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Abstract New soluble polyimides were synthesized from dif-
ferent 4,4′-diaminodiphenylmethane monomers with different
alkyl substituents [4′4′-diamino-3,3′-dimethyl-diphenyl-meth-
ane , DDMDPM; 4,4 ′ -methy lene -b i s (2 -e thy l -6 -
methylaniline), MBEMA; and 4,4′-methylene-bis(2,6-
diethylaniline), MBDEA] in one-step with the poly(amic
acid)s prepared from the polyaddition of 4,4′-oxydiphthalic
anhydride (ODPA). The structures of the synthesized
polyimides were confirmed by Fourier transform infrared
(FTIR) and nuclear magnetic resonance (NMR) spectroscopy
measurements. The sizes and numbers of alkyl substituents
affected the thermal properties, dielectric constants, and solu-
bilities of the polyimides. The obtained polyimides were

soluble in various solvents, such as N-methyl-2-pyrrolidone
(NMP) , N ,N -d ime thy lace t amide (DMAc) , N ,N -
dimethylformamide (DMF), tetrahydrofuran (THF), dichloro-
methane (DCM), and chloroform (CClH3). These polyimides
exhibited excellent thermal stability with a decomposition
temperature (Td) greater than 500 °C and relatively low coef-
ficients of thermal expansion and dielectric constants. The
resulting properties make these new polyimides attractive for
practical applications.

Keywords Polyimides . Anhydride . Diamines .

Dielectric constant . Thermal properties

Introduction

Polyimides (PIs) are step or condensation polymers derived
from either aliphatic or aromatic dianhydrides and diamines or
their derivatives, and they contain a heterocyclic imide linkage
in their repeat unit [1–4]. Polyimides have various applica-
tions in the printed circuit, automobile, aerospace, and mem-
ory industries due to their thermal stability, high chemical
resistance, high mechanical strength, and lower dielectric
properties [1–5]. Polyimides or their composites and related
compounds have also emerged as promising materials for
pervaporation dehydration of solvents due to their excellent
thermal, chemical, and mechanical stabilities [6–9]. However,
polyimides are classified as insoluble and intractable due to
their rigid backbone structure, which limits their use. Recent-
ly, a considerable amount of synthetic effort has been focused
on improving the processability and solubility of polyimides
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through the synthesis of new diamine or dianhydride monomers
[10–15]. The solubilities of polyimides using a two-step thermo-
imidization synthesis are very poor and form a crosslinked struc-
ture easily [16]. However, various authors have reported that a
one-step method may be the most effective for the preparation of
processable polyimides with large molecular weights and linear
structures [17, 18]. Some methods to overcome the aforemen-
tioned disadvantages include adding pendant groups and reduc-
ing chain crystallinity and electronic polarization interactions
[10–15]. These polyimide properties can be dramatically altered
by minor variations in their structures.

Previous investigations have shown that bulky groups en-
hance interchain spacing, prevent coplanarity of aromatic
rings, and reduce the packing efficiency, which can result in
an unsymmetrical and bulky pendant effect that enhances the
solubility of the prepared polyimides [10–15]. In addition,
these studies did not systematically discuss the effects of dif-
ferent pendant alkyl groups on the properties of polyimides.
Therefore, the synthesis and characterization of new
polyimides derived from 4,4′-oxydiphthalic anhydride
(ODPA) and three types of diamine monomers were investi-
gated using the one-step imidization approach. In addition, we
investigated the effects of different pendant alkyl groups on
the properties of polyimides. The resulting materials may be

used as a low dielectric constant material in future applica-
tions, such as flexible printed circuits or in membrane-based
separation.

