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Abstract. A series of novel quaternary copolymerized thermoplastic polyimides were successfully prepared with asymmetric
diahydride: 3,4′-oxydiphthalic anhydride (a-ODPA) and symmetric anhydride: 4,4′-oxydiphthalicanhydride (s-ODPA), 9,9′bis(4-aminophenyl)fluorene (BAFL) and 2,2-bis[4-(4-aminophenoxy)phenyl]propane (BAPP) as diamine. The synergistic
effect of non-coplanar structure, fluorenyl cardo groups, methyl groups and flexible groups on the solubility, heat resistance
and thermoplasticity of polyimide was discussed. The experimental results showed that the addition of BAFL greatly improved the heat resistance of polyimide. The glass transition temperature (Tg) of PI-A~PI-E with different ratios were 235.3–
305.5 °C. Compared with control group PI-F, PI-A~PI-E were completely soluble within 3 h in DMF, DMAc, NMP, showing
that they had excellent solubility, and what’s more, under the synergistic effect, the thermoplasticity of PI-A~PI-E was also
greatly improved.
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1. Introduction

can be used as high-temperature adhesives [12, 13]
and flexible copper clad plates [14, 15] due to their
good melt processability and heat resistance.
Traditional polyimide processing is usually accompanied by inefficient cyclization, difficulty in removing
moisture, bubbles, uneven film and other problems
[16]. Therefore, it is mandatory to improve the
processability of polyimide. As is known, flexible
groups [17, 18], bulky side groups [19, 20] and noncoplanar structures [21, 22] can be introduced into the
molecular chains to reduce the stiffness as well as the
mutual interaction between molecular chains to improve the processability or thermoplasticity of polyimides [23–26]. American DuPont company has prepared a series of thermoplastic PIs by introducing a
large number of flexible groups into the molecular

Owing to their excellent mechanical properties, thermal stability, solvent resistance and low dielectric
properties, polyimides, especially aromatic polyimides are widely used in a broad variety of fields, in
aerospace, photoelectric industry, military, microelectronics etc., [1–8]. However, the highly symmetric
and rigid chemical structure of traditional aromatic
polyimide leads to a strong interaction between the
molecular chains, resulting in poor solubility and melt
processability, which severely limits the application
of aromatic polyimides [9, 10]. Since the development of LARC-TPI, a thermoplastic polyimide adhesive, which was developed by NASA research institute in 1980, thermoplastic polyimides have attracted
extensive attention [11]. Thermoplastic polyimides
*
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dianhydride (BTDA), 2,2-bis[4-(4-aminophenoxy)phenyl] propane (BAPP) and 4,4'-oxydianiline
ternary copolymer (ODA). Based on ternary copolymerization, An et al. [24] prepared PI adhesive
which can be partially thermalized at low temperature by introducing 4,4'-oxydiphthalicanhydride
(s-ODPA), 9,9'-bis(4-aminophenyl)fluorene (BAFL),
and 3,4'-diaminodiphenyl ether (3,4'-ODA), and the
glass transition temperature of the adhesive was approximately 340 °C, possessing excellent thermoplasticity and melt fluidity. Besides, Chen et al. [32]
successfully prepared a series of PIs with excellent
thermal stability and low melt viscosity with
4-phenylethynylphthalic anhydride (4-PEPA), 9,9'bis(4-aminophenyl)fluorene (BAFL), 4-4'-oxydiphthalic anhydride (ODPA).
In this study, quaternary copolyimides were synthesized from asymmetric diahydride: 3,4'-oxydiphthalic anhydride (a-ODPA) and symmetric anhydride:
4,4'-oxydiphthalicanhydride (s-ODPA), 9,9'-bis(4aminophenyl)fluorene (BAFL) and 2,2-bis[4-(4aminophenoxy)phenyl]propane (BAPP) through
two-step method. Under the coordination of quaternary copolymerization, a new type of thermoplastic
polyimides with excellent processability and thermal
stability were prepared through the synergistic effect
of non-coplanar structure, fluorenyl cardo groups,
methyl groups and flexible ether bonds. A detailed
investigation on the structure of monomers and polyimides by Fourier Transform Infrared (FTIR) and
proton nuclear magnetic resonance (H-NMR) spectroscopic techniques along with X-ray Diffraction
(XRD) analysis. The thermal properties of polyimides
were measured by thermogravimetry (TGA), differentialé scanning calorimetry (DSC) and dynamic
mechanical analysis (DMA). The results showed that
the synergistic effect of non-coplanar structure, fluorenyl cardo groups and flexible groups endowed
good heat resistance (high Tg), excellent thermoplasticity and solubility, which would have great application potential in the fields of microelectronics,
aerospace and military industries.

