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#"������$ Two series of novel polyhydrazides and poly(amide-hydrazide)s are prepared from two 	�%
��	 -linked bis(ether-carboxylic acid)s including 4,4�-(1,2-phenylenedioxy)dibenzoic acid and 4,4�-(4-���� -
butyl-1,2-phenylenedioxy)dibenzoic acid, or their diacyl chlorides with terephthalic dihydrazide (TPH),
isophthalic dihydrazide (IPH) and � -aminobenzoyl hydrazide (� -ABH) via the Yamazaki phosphorylation
reaction or the low-temperature solution polycondensation. The resulting hydrazide-containing polymers
exhibited inherent viscosities in the range of 0.27–0.62 dl g��. These hydrazide polymers were amor-
phous and soluble in various solvents such as � -methyl-2-pyrrolidone (NMP), �,� -dimethylacetamide
(DMAc), dimethyl sulfoxide (DMSO) and could be solution-cast into colorless, flexible, and tough films
with good tensile strengths. Differential scanning calorimetry (DSC) indicated that the polyhydrazides and
poly(amide-hydrazide)s had ��s in the range of 172–200 �C and could be thermally cyclodehydrated into
the corresponding oxadiazole polymers in the range of 270–370 �C. The oxadiazole polymers showed a
slightly enhanced crystallinity and �� , but a dramatically decreased solubility compared to their hydrazide
prepolymers. The thermally converted oxadiazole polymers exhibited ��s in the range of 205–221 �C
and softening temperatures of 214–239 �C and showed insignificant weight loss up to 450 �C in air or
nitrogen.

&�� '	���$ Polyhydrazide, poly(1,3,4-oxadiazole), ortho-phenylenedioxy, solubility, thermal properties
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Aromatic poly(1,3,4-oxadiazole)s are known for their excellent thermal and hydrolytic
stability [1, 2]. High-strength fibers could be produced from the spinning of the solutions
of rigid-rod poly(arylene-1,3,4-oxadiazole)s in sulfuric acid [2–4]. Although aromatic
poly(1,3,4-oxadiazole)s have a combination of excellent properties, their application is
rather limited due to their poor solubility in organic solvents and their high transition
temperatures. For example, poly(1,4-phenylene)-1,3,4-oxadiazole is only soluble in strong
acids such as sulfuric acid, a solvent which is very difficult to handle in practice.
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Many efforts have been devoted to develop organosoluble aromatic poly(1,3,4-
oxadiazole)s by incorporating flexible linkages into the polymer main chain and
by attaching bulky or flexible side groups onto the polymer backbone [5–9]. It
has been demonstrated that aromatic polyamides and polyimides with ����� -linked
bis(phenoxy)phenylene or bis(phenoxy)naphthalene units generally exhibited a good
combination of properties and processability, either by solution or melt processing [10–
18]. Properties are slightly inferior to but comparable with their ���� -, or ���� -linked
analogues. We report here the synthesis of new ����� -linked aromatic poly(ether-
1,3,4-oxadiazole)s and poly(ether-amide-1,3,4-oxadiazole)s by the polycondensation of
the corresponding dihydrazide or amino-hydrazide monomers with the corresponding
bis(ether-carboxylic acid)s or their acid chloride derivatives containing the ����� -
phenylene unit via precursor polyhydrazides and poly(amide-hydrazide)s which were
then thermally or chemically cyclodehydrated. The properties of these hydrazide and
oxadiazole polymers, such as solubility, film-forming capability, crystallinity, tensile
property, glass transition and softening temperatures, and thermal stability are discussed.
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Terephthalic dihydrazide (TPH, from TCI) (mp 316–322 �C), isophthalic dihydrazide
(IPH, from TCI) (mp 228–231 �C), � -aminobenzoyl hydrazide (� -ABH, from TCI)
(mp 227–231 �C), diphenyl phosphite (DPP, from Fluka), 1,2-dichlorobenzene (� -
DCB, from ACROS) and phosphoryl chloride (POCl�, from FERAX) were used
without further purification. 	 -Methyl-2-pyrrolidone (NMP), pyridine (Py), and 	,	 -
dimethylformamide (DMF) were stirred over powdered calcium hydride overnight and
then distilled under reduced pressure and stored over 4 Å molecular sieves. Commercially
obtained anhydrous calcium chloride (CaCl�) and lithium chloride (LiCl) were dried under
vacuum at 180 �C for 10 h. Other reagents and solvents were reagent grade and were used
as received.
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As described in our previous publications [12, 16], the bis(ether carboxylic acid)s 4,4�-
(1,2-phenylenedioxy)dibenzoic acid (�) (mp 260 �C; peak top temperature of DSC melting
endotherm at 2 �C min��) and 4,4�-(4-���� -butyl-1,2-phenylenedioxy)dibenzoic acid (� -
Bu-�) (mp 234 �C; by DSC) were prepared by the nucleophilic fluorodisplacement of
� -fluorobenzonitrile with the potassium phenoxides of catechol and 4-���� -butylcatechol,
followed by alkaline hydrolysis of the intermediate dinitriles.