Experimental

Materials

4,4′-Oxydiphthalic anhydride (ODPA) [TokyoChemical Indus-
try (TCI) Co., Ltd., Japan] was recrystallized from acetic anhy-
dride prior to use. 4′4′-Diamino-3,3′-dimethyldiphenylmethane
(DDMDPM) (TCI Co., Ltd., Japan), 4,4′-methylene-bis(2-eth-
yl-6-methylaniline) (MBEMA) (TCI Co., Ltd., Japan), and 4,
4′-methylene-bis(2,6-diethylaniline) (MBDEA) (TCI Co., Ltd.,
Japan) were purified by recrystallization from a hexane and
toluene solvent mixture (volume ratio of 3:1) prior to use [1].
N-isopropyl-2-pyrrolidone (NIP) and isoquinoline (TCI Co.,
Ltd., Japan) were used. The diamines and dianhydride are
shown in Scheme 1. Alkaline cleaning solutions and deionized
water were used to rinse all of the glassware prior to use. All of
the other solvents were purchased from Sigma Aldrich Corp.,
St. Louis, MO, USA.

Diamines Monomer: 4’4’-Diamino-3,3’-dimethyldiphenylmethane (DDMDPM), 
4,4’-methylenebis(2-ethyl-6-methylaniline) (MBEMA), 
4,4’-methylenebis (2,6-diethylaniline) (MBDEA)

DDMDPM MBEMA

MBDEA

Dianhydride Monomer: 4,4’-Oxydiphthalic anhydride (ODPA)

ODPA

Scheme 1 The chemical
structures of the diamines and
dianhydride used in this study
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Preparation of polyimides

The difference between the one-step imidization in Scheme 2a
and the two-step thermal imidization in Scheme 2b is the use of a
catalyst. Thermal imidization uses heat to perform the
imidization without the need for any further catalyst. However,
the one-step imidization requires a catalyst, such as isoquinoline,
to increase the reaction rate [4]. Our syntheses were performed
using the one-step method [19, 20]. The diamine monomer of

DDMDPM (2.263 g, 10mmol) orMBEMA (2.824 g, 10mmol)
or MBDEA (3.104 g, 10 mmol) dissolved in NIP (25 mL) was
added under N2to a dry, 100-mL round-bottom flask equipped
with a magnetic stir bar. Then, the dianhydride monomer of
ODPA (3.102 g, 10 mmol) was added to this solution and

Scheme 2 Typical mechanism for the synthesis of polyimides from DDMDPM and ODPA. a One-step imidization b Two-step thermal imidization

Fig. 1 Schematic of the thermomechanical analyzer (TMA)
measurement

Fig. 2 FTIR spectra of the synthesized polyimides: a PAA of
DDMDPM-ODPA b DDMDPM-ODPA, c MBEMA-ODPA, and d
MBDEA-ODPA
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vigorously stirred. The reaction mixture was stirred at ambient
temperature under N2 for 6 h to afford a yellow solution. Then,
isoquinoline (2.351mL)was added to the homogeneous solution
and stirred for 1 h. After stirring, a Dean-Stark trap was filled
with toluene, and the temperature was increased to 180 °C for
15 h. This process is shown in Scheme 2a for the one-step
polycondensation. Then, the polymers were precipitated in white
fiber-like forms when the resulting polymer solutions were
slowly poured into methanol with stirring.

Measurements

Fourier transform infrared (FTIR) spectra were recorded on a
Nicolet 750 spectrometer. The spectra were obtained by averag-
ing 64 scans at a resolution of 2 cm−1 over a range of 400–4,
000 cm−1. The 1H NMR spectra were recorded on a Bruker
400 MHz instrument. Thermogravimetric analysis (TGA) data
were obtained using a Perkin-Elmer Pyris 1 TGA thermogravi-
metric analyzer at a heating rate of 10 °C/min from 100 to 800 °C
under a N2 atmosphere. The coefficient of thermal expansion
(CTE) and softening point (Ts) of the fibers weremeasured using
a TA Instruments 2940 thermomechanical analyzer (TMA) at a
heating rate of 10 °C/min using the slope of the expansion tem-
perature plots over a range of 100–250 °C. A schematic diagram
of the testing procedure is shown in Fig. 1. To examine the
solubility of these polyimides, seven solvents were used to