skeleton, but their glass transition temperatures are
below 240°C, therefore they cannot be used in a hightemperature environment [27]. Saeed et al. [28] successfully synthesized two thermoplastic polyimides
with 3,4′-ODA and different dianhydrides ODPA and
BPDA, whose glass transition temperature were
below 250 °C. Besides, Sasaki et al. [29] have developed polyimide by 2,3,3',4'-biphenyltetracarboxylic
dianhydride (a-BPDA) for dianhydride, 3,4'-oxydianiline (3,4'-ODA) or 1,3-bis(4-aminophenoxy) benzene (1,3.4-APB) or 1,3-bis(3-aminophenoxy) benzene (APB) for diamine, 2,4-diamino-1-(4-phenylethynylphenoxy) benzene (mPDAp) for the end-capping agent respectively. Moreover, the non-coplanar
structure of a-BPDA breaks the regularity of molecular chain, so that the synthesized polyimides have
good thermoplasticity, solubility, and higher glass
transition temperature. What’s more, a series of polyimides with good solubility and thermoplasticity were
also prepared by 2,3,3',4'-oxydiphthalic dianhydride
(a-ODPA) and 2,3,3',4'-biphenyltetracarboxylic dianhydride (a-BPDA), 3,4'-oxydianiline (3,4'-ODA) and
PEPA [30]. By introducing 2,2-bis [4-(4-aminophenoxy)phenyl] propane (BAPP), Kong et al. [9] successfully synthesized a series of thermoplastic polyimides films for the side methyl structure and ether
bond of the molecular chain of BAPP, which improved the melt fluidity of polyimide. PIs with excellent processability inevitably sacrifice their thermal properties, and seeking the balance between excellent processability with good thermal properties
has been a long-term existed scientific and technological challenge.
9,9'-bis(4-aminophenyl)fluorene (BAFL) is an aromatic diamine with a rigid molecular skeleton because of its unique fluorenyl cardo groups. However,
PI synthesized from a large number of rigid molecular structures is brittle, having difficulty in forming
films. Therefore, other diamines with flexible groups
can be added in the synthesis process to optimize the
performance of the PI, and then the copolymerized
polyimide (co-polyimide) can be obtained. Under
delicate design, the polymer prepared by copolymerization forms a semi-interpenetrating or interpenetrating network structure to integrate better and balance the influence of each monomer on the polymer,
to achieve the purpose of ‘customizing’ the material
performance. Su et al. [31] have developed a ‘TriA–
PI’ with good thermal stability and thermoplastic by
introducing 3,3',4,4'-benzophenonetetracarboxylic

2. Experiment
2.1. Materials
2,3,3',4'-oxydiphthalic dianhydride (a-ODPA), 4,4'oxydiphthalic anhydride (s-ODPA), 9,9'-bis(4aminophenyl)fluorene (BAFL) and 2,2'-Bis[4-(4aminophenoxy)-pheny]propane (BAPP) were both
purchased from Tokyo Chemical Industry Co.,Ltd
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Figure1. Sysnthesis of PI films.
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(TCI Shang-hai). The dianhydrides were used after
heating to 160 °C for 5 h and the diamines were used
after heating to 60 °C for 5 h in vacuo for drying before use. Their chemical structures are shown in Figure 1. N,N-Dimethylacetamide(DMAc), supplied by
Sinopharm Chemical Reagent Co.,Ltd,China, was
distilled before use.

2.3. Characterization
The microstructure of PI was characterized by Fourier-transform infrared (FT-IR) spectroscopy (Nicolet,
NEXUS670) with the test range of 400–4000 cm–1,
X-ray diffractometry (XRD) (X′ Pert3 Powder) over
the range of 2–60°, 1H-NMR spectroscopy (Avance
digital 400 spectrometer) at 400MHz in DMSO-d6.
The solubility of PI was measured by dissolving 5 mg
PI samples in 10 ml of DMF, DMAc, NMP, DMSO,
acetone, and THF for 24 h.
Dynamic mechanical thermal analysis (DMA242E
Artemis, NETZSCH, Germany) were conducted at
a heating rate of 10 °C/min from 25 to 350 °C and a
frequency of 1 Hz in nitrogen. The dimensions of the
PI samples were 50 mm×5 mm×0.028 mm.
Differential scanning calorimetry analyses (DSC)
were performed on DSC204, Netzsch, Germany in
a nitrogen atmosphere at 30–350 °C at the heating
rate of 10 K/min.
Thermogravimetric analysis (TGA) was performed
on TG209, Netzsch, Germany to measure its thermal
stability under a nitrogen atmosphere at 30–800 °C
at a heating rate of 10 K/min.
The molecular weight and its distribution (MWD)
were determined by multi-detector gel permeation
chromatography (Waters 1515; Waters corporation,
America), using DMF as the eluent at a flow rate of
1.0 ml/min at 25 °C.

2.2. Polymer synthesis
As shown in Figure 1, PI was synthesized through a
two-step method. The monomer content of different
molar ratios of PI was shown in Table 1. Before use,
BAFL and BAPP were dried in a vacuum oven at
60 °C for 4 hours, s-ODPA and a-ODPA were dried
in a vacuum oven at 160 °C for 4 hours, and DMAc
was stirred and dried over CaH2 for 6 hours. First,
BAFL, BAPP and DMAc were placed in a 100 ml
three-necked flask and mechanically stirred at room
temperature under a nitrogen atmosphere. After the
diamine was completely dissolved, the solution was
placed in an ice bath, and s-ODPA and a-ODPA were
added in three portions. The reaction was carried out
for 5 hours in an ice water bath, during which DMAc
was added to ensure a complete reaction, making
sure that the solid content of the monomer was
15 wt%.
After completion of the reaction, a PAA solution was
obtained, and bubbles in the solution were evacuated
under vacuum. Then the PAA solution was uniformly coated on a clean glass plate by an automatic film
applicator. The sample after the completion of the
coating film was placed in a high-temperature blast
dryer to obtain a PI film by thermal imidization
method: drying at 80, 100, 150, 200, 250, and 300 °C
for one hour. After the glass plate and the PI film
were cooled to room temperature, and the glass plate
was immersed in a water bath at 45 °C to remove the
PI film from the glass. The obtained PI sample was
dried for testing. PI-F presented in this study as a
control group.

3. Results and discussion
3.1. Structure characterization
As shