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ABSTRACT: Benzyl bisthiosemicarbazone and its com-
plexes with nickel (NiLH4) and copper (CuLH4) were used
as diamine monomers for the synthesis of new Schiff-base
polyimides. The solution polycondensation of these mono-
mers with the aromatic dianhydrides afforded metal-con-
taining Schiff-base polyimides with inherent viscosities of
0.98–1.33 dL/g (measured in N-methyl-2-pyrrolidone at
25�C). The polyimides were generally soluble in a wide
range of solvents such as N,N-dimethylformamide, N,N-
dimethylacetamide, tetrahydrofuran, dimethyl sulfoxide,

tetrachloroethane, hexamethylene phosphoramide, N-
methyl-2-pyrrolidone, ethyl acetate, and pyridine at room
temperature. The initial degradation temperatures of the
resultant polyimides fell in the range of 220–350�C in
nitrogen with char yields ranging from 36 to 64% at
700�C. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 118: 2496–
2501, 2010
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INTRODUCTION

Aromatic polyimides (PIs) are well known as high-
performance polymeric materials. However, most ar-
omatic PIs have poor processability because of high
softening temperatures and no solubility.1 Therefore,
many attempts have been made to improve the proc-
essability of aromatic PIs with several different
approaches, such as the introduction of pendent
groups onto the polymer chains and the incorpora-
tion of noncoplanar structural units into the main
chain, while their excellent level of thermal and me-
chanical properties is maintained.2–10 To achieve
such a goal, of course, it is necessary to design and
synthesize new monomers—diamines, dianhydrides,
or both—that can fulfill this requirement. Polymers
with a Schiff-base structure (polyazomethine), which
have many special properties, have been drawing
the attention of researchers for more than 50 years.
A variety of polymers with a Schiff-base structure
have been synthesized, characterized, and investi-
gated with respect to their properties.11–20 A major
obstacle to characterizing and developing these con-
jugated aromatic Schiff-base PIs with high thermal
stability has been their lack of solubility in common
organic solvents. Schiff-base metal complexes are a
broad class of compounds that have received much
less attention for incorporation into macromole-
cules.21–24 Seckin et al.22 reported the preparation of

a partially soluble Schiff-base PI from 2,6-bis[1-(p-
dimethylaminophenylimino)ethyl pyridine and used
it for the selective extraction of some metals. Bella
et al.24 reported the synthesis and preparation of an
insoluble PI film containing a Schiff-base complex of
a bis(salicylaldiminato)NiII-functional amino deriva-
tive in the main chain. Researchers have demon-
strated that the introduction of metals into poly-
urea,25 bismaleimides,26 and PIs27 improves the
thermal stability, and their initial decomposition
temperatures show a relationship with the intro-
duced metals. Bisthiosemicarbazones can act as tet-
radentate ligands and can be coordinated with nickel
and copper ions via N2S2 or N4 atoms. We have
reported the preparation of polyamides from a cop-
per complex of benzyl bisthiosemicarbazone (LH6)
with different dicarboxylic acids in a previous publi-
cation.21 To the best of our knowledge, no article has
dealt with the preparation of PIs from LH6 and its
complexes with copper and nickel. In this article, we
report the synthesis and characterization of new PIs
based on thiosemicarbazone with a Schiff-base struc-
ture containing copper and nickel. The PIs were
characterized with elemental analysis, solubility and
viscosity measurements, Fourier transform infrared
(FTIR), 1H-NMR, and measurements of the thermal
properties and thermal stability.

EXPERIMENTAL

Materials

Benzyl, thiosemicarbazide, pyromellitic dianhydride
(PMDA), 3,30,4,40-benzophenone tetracarboxylic acid
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dianhydride (BPDA), and other reagents and sol-
vents were purchased from Fluka (Germany) and
used without purification.

Instruments

1H-NMR spectra were recorded on a Bruker (United
States) Advance DRX 500-MHz instrument with hex-
adeuterated dimethyl sulfoxide as the solvent and
tetramethylsilane as the internal standard. FTIR
spectra were recorded with a Bruker Vector 22 spec-
trometer on KBr pellets. A Leco CHN-600 analyzer
was used for elemental analysis. Thermogravimetric
analysis (TGA) and differential scanning calorimetry
(DSC) analysis were performed with a PerkinElmer
Pyris instrument and a Mettler–Toledo (United
States) 822e instrument, respectively. The inherent
viscosities of the polymers were determined in a so-
lution of N-methyl-2-pyrrolidone (0.5 g/dL) at 25�C
with an Ubbelohde viscometer. Copper and nickel
were measured with a Shimadzu (Japan) model 170a
atomic absorption apparatus. The total sulfur was
measured with a Tanaka (Japan) model RX-360 SH
apparatus.