dissolve the polyimides at ambient temperature including dichlo-
romethane (DCM), chloroform (CHCl3), tetrahydrofuran (THF),
dimethylformamide (DMF), N-methyl-2-pyrrolidinone (NMP),
dimethyl sulfoxide (DMSO), and dimethylacetamide (DMAc).
One gram of polyimides was considered to be soluble in 1mL of
solvent. In addition, the viscosities were measured at a concen-
tration of 0.5 g/dL in DMAc at 30° using an AR-2000ex rheom-
eter (TA Instrument, New Castle, DE, USA), and the results
indicated that their molecular weights were sufficiently high to
be useful. One-milliliter samples were run in a parallel-plate con-
figuration using a 40-mm stainless steel plate with a gap distance
of 103 μm. In a typical viscosity experiment, a constant frequen-
cy of 1Hz and a strain of 10%were used. The dielectric constant
(ε) of the polyimide films was measured using the parallel-plate
capacitor method at 1MHz and room temperature. The dielectric
constant was calculated from the capacitance (C, in Farad) using
k=4 Ct/πd2, where t is the thickness and d is the diameter of the
sample.

Results and discussion

Characterization of polyimides

The structures of the synthesized polyimides (DDMDPM-
ODPA, MBEMA-ODPA, MBDEA-ODPA) were confirmed

Fig. 3 1H NMR spectra of the
DDMDPM-ODPA polyimide
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by FTIR and NMR spectroscopy measurements. The FTIR
spectra of the one-step synthesized polyimides from DDMD
PM-ODPA, MBEMA-ODPA, MBDEA-ODPA, and PAA of
DDMDPM-ODPA are shown in Fig. 2. The absorption bands
of PAA from DDMDPM-ODPA at 2900–3250 cm−1 corre-
spond to the N-H bond. The bands near 1,719 cm−1 were
assigned to the vibrational modes of the acid groups. The bands
near 1,660 and 1,537–1,542 cm−1 were assigned to the vibra-
tional modes of the amide groups. However, the IR character-
istic absorption bands of the imide ring appeared at 1,770 cm−1

and 1,720 cm−1 in the polyimides, which correspond to asym-
metric C=O and symmetric C=O stretching, respectively [21,
22]. The absorption band at 1,395 cm−1 is attributed to C–N
stretching of the imide ring. Stretching of the hydroxyl (O-H)
group was observed near 3,470 cm−1. In addition, the peak at
725 cm−1 corresponds to the bending vibration of the C=O
group. The bands at 2,850–3,300 cm−1 are due to the CH3,
CH2, and CH groups, respectively [21, 22].

The NMR spectra were also obtained by dissolving the
polyimides in CDCl3-d. The

1H-NMR spectra of the different
diamine polyimides are shown in Figs. 3, 4, and 5. The NMR
spectrum of the DDMDPM-ODPA polyimide has six protons
corresponding to CH3 as a singlet at 2.18 δ ppm and two
protons corresponding to CH2 as a singlet at 4.46 δ ppm.
The aromatic proton appeared at 7.11–7.99 δ ppm for the
DDMDPM-ODPA polyimide. The solvent was CDCl3-d,
which corresponds to the peak observed at 7.24 δ ppm. The
MBEMA-ODPA polyimide has 6 protons corresponding to
CH2 as a triplet at 1.12–1.16 δ ppm, six protons corresponding
to CH3 as a singlet at 2.14 δ ppm, four protons corresponding
to CH2 as a quadruplet at 2.44–2.49 δ ppm, and two protons
corresponding to CH2 as a singlet at 3.97 δ ppm. The aromatic
proton appeared at 7.03–8.01 δ ppm for the MBEMA-ODPA
polyimide. The MBDEA-ODPA polyimide has 12 protons
corresponding to CH3 as a triplet at 1.11–1.15 δ ppm, eight
protons corresponding to CH2 as a quadruplet at 2.42–2.47 δ

Fig. 4 1H NMR spectra of the
MBEMA-ODPA polyimide
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ppm, and two protons corresponding to CH2 as a singlet at
4.03 δ ppm. The aromatic proton also appeared at 7.08–8.01 δ
ppm for the MBDEA-ODPA polyimide. As expected, the
NMR spectra did not display any amide or acid protons or
the corresponding carbons, indicating that the polyimides
were completely imidized.