According to the procedure reported in the preceding papers [5, 6], the diacyl chloride
monomers, 4,4�-(1,2-phenylenedioxy)dibenzoyl chloride (�) (mp = 101 �C, by DSC at
2 �C min��) and 4,4�-(4-���� -butyl-1,2-phenylenedioxy)dibenzoyl chloride (� -Bu-�) (m.p.
= 127 �C, by DSC at 2 �C min��) were prepared by the reaction of diacids � and � -
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Bu-� with thionyl chloride in the presence of a catalytic amount of DMF, followed by
crystallization from toluene/hexane. The yields of the puried products were higher than
80 %. The spectroscopic data are shown below.

Bis(ether acyl chloride) �:

IR (KBr): 1766 (C=O str.), 1596, 1493 (arom. C=C str.), 1255 (C–O str.), 877 cm�� (C–
Cl).
�H NMR (400 MHz, in CDCl�): � (p.p.m.) 6.87 (d, 4H, H�), 7.29 (d, 2H, H�), 7.37 (d,
2H, H�), 8.02 (d, 4H, H�).
��C NMR (100 MHz, in CDCl�): � (p.p.m.) 117.9 (C�), 125.0 (C�), 128.8 (C�), 128.9
(C	), 135.5 (C
), 147.7 (C�), 165.2 (C�), 169.0 (C=O).

Bis(ether acyl chloride) � -Bu-�:

IR (KBr): 2968 (aliphatic C-H str.), 1766 (C=O str.), 1596, 1493 (arom. C=C str.), 1255
(C–O str.), 1226 (C–O str.), 877 cm�� (C–Cl).
�H NMR (400 MHz, CDCl�): � (p.p.m.) 1.31 (s, 9H, –CH�), 6.85 (two overlapped AB
doublets, 4H, H� + H��), 7.18 (d, 4H, H�), 7.29 (s, 1H, H�), 7.35 (d, 1H, H�), 8.00 (two
overlapped AB doublets, 4H, H� + H��).
��C NMR (CDCl�): � (p.p.m.) 31.7 (C��), 35.2 (C��), 117.6, 117.7 (C, C

�
), 122.0 (C
),

124.2 (C�), 125.6 (C�), 128.6, 128.7 (C��, C��
�
), 135.4, 135.5 (C�, C�

�
), 144.9 (C�), 146.7

(C�), 152.8 (C�), 165.4, 165.6 (C	, C	
�
), 169.1 (C=O).

���� �������	��� �� ������������
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Both the direct polycondensation and the low-temperature solution polycondensation
methods were used to prepare the polyhydrazides and poly(amide-hydrazide)s presented
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in this study. Typical procedures for the synthesis of poly(amide-hydrazide) � -Bu-� are as
follows.

2.3.1. Direct polycondensation via the phosphorylation reaction

A mixture of equimolar amounts (1 mmol) of diacid � -Bu-� (0.4065 g) and � -
aminobenzoyl hydrazide (� -ABH) (0.1512 g), 2.0 ml of NMP, 0.2 g of CaCl�, 1.0 ml
of DPP, and 0.5 ml of pyridine was heated with stirring at 120 �C for 3 h. The solution
became gradually homogeneously transparent, leading to a clear, highly viscous polymer
solution. After cooling, the viscous solution was poured slowly with stirring into 300 ml of
methanol, giving rise to a tough white fiber-like precipitate. The product was collected by
filtration, washed repeatedly with methanol and hot water, and dried to give a quantitative
yield of poly(amide-hydrazide) � -Bu-�. The inherent viscosity of the polymer was 0.62 dl
g��, measured in DMAc at a concentration of 0.5 g dl�� at 30 �C.