Monomer synthesis

LH6 and its complexes (CuLH4 and NiLH4) were
prepared and their structural compositions were
confirmed with procedures reported in previous
publications.28–30 The chemical structures of the
monomers are shown in Scheme 1.

PI synthesis

The chemical structures and the general procedure
for the preparation of the PIs are presented in
Scheme 2. The synthesis of the PIs (typically accord-
ing to ref. 31) was carried out as follows: A 100-mL,
two-necked, round-bottom flask equipped with a
magnetic stirrer bar, a nitrogen gas inlet tube, and a
calcium chloride drying tube was charged with 2
mmol of the diamine monomer (LH6, CuLH4, or
NiLH4) and 20 mL of dry N-methyl-2-pyrrolidone.
The mixture was stirred at 0�C for 0.5 h. Then, 2
mmol of a dianhydride (PMDA or BPDA) was
added, and the mixture was stirred at 0�C for 1 h.
The temperature was raised to room temperature,
and the solution was stirred for 24 h. Poly(amic
acid) (PAA) was precipitated by the flask contents

being poured into 200 mL of a 3 : 1 volume mixture
of water and methanol. Then, it was filtered, washed
with hot water, and dried overnight in vacuo at
40�C. The yields were over 88%. Chemical cycliza-
tion was applied for the conversion of PAA to PI:
Into a 100-mL, two-necked, round-bottom flask
equipped with a magnetic stirrer bar, a nitrogen gas
inlet tube, and a reflux condenser was placed 1.0 g
of PAA dissolved in 5 mL of N,N-dimethylacetamide
and 5 mL of dry acetic anhydride, and 2.5 mL of
pyridine was added. The mixture was stirred for
0.5 h, then slowly heated to 140�C, and held for 6 h

Scheme 1 Chemical structures of the monomers.

Scheme 2 Preparation reactions for the PIs (R.T. ¼ room
temperature).

Figure 1 FTIR spectra of PAA and PI-a.
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at this temperature. After that, the mixture was
cooled and poured into water; it then was filtered,
washed with hot water and methanol, and dried
overnight in vacuo at 120�C. The yields were over
89%. The PIs obtained from CuLH4 were black, and
those from NiLH4 were dark green. The inherent
viscosities of the PIs were subsequently determined
at a concentration of 0.5 g/dL at 25�C. The PIs,
shown in Scheme 2, have been designated as
follows: PI-a for LH6þPMDA, PI-b for LH6þBPDA,
PI-c for CuLH4þPMDA, PI-d for CuLH4þBPDA,
PI-e for NiLH4þPMDA, and PI-f for NiLH4þBPDA.

RESULTS AND DISCUSSION

Synthesis and characterization of the monomers

The monomer LH6 and its complexes with copper
and nickel were prepared according to the standard
procedures reported in previous publications.28–30

The structural compositions of the monomers were
determined by elemental analysis as well as FTIR
and 1H-NMR, and the results were in agreement
with those reported in the literature. The 1H-NMR
spectra of both complexes were very similar; the sig-
nals of hydrogen atoms of the secondary amine at
8.8 ppm disappeared, and the signal corresponding
to the terminal amine hydrogen atoms shifted to a
high field (from 6.6 to 7.5 ppm). This agrees with
the fact that the primary amines were not bonded to
copper or nickel ions, and the ligand was dideproto-

nated. Thus, these complexes were used as diamine
monomers for the synthesis of the PIs.

Synthesis and characterization of the PIs

The PIs were synthesized through the reaction of the
aromatic dianhydrides PMDA and BPDA with the
diamine monomers, as shown in Scheme 2. The po-
lymerization proceeded in two steps in a homogene-
ous solution. The synthesis of poly(amic acids) was
typically carried out in N-methyl-2-pyrrolidone at
0�C for 1 h and then at room temperature for 24 h.
The formation of PAA was confirmed by IR spec-
troscopy, as shown in Figure 1. PAA exhibited
absorption bands in the region of 3500–3100 cm�1

due to the amino (NH) and hydroxyl (OH) groups
and amide carbonyl absorption at 1680 cm�1. Chemi-
cal cyclization was carried in N,N-dimethylaceta-
mide at 140�C for the conversion of PAA to PI in the
presence of acetic anhydride and pyridine. The for-
mation of PI was confirmed by FTIR, H-NMR, and
elemental analysis, and the data from these tests are
listed in Tables I and II. The elemental analysis val-
ues of all the PIs were generally in good agreement
with the calculated values of the proposed struc-
tures. The dehydration cyclization of PAA to form
an imide ring was confirmed by the disappearance
of the band at 1680 cm�1 (related to C¼¼O of amic
acid) and the appearance of a new characteristic
absorption of the imide ring at 1725 cm�1, as shown
for PI-a in Figure 1. The disappearance of the amide
and carbonyl bands indicated a virtually complete

