4.35 56.63 200.76
3d 4.75 44.99 226.46
PTASH’ 6.32 17.60 288.12

* Poly(ether-amide-1,3,4-oxadiazole)s were obtained by heating the corresponding poly(ether-amide-
hydrazide)s under nitrogen atmosphere at 450 °C for 1 h

converted poly(ether-amide-1,3,4-oxadiazole) films showed better results for both
tensile strengths and initial moduli relative to those of the corresponding hydrazide
precursors. This may be attributed to the increased stiffness of the oxadiazole
polymers.

Thermal stability

Thermal stability and degradation behavior of a series of novel wholly para-oriented
aromatic polyamide-hydrazides containing the flexibilizing ether linkages in their
main chains and bulky pendant groups on their aromatic rings have been
investigated by differential scanning calorimetry (DSC) technique. A polyamide-
hydrazide without the flexibilizing linkages and the pendant groups is also studied
for comparison. The typical DSC thermograms of the evaluated polymers are
represented in Fig. 4. All these thermograms were recorded at 10 °C min~"' heating
rate, and under prepurified nitrogen with a constant flow rate of 30 ml min~'. DSC
curves indicate a common thermal behavior of these polymers which all exhibit
three endotherms. The first endotherm is small and is attributed to the evaporation of
the absorbed surface water. The second endotherm is large and broad due to the
thermally induced cyclodehydration reaction of the polymers hydrazide groups into
1,3,4-oxadiazole rings by the loss of water molecules [1, 5] as represented in
Scheme 1. The third endotherm is due to the decomposition of the poly(ether-
amide-1,3,4-oxadiazole)s which were formed in situ. It can be noted from Fig. 4
that the areas under the curves are not the same. This may be attributed to the
differences in the amount of the absorbed surface water, and water released during
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Fig. 4 DSC thermograms of poly(ether-amide-hydrazide)s. All the thermograms were recorded in
nitrogen at a heating rate of 10 °C min~" and a gas flow rate of 30 ml min~"

the cyclodehydration reaction. On the other hand, there is a slight shift of the
decomposition temperature and of the cyclodehydration peak to a lower temperature
as the flexibilizing ether linkages introduced into the backbone chains as well as the
bulky pendant groups on their aromatic rings as compared with PTASH. Finally, it
could be noted that it was not possible to observe any melting transitions of the
evaluated polymers during the DSC measurements.

TG measurements were also performed on the evaluated polymers to examine the
influence of their structural differences on their degradation behavior under the

Temperature (°C)

0 0 100 200 300 400 500 600 700 800 900
[#3 o T T T T T T
10
3
22}
=]
b
K=
=y
9 30
= ——PTASH
—— Polymer 2a
a0l | Polymer 2b
—>¢Polymer 2d
—C—Polymer 2¢
50

Fig. 5 Typical TG thermograms patterns of poly(ether-amide-hydrazide)s. All the thermograms were
recorded in nitrogen at a heating rate of 10 °C min~' and a gas flow rate of 30 ml min~"
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Fig. 6 Typical TG thermograms patterns of poly(ether-amide-hydrazide)s. All the thermograms were
recorded in air at a heating rate of 10 °C min~'

purely thermal and thermo-oxidative conditions. All these measurements were
carried out at 10 °C min~' heating rate, under the constant streams of prepurified
nitrogen and air (the flow rates of which were in all cases 30 ml min_l), and the
results obtained are shown in Figs. 5 and 6, respectively. These results are in fairly
good agreement with those of DSC. It can be seen from these results that in both
degradation atmospheres all polymers showed a characteristic similar thermal
behavior which consisted of three distinctive steps in which appreciable weight
losses were observed. During the first weight-loss step, which occurred in both
investigated atmospheres between 90 and 120 °C, all of the samples exhibited
relatively small losses of only about 1-2% of their original weights, as shown in
Figs. 5 and 6. These weight losses were clearly attributable to evaporation of
absorbed moisture from the surface of the polymer samples. The second step in
which all of the investigated samples showed considerable losses, occurred in
different temperature ranges for various polymers in nitrogen and in air atmospheres
as listed in Table 4. This step reflected the occurrence of the thermally induced
cyclodehydration reaction of the polymers into the corresponding poly(ether-amide-
1,3,4-oxadiazole)s, 3a-3d, by losing water (Scheme 1). The amount of water
evolved during the cyclodehydration reaction was 3—6 wt% (based on the weight of
the perfectly dried polymer samples), which seems to be in good agreement with the
theoretical values calculated for the expected polymers repeating units (Table 4).
The third weight-loss step is steep and assigned to the decomposition of the
poly(ether-amide-1,3,4-oxadiazole)s, which were formed in situ. It is worth
mentioning that the beginnings, maxima, and the ends of these steps agreed well
with the corresponding DSC values. Moreover, the resulting poly(ether-amide-
1,3,4-oxadiazole)s start to decompose in the temperature range above 490-520 °C
in nitrogen and above 480-520 °C in air, without weight loss at lower temperatures.
They lost 29.5-36% of their original weights at 800 °C in nitrogen. On the other
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hand, smaller residues were obtained at 800 °C in air (Table 4). These results
indicate that the decomposition rate of the poly(ether-amide-1,3,4-oxadiazole)s in
air is faster than that obtained in nitrogen, and the former atmosphere appeared more
destructive as confirmed by the weight loss of the samples at 800 °C as well as at
particular temperatures (Table 4). The differences between the weight losses of
various polymers (Table 4) may be attributed to the differences of the amount of
absorbed moisture and water eliminated during the cyclodehydration reaction. Thus,
the incorporation of the evaluated ether linkages and the pendant groups did not
seem to significantly influence the thermal stability of the oxadiazole polymers. The
observed high thermal stability may be attributed to the chemical structure of the
polymer which possesses an aromatic, 1,3,4-oxadiazole rings, amide, ether and
phenolic ~OH groups in its repeating unit. These groups are known to be highly
resistant to elevated temperatures in addition to the strong hydrogen bonding
established between the amide and the phenolic —OH groups of the neighboring
chains. This indicates that polyamide-hydrazides can be used as precursor polymers
for preparation of thermally stable 1,3,4-oxadiazole containing polyamides.

Conclusions

High molecular weight easily processed new wholly para-oriented aromatic poly
(ether-amide-hydrazide)s containing various pendant groups have successfully been
synthesized as highly viscous film forming solutions. All the prepared polymers are
highly thermally stable and could be thermally cyclodehydrated into the
corresponding poly(ether-amide-1,3,4-oxadiazole)s at elevated temperature ranges.
The introduction of the flexibilizing ether and bulky pendant groups leads to
polymers of a higher solubility in DMF, DMA, and NMP and of higher affinity to
water sorption and relatively reduced mechanical and intrinsic viscosity with respect
to the polymer free from these linkages. Although the incorporation of the
flexibilizing ether linkages into the polymer main chains and various pendant groups
on their aromatic rings did not seem to significantly influence the thermal stability
of the polyoxadiazoles, they remarkably enhanced their solubility in comparison to
that of polymer free from these linkages. Further, oxadiazole polymers showed
decreased solubility with respect to the corresponding hydrazide precursors.
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