2.3.2. Low-temperature solution polycondensation

In a 50-ml flask, a solution of 5.0 ml of NMP containing dissolved 0.2 g of lithium chloride
and 1.25 mmol (0.1890 g) of � -ABH was prepared and cooled by an external ice-acetone
bath. To the stirred solution, 1 mmol (0.5543 g) of diacyl chloride � -Bu-� was added all
at once. The reaction was carried out at –10 to 0 �C in the initial 2 h and continued at
room temperature overnight. The resulting polymer solution was treated with a similar
procedure described above. The obtained poly(amide-hydrazide) � -Bu-� had an inherent
viscosity of 0.49 dl g��, measured in DMAc at a concentration of 0.5 dl g�� at 30 �C.

���� ��� �������	��� ��� �����������	��� �� 	�� ��������� ������


Solutions of the hydrazide polymers in DMAc (approximately 10 wt %) were filtered
through a paper filter. Films were made by solution casting in clear glass culture dishes.
Wet films were placed in a 90 �C oven overnight to slowly release the casting solvent.
The obtained semidried polymer film was lifted off the glass substrate and further dried
in vacuum at 160 �C for 8 h. The thickness of these films was controlled between 50 and
60 �m.

The polyhydrazides or poly(amide-hydrazide)s were converted into the corresponding
poly(1,3,4-oxadiazole)s or poly(amide-1,3,4-oxadiazole)s by thermal or chemical cyclo-
dehydration. For the thermal cyclodehydration method, the above-fabricated films were
heated sequentially at 200, 250, 300, and 350 �C each for 30 min under a nitrogen
atmosphere. For the chemical cyclodehydration method, about 0.35 g of the polyhydrazide
or poly(amide-hydrazide) sample was dissolved or suspended in 10 ml of � -DCB and 2 ml
of POCl�. The solution was heated to reflux temperature and held for 3 h. After cooling,
the solution was poured into stirred methanol. The precipitate was collected by filtration,
washed thoroughly with methanol, and dried in vacuo to give a quantative yield of the
oxadiazole polymers.
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IR spectra were recorded on a Horiba FT-720 Fourier transform infrared (FTIR)
spectrometer. �H NMR and ��C NMR spectra were obtained using a JEOL EX-400
spectrometer (400 and 100 MHz for �H and ��C, respectively). The inherent viscosities
(����) of polymer solutions were measured at 30 �C using a Cannon-Fenske viscometer.
Differential scanning calorimetry (DSC) analyses were performed on a PerkinElmer Pyris
1 DSC at a heating rate of 20 �C min�� under nitrogen. Thermomechanical analysis
(TMA) was conducted with a PerkinElmer TMA 7 instrument. The TMA experiments
were conducted from 40 to 300 �C at a scan rate of 10 �C min�� using a penetration
probe 1.0 mm in diameter under an applied constant load of 10 mN. The softening
temperatures (�� ) were taken as the onset temperature of probe displacement on the TMA
traces. Thermogravimetric analysis (TGA) was performed using a PerkinElmer Pyris 1
TGA. Experiments were carried out on approximately 3–5 mg samples under a nitrogen
or air atmosphere (flow rate 20 cm� min��) at a heating rate of 20 �C min��. Wide-
angle X-ray diffraction measurements were performed at room temperature on a Siemens
Kristalloflex D5000 X-ray diffractometer, using Ni-filtered copper K� radiation (� =
1.5418 Å) operating at 40 kV and 20 mA. The scanning rate was 2� min�� over a range
of 2� = 5–45�. An Instron universal tester Model 4400R with a load cell 5 kg was used
to study the stress–strain behavior of the polymer films (0.5 cm wide, 6 cm long, and
approximately 50–60 �m thick). A gauge length of 2 cm and a crosshead speed of 5 mm
min�� were used for this study. An average of at least five individual determinations was
used.
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As described in the preceding articles [12, 16], 4,4�-(1,2-phenylenedioxy)dibenzoic acid
(�) and 4,4�-(4-���� -butyl-1,2-phenylenedioxy)dibenzoic acid (� -Bu-�) were prepared via
a two-step reaction sequence starting from the aromatic nucleophilic substitution reaction
of � -fluorobenzonitrile with the potassium phenolates of catechol and ���� -butylcatechol,
respectively, followed by alkaline hydrolysis of the intermediate bis(ether nitrile)s. These
bis(ether carboxylic acid)s were converted to their corresponding diacyl chlorides � and
� -Bu-� by treatment with thionyl chloride in the presence of a trace amount of DMF. The
structures of these diacyl chloride monomers were confirmed by infrared, �H NMR, and
��C NMR spectra, as described in the experimental section.