Thermal properties of the polyimides

Figure 6 shows the degradation temperatures of the different
polyimides. Some thermal differences in the polyimides pro-
duced by one-step imidization can be explained by the differ-
ent alkyl pendant groups in the polyimide backbones. Table 1
lists the temperatures of the initial softening (Ts), 5 % (Td5),
and 10 % (Td10) gravimetric losses in nitrogen. DDMDPM-
ODPA exhibited a slightly higher Ts and Td10 compared to
that for MBEMA-ODPA and MBDEA-ODPA. None of the
investigated polymers exhibited any significant weight loss up
to a temperature of 490 °C under a nitrogen atmosphere. In
general, the thermal decomposition of polyimides started

above 400 °C, which demonstrates their excellent thermal
stability [23]. Research has shown that polyimides containing
side chains exhibit distinct two-stage weight loss behaviors

Fig. 5 1H NMR spectra of the
MBDEA-ODPA polyimide

Fig. 6 TGA curves of the polyimides: aDDMDPM-ODPA, bMBEMA-
ODPA, c MBDEA-ODPA
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[23]. The weight loss percentage during the first degradation
was equivalent to the weight fraction of the side chain, indi-
cating that the values of Td5 have a close relationship with the
structure of side chains. Higher values of Td5 demonstrated
that DDMDPM-ODPA was more thermally stable compared
to MBDEA-ODPA. The second degradation corresponded to
the thermal degradation of the polymer main chain. Therefore,
the larger alkyl pendant groups in the polyimide backbone
exhibit lower thermal properties due to their less efficient
packing. However, the three types of PIs obtained from the
three functional diamines had similar structures, but different
alkyl pendant groups in their polyimide backbones resulting in
effective packing of the structure, higher Td10 values and
residual weight. All of the polymers exhibited excellent ther-
mal properties, and their decomposition temperatures at a
weight loss of 10 % were greater than 500 °C under N2. One
reason is that the polyimide structure contains many benzene
rings, which results in easier packing leading to a coplanar
structure. Therefore, the higher packing of the structure cannot
be easily destroyed, which favors improved thermal proper-
ties. In addition, higher molecular weights lead to higher in-
trinsic viscosities [24], which improves the thermal properties.
For example, Yoo et al. reported that the number average

molecular weight and intrinsic viscosity of polyimides pre-
pared were approximately 19,600 g/gmol and 0.24 dL/g, re-
spectively [25]. The higher inherent viscosity indicates a rel-
atively higher molecular weight. The studied polymers have a
higher inherent viscosity of more than 0.7 dL/g. Therefore, the
molecular weight of these polyimides cannot be low and will
enhance the thermal properties. In addition, the effects of the
pendent groups on the softening temperature (Ts) data were
studied. For example, Fig. 7 and Table 1 show the softening
point temperatures of these polymers. The Ts decreased when
the number of pendent groups increased, and the reason for
this behavior is similar to that for the behavior of Td.

In addition, the TMA results indicate that the three
polyimides possess very low coefficients of thermal expan-
sion (<50 ppm/°C) than a typical polymer, in which the slope
of expansion change percentage on the temperature ranges
from 100 to 250 °C. Some polymeric materials experience
very large thermal expansions upon heating as indicated by
the coefficients, which ranged from approximately 50 to
400 ppm/°C [26]. There are no obvious differences for CTEs
among these three polyimides, as shown in Table 1. Therefore,
these results indicate that these polyimides can be employed in
high temperature applications.