TABLE I
FTIR and 1H-NMR Characteristics of the PIs

Code IR (KBr, cm�1) 1H-NMR (DMSO-d6, d, ppm)

PI-a 3455 (CH, aromatic), 1625 (C¼¼O), 1520 (C¼¼N), 1315 (CAN) 7.9 (2H, NH), 7.2–7.8 (16H, aromatic)
PI-b 3255 (CH, aromatic), 1625 (C¼¼O), 1615 (C¼¼N), 1325 (CAN) 7.9 (2H, NH), 7.2–7.8 (16H, aromatic)
PI-c 3470 (CH, aromatic), 1701 (C¼¼O), 1620 (C¼¼N), 1367 (CAN) 7.25–7.40 (12H, aromatic)
PI-d 3470 (CH, aromatic), 1701 (C¼¼O), 1620 (C¼¼N), 1367 (CAN) 7.2–7.45 (16H, aromatic)
PI-e 3443 (CH, aromatic), 1689 (C¼¼O), 1623 (C¼¼N), 1370 (CAN) 7.1–7.27 (12H, aromatic)
PI-f 3455 (CH, aromatic), 1625 (C¼¼O), 1615 (C¼¼N), 1325 (CAN) 7.06–7.18 (16H, aromatic)

DMSO-d6 ¼ hexadeuterated dimethyl sulfoxide.

TABLE II
Results of the Elemental Analysis of the PIs

Code

Calculated (%) Found (%)

C H N S Cu Ni C H N S Cu Ni

PI-a 57.9 2.6 15.6 11.9 — — 57.8 2.5 15.8 12.0 — —
PI-b 61.6 2.8 13.0 9.96 — — 61.4 2.9 12.9 10.1 — —
PI-c 52.0 2.0 14.0 10.6 10.6 — 52.2 2.1 13.8 9.9 9.8 —
PI-d 56.2 2.2 11.9 9.1 9.1 — 55.8 2.1 11.6 9.2 8.2 —
PI-e 52.4 2.02 14.1 10.7 — 9.9 52.7 2.2 13.8 10.5 — 8.9
PI-f 56.6 2.3 12.0 9.1 — 8.4 55.9 2.2 12.3 9.2 — 8.1
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conversion of the PAA precursor into PI. 1H-NMR
spectra of PI-a and PI-b exhibited a signal at 7.9
ppm related to the proton of the secondary amine.
The aromatic protons at about 7.2 ppm in the 1H-
NMR spectra confirmed the imidic structure of the
polymers.

Solubility of the PIs

One of the major objectives of this study was to pro-
duce Schiff-base PIs with improved solubility. The
solubility of the PIs was measured at 0.5 g/dL and
25�C in various solvents, and the results are listed in
Table III. All the PIs were readily soluble in polar
aprotic solvents such as N-methyl-2-pyrrolidone,
N,N-dimethylformamide, N,N-dimethylacetamide,
pyridine, and hexamethylene phosphoramide with-
out the need for heating, whereas PI-a and PI-b
were also soluble in dimethyl sulfoxide. Also, with
heating, they were soluble in less efficient solvents
such as tetrahydrofuran and acetone. The good solu-
bility behavior of these aromatic PIs in conventional
organic solvents can be explained by the enhance-

ment of solubility induced by the side phenylene
groups of the diamine component, which increased
the disorder in the chains and hindered dense chain
stacking, thereby reducing interchain interactions.
The inherent viscosities of the PIs were in the range
of 0.98–1.33 dL/g, and this revealed the high molec-
ular weights of the polymers.32

Thermal properties of the PIs

The thermal properties of the monomers were inves-
tigated with DSC at a heating rate of 10�C/min in a

TABLE III
Solubility, Inherent Viscosities, and Yields of the PIs

PI NMP DMF DMSO TCE Py THF H2SO4 HMPA DMAc Acetone
Inherent

viscosity (dl/g)a
Yield
(%)b

PI-a þ þ þ 6 þ 6 þ þ þ 6 1.1 92
PI-b þ þ þ 6 þ 6 þ þ þ 6 0.98 92
PI-c þ þ 6 6 þ 6 þ þ þ 6 1.3 89
PI-d þ þ 6 6 þ 6 þ þ þ 6 0.98 88
PI-e þ þ 6 6 þ 6 þ þ þ 6 1.33 91
PI-f þ þ 6 6 þ 6 þ þ þ 6 1.03 92

The solubility was tested with 2.5 g of the polymer in 100 mL of the solvent. þ ¼ soluble; 6 ¼ partially soluble; DMAc
¼ N,N-dimethylacetamide; DMF ¼ N,N-dimethylformamide; DMSO ¼ dimethyl sulfoxide; HMPA ¼ hexamethylene phos-
phoramide; NMP ¼ N-methyl-2-pyrrolidone; Py ¼ pyridine; TCE ¼ tetrachloroethane; THF ¼ tetrahydrofuran.

a Measured in NMP at 25�C (concentration ¼ 0.5 g/dL).
b Calculated on the basis of the amount of PAA used in the cyclization process.