���� ������ 
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A two-step procedure was employed to obtain the poly(1,3,4-oxadiazole)s and poly(amide-
1,3,4-oxadiazole)s from various combinations of the monomers as shown in scheme 1. The
first stage consists of the synthesis of precursor polyhydrazides or poly(amide-hydrazide)s
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which are converted to the corresponding poly(1,3,4-oxadiazole)s or poly(amide-1,3,4-
oxadiazole)s in the second stage by the cyclodehydration of the hydrazide group into
the 1,3,4-oxadiazole ring [19]. The parentheses in the formulas of polymers indicate
that the asymmetrical aminobenzoyl hydrazide and diacid moieties may appear in the
polymer chain as shown, or in the reverse orientation. Both the direct phosphorylation
polycondensation technique [20, 21] and the low-temperature solution polycondensation
technique were used for the syntheses of the polyhydrazides and poly(amide-hydrazide)s.
The reaction conditions and the results of these polymerizations are summarized in table 1.
All the polycondensation reactions proceeded in homogeneous and transparent solutions
throughout the reaction and afforded clear, viscous polymer solutions. Most of the
polymers were isolated as white fiber-like precipitates in methanol. As shown in table
1, the polyhydrazides and poly(amide-hydrazide)s prepared by this method had inherent
viscosities between 0.27–0.62 dl g��, and most of them were of sufficiently high molecular
weight to cast a colorless film which exhibited good flexibility (fingernail creasable). The
brittle nature of polyhydrazide � -Bu- may be due to its lower molecular weight. The
polyhydrazides and poly(amide-hydrazide)s were also prepared by the low-temperature
solution polycondensation from diacyl chloride � and � -Bu-� with TPH, IPH and � -ABH
in the NMP/LiCl solutions. The reaction was carried out at –10 to 0 �C in the initial 2 h and
stirred at room temperature overnight. The inherent viscosities of the polymers produced
via the acid chloride route stayed in the 0.37–0.53 dl g�� range. In most cases, these two
synthetic methods produced polymer products with similar inherent viscosity values.
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The hydrazide polymers were cyclodehydrated through heating in the solid state
or refluxing in POCl� solutions. Probably because of the extended conjugation and/or
formation of charge-transfer complex between the oxadiazole ring and the aromatic ring,
the films or the bulks changed from being colorless to being darkened and brownish after
cyclodehydration. Upon thermal treatment (cyclization) of the hydrazide polymer films
to temperatures as high as 300–350 �C, the resulting films become slightly brittle (failed
fingernail crease).

Thermal conversion of the hydrazide group to the 1,3,4-oxadiazole ring could be
monitored with FTIR. As a representative study, a thin-film sample of polyhydrazide �
was heated sequentially under a nitrogen atmosphere at 200, 250, 300 and 350 �C each for
30 min. The IR spectra of this sample are shown in figure 1. After curing at 350 �C for 30
min, polyhydrazide � was almost completely cyclized to poly(1,3,4-oxadiazole) �, as seen
by the disappearance of the N–H stretching absorption at 3261 cm�� and the carbonyl peak
at 1655 cm��. The characteristic bands of 1,3,4-oxadiazole ring vibration were observed
at 1550 (C=N str.) and 1072 cm�� (C-O-C str.), similar to what is reported in the literature
[22]. In addition, the hydrazide polymers also can be converted to the corresponding
oxadiazole polymers by chemical cyclodehydration in solution using POCl�. The IR
spectra of the polymers obtained via the chemical cyclodehydration method are essentially
identical to those of the polymers via the thermal cyclodehydration method. Moreover,
DSC and TGA, which will be discussed subsequently, have also studied cyclization of the
hydrazide group to the oxadiazole structure.

���� ������ ������	��


The samples of the polyhydrazides and poly(amide-hydrazide)s obtained by the low-
temperature polycondensation technique were characterized. The solubility behavior of
the hydrazide polymers and 1,3,4-oxadiazole polymers were tested qualitatively, and the
results are summarized in table 2. The polyhydrazides and poly(amide-hydrazide)s were
soluble in strongly polar solvents such as NMP, DMAc, DMF, and DMSO and also soluble
in less polar solvents like � -cresol. They were insoluble in common organic solvents
such as chloroform and THF. However, the � -butyl-containing polymers � -Bu- to � -Bu-�,
were soluble in 9:1 (by volume) THF/H�O, a good solvent mixture for some polyamides
according to a DuPont patent [23]. The oxadiazole polymers showed less solubility than
the corresponding hydrazide prepolymers, because of increased chain rigidity. As can be
seen from table 2, all the thermally cured oxadiazole polymers were insoluble in all the test
organic solvents. However, some of the chemically cyclized oxadiazole polymers such as
�, � -Bu-�, and � -Bu-� were soluble in some of the test solvents. The poor solubility of
the thermally cured oxadiazole polymers might be attributable to the better chain packing
and aggregation or to side reactions that occurred in the cyclization process, e.g. partial
crosslinking within polymer chains.

The crystallinity of these hydrazide polymers and 1,3,4-oxadiazole polymers was
estimated by means of wide-angle X-ray diffractograms. As can be seen from the
diffraction patterns shown in figure 2, all of the hydrazide polymers revealed an essentially
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Strength to break Elongation to break Tensile modulus
Polymer (MPa) (%) (GPa)

 91 8 2.3
� 78 13 2.7
� 83 15 2.6

� -Bu- 88 7 2.6
� -Bu-� 80 9 2.3
� -Bu-� 81 17 2.3

� Films were cast from slow evaporation of the polymer solution in DMAc and further dried 
� ���� at

160 �C for 6 h. All the samples were prepared by the low-temperature solution polycondensation method.

amorphous pattern. Obviously, the lateral arrangement of the ����� -linked phenylene unit
hindered chain packing and reduced the level of crystallinity. After thermal conversion
of hydrazide polymers into the corresponding 1,3,4-oxadiazole polymers, the 1,3,4-
oxadiazole polymers �, �, � -Bu-�, and � -Bu-� showed slightly enhanced crystallinity
because of their rigid molecular structure due to the presence of oxadiazole ring.
A weak reflection peak appeared around 2� = 11�, indicating an increased packing
density. However, poly(amide-1,3,4-oxaidazole)s � and � -Bu-� showed no increased
ordering because of their less-ordered backbone chains. All of the polyhydrazides and
poly(amide-hydrazide)s gave good-quality creasable films suitable for tensile testing.
Tensile properties of these thin films are presented in table 3. These films exhibited tensile
strengths of 78–91 MPa, elongations to break of 7–17%, and tensile moduli of 2.3–2.7
GPa, respectively, indicating a moderate degree of toughness. However, the thermally
converted oxadiazole polymer films were so brittle that they might crack upon fingernail
creasing. Thus, their mechanical properties were not evaluated.

DSC, TMA, and TGA were used to evaluate the thermal properties of all hydrazide
and 1,3,4-oxadiazole polymers. Some thermal behavior data of these polymers are shown
in table 4. A typical pair of DSC curves of poly(amide-hydrazide) � -Bu-� and poly(amide-
1,3,4-oxadiazole) � -Bu-� are illustrated in figure 3. In the first scan, the poly(amide-
hydrazide) � -Bu-�was heated from 50 to 400 �C at 20 �C min�� in nitrogen, and it showed
a discernible glass transition at 192 �C and a strong endothermic peak between 300–400 �C
that was attributed to loss of water during the conversion of the hydrazide group to the
1,3,4-oxadiazole ring. After quenching from 400 �C, the poly(amide-1,3,4-oxadiazole)s
� -Bu-� formed in situ during the first heating scan revealed a clear �� at 214 �C in the
subsequent scan. All the other polymers displayed similar DSC traces, and some of the
DSC data are summarized in table 4. All the hydrazide polymers displayed discernible
glass transitions between 172–200 �C in the DSC traces. Due to the increased chain
stiffness, all the 1,3,4-oxadiazole polymers showed higher �� values in comparison with
the corresponding hydrazide prepolymers. The thermally converted oxadiazole polymers
had �� in the range 205–221 �C.