Electrical and solubility properties

The dielectric constants (ε) of the three polyimides films are
summarized in Table 1. According to the Maxwell-Garnett
model [16], the porous structures in polyimide films can sub-
stantially reduce the dielectric constants because the dielectric

Table 2 Solubilities of the synthesized polyimides in different solvents

NMP DMAc DMF THF DCM CHCl3 DMSO

DDMDPM-
ODPA

+ + + + + + +/−

MBEMA-ODPA + + + + + + +/−
MBDEA-ODPA + + + + + + +/−

+ Soluble, +/− Partially soluble

Table 1 Thermal and electrical properties of the polyimides

Polymer monomers mole ratio [η]a Td5
b

(°C)
Td10

c

(°C)
Ts

d

(°C)
CTEd

(ppm/°C)
εe

DDMDPM-ODPA 1/1 0.862 520 570 305 43.76 3.37

MBEMA-ODPA 1/1 0.793 520 560 280 30.68 3.29

MBDEA-ODPA 1/1 0.714 510 550 255 36.40 3.13

a Intrinsic viscosity were measurement at 30 °C constant temperature
b Thermal decomposition temperature at 5 % weight loss
c Thermal decomposition temperature at 10 % weight loss
d The fibers mode of soften and coefficient of thermal expansion (CTE) test
e Dielectric constants were measured at 1 MHz and at room temperature

Fig. 7 TMA curves of the polyimides: a DDMDPM-ODPA, b
MBEMA-ODPA, c MBDEA-ODPA
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constant of air is unity. The incorporation of alkyl pendant
groups into the polyimide backbones can effectively decrease
the dielectric constants of the materials, and the value of k
decreases as the size of the pendant group increases, which
may lead to less packing of the structure and a decrease in ε.
This phenomenon indicates that interactions between polymer
chains are effectively reduced by the presence of pendant
groups along the linear backbone.

Table 2 lists the solubilities of the three polyimides. In this
study, we synthesized three polyimides using the one-step
method, and the results indicated that these polyimides are
soluble in some organic solvents, such as N-methyl-2-pyrrol-
idone (NMP), N,N-dimethylacetamide (DMAc), N,N-
dimethylformamide (DMF), tetrahydrofuran (THF), dichloro-
methane (DCM), and chloroform (CClH3). Based on the re-
sults of previous studies, this one-step method may be the
most effective for preparation of processable polyimides with
linear structures and large molecular weights [17, 18]. The
solubilities of the polyimides prepared by the traditional
two-step method using thermo-imidization easily forms
crosslinked structures. These polyimides cannot be dissolved
in any solvent other than sulfuric acid [16, 27]. When placed
in the sulfuric acid, these polyimides may directly carbonize
instead dissolving.

Conclusion

We synthesized new soluble polyimides in which aromatic
polyimides with alkyl side chains of various sizes decreased
the rigidity of the polymer chain and affected the thermal
properties and dielectric constants. These new polyimides
w e r e s y n t h e s i z e d f r o m d i f f e r e n t 4 , 4 ′ -
diaminodiphenylmethane monomers with different alkyl pol-
yimide substituents using a one-step method with the
poly(amic acid)s prepared from the polyaddition of 4,4′-
oxydiphthalic anhydride (ODPA). These polyimides exhibited
excellent thermal stability with decomposition temperatures
(Td) greater than 500 °C. In addition, the results also indicated
that the decomposition temperature (Td) and softening tem-
perature (Ts) decreased as the size or number of pendant
groups increased due to polymer packing and coplanarity.
The resulting polyimides also possessed relatively low coeffi-
cients of thermal expansion and dielectric constants. The di-
electric constant (k) also decreased as the size or number of
pendant groups increased. These new polyimides were soluble
in various solvents and exhibited an amorphous nature. In
addition, these polyimides are thermally stable and form
strong, flexible films that can be cast from solution. These
properties make these polyimides attractive for practical ap-
plications, such as in processable high-performance engineer-
ing plastics.
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