Figure 2 DSC thermograms of the first and second runs
of LH6 and CuLH4.

Figure 3 FTIR spectra of LH6: (a) before heating and (b)
after heating at 250�C.
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nitrogen atmosphere, and the thermograms are
shown in Figure 2. The DSC curve of LH6 showed
endothermic and exothermic peaks at 260�C, which
could be due to melting and decomposition. DSC
curves of the complexes of CuLH4 and NiLH4 also
showed exothermic peaks in the range of 250–260�C,
indicating the decomposition of the compounds
before melting. The FTIR spectrum of LH6 was taken
after the sample was heated at 250�C, and the results
are shown in Figure 3. A comparison of the FTIR
spectra before and after heating showed a small dif-
ference in the region of 3420–3250 cm�1 related to
NH and NH2 groups and very clear differences in
the region of 1610–1585 cm�1 related to the azome-
thine (>C¼¼NAN) group.

DSC thermograms of the PIs are shown in Fig-
ure 4. The thermal behavior data for all the poly-
mers are presented in Table IV. DSC thermograms
of all the PIs started to show exothermic peaks
above 250�C, which could be due to the beginning
of thermal decomposition. The beginning of thermal
degradation of the PIs, indicated by their DSC
curves, occurred in the same temperature ranges in
which the exothermic peaks of the monomers
appeared. The thermal degradation of the PIs could
be a result of thermal breakdown of the azomethine
linkage in the polymer chains. The thermal stability
of the PIs was also evaluated by means of TGA, and
the thermograms are shown in Figure 5. The PIs

exhibited their initial decomposition temperature in
the range of 220–350�C. The initial decomposition
temperatures of PI-a and PI-b, which were prepared
from LH6 and the dianhydrides, were lower than
the initial decomposition temperatures of those PIs
prepared by the reaction of metal complexes of LH6.
The presence of metals in the polymer chain not
only increased the maximum degradation tempera-
ture but also increased the initial degradation tem-
perature. The initial decomposition temperature of
aromatic PIs is usually higher than 400�C. The rea-
son that the thermal stability of the prepared PIs
was not as high as that of classical PIs1–4 could be
the presence of the azomethine linkage in the poly-
mers backbone. The maximum degradation tempera-
ture for most of the prepared PIs was between 600
and 750�C. The thermal stability of the PIs was also
evaluated in terms of the 10% weight loss and resid-
ual weight at 700�C, as shown in Table IV. A com-
parison of the maximum degradation temperatures
and residual weights (at 700�C) of the polymers
showed that the introduction of the metal ions was
especially effective at improving the thermal stability
of the PIs. The PIs prepared from the reaction
between the complexes and the dianhydrides
showed over 50% residual weight at 700�C, whereas
those obtained from LH6 showed 25% residual
weight at 700�C. This difference in the char yields
could be attributed to the influence of the incorpora-
tion of metal into the polymer backbone. The glass-
transition temperatures of Schiff-base PIs with simi-
lar dianhydrides in the polymer backbone have been
reported to be higher than 240�C.22 Therefore, the
glass-transition temperatures of these PIs should be
lower than their decomposition temperatures.

CONCLUSIONS

Because the LH6 ligand offers suitable sites for
metal, a series of Schiff-base PIs containing copper
and nickel in the main chain were prepared in a
two-step procedure via the reaction between

Figure 4 DSC thermograms of the PIs.

TABLE IV
Thermal Analysis of the PIs

PI Ti (
�C)a T10 (

�C)b Char yield (%)

PI-a 250 270 36
PI-b 220 240 28
PI-c 260 300 54
PI-d 300 330 64
PI-e 320 350 42
PI-f 350 370 50

Ti ¼ initial decomposition (degradation) temperature;
T10 ¼ temperature of 10% weight loss; Char Yield (%) ¼ at
700�C under N2.

Figure 5 TGA thermograms of the PIs.
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diamine monomers and two commercially available
aromatic dianhydrides. The PIs were characterized,
and their physical properties, such as the solubility
and viscosity, thermal properties, and thermal stabil-
ity were studied. The introduction of phenyl side
groups into the structures of the diamine monomers
resulted in amorphous PIs with very good solubility
in organic aprotic solvents such as N-methyl-2-pyr-
rolidone. The results obtained from DSC and TGA
measurements indicated that the prepared PIs
started to degrade at temperatures above 250�C. The
presence of an azomethine linkage in the polymer
backbone could be responsible for the moderate
thermal stability of the polymers. On the basis of
these results, the presence of metal ions in these
new Schiff-base PIs improved their thermal stability
by increasing the initial and maximum degradation
temperatures.
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