The softening temperatures (�� ) (or apparent �� ) of the oxadiazole polymer film
samples were also measured with TMA by the penetration method. They were obtained
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from the onset temperature of the probe displacement on the TMA trace. A typical TMA
thermogram for polyoxadiazole � -Bu-� is illustrated in figure 4. In most cases, the ��
values obtained by the TMA are slightly higher than the �� values measured by the DSC
experiments. The reason is not very clear; however, this difference may be attributed to
different heating story of these samples and the distinctive nature of the testing techniques.
In general, the introduction of �-butyl group led to a slight increase in �� or �� due to the
increased steric hindrance effect.

Figure 5 shows a typical pair of TGA curves for the representative polyhydrazide
� -Bu- and poly(1,3,4-oxadiazole) � -Bu-�. Weight loss corresponding to conversion of
the polyhydrazide � -Bu- to the poly(1,3,4-oxadiazole) � -Bu-� started at temperature in
the vicinity of 300 �C and continued for another 100 �C. This is also consistent with the
strong endothermic peak between 300 and 400 �C in the DSC trace. The second break
in the TGA curve occurred at around 470 �C and corresponded to decomposition of the
poly(1,3,4-oxadiazole) � -Bu-� formed 
� �
��. A comparison of TGA behavior in air and
in nitrogen for poly(1,3,4-oxadiazole)s � and � -Bu-� is shown in figure 6. All the 1,3,4-
oxadiazole polymers exhibit good thermal stability, because no significant weight losses
were observed up to 450 �C in air or nitrogen. All the other 1,3,4-oxadiazole polymers
showed a similar TGA behavior, and some of TGA data are also listed in table 4. The
poly(1,3,4-oxadiazole)s and poly(amide-1,3,4-oxadiazole)s showed the decomposition
temperatures (�� ) at 10% weight loss in the ranges of 510–529 �C in nitrogen and of 503–
516 �C in air, with more than 41% residue remaining when heated to 800 �C in nitrogen.

�� ��	������	

Two series of moderate to high molecular weights of polyhydrazides and poly(amide-
hydrazide)s having ����� -phenylenedioxy groups have been prepared from the dicar-
boxylic acids, 4,4�-(1,2-phenylenedioxy)dibenzoic acid (�) and 4,4�-(4-���� -butyl-1,2-
phenylenedioxy)dibenzoic acid (� -Bu-�), or their diacyl chlorides (� and � -Bu-�) with
dihydrazide and amino-hydrazide monomers such as TPH, IPH and � -ABH via the
phosphorylation reaction or the low-temperature solution polycondensation. All the
polyhydrazides and poly(amide-hydrazide)s were easily soluble in various polar solvents
such as NMP, DMAc and DMSO and could be cast into colorless, flexible, and tough
films from DMAc solutions. The polyhydrazides and poly(amide-hydrazide)s had ��
values between 172 and 200 �C and could be thermally transformed into the corresponding
oxadiazole polymers at elevated temperatures, approximately in the region of 270–
400 �C. The oxadiazole polymers showed a slightly increased crystallinity and �� , and
a dramatically decreased solubility compared to their hydrazide prepolymers. These
hydrazide polymers also could be chemically cyclodehydrated to the oxadiazole polymers
using phosphoryl chloride, and the chemically cyclized oxadiazole polymers showed better
solubility than the thermally cyclized ones. The thermally cured oxadiazole polymers
exhibited �� values in the range of 205–221 �C and did not show dramatic weight loss
before 450 �C. The wide window between �� and decomposition temperature makes these
polymers interesting for thermoforming processing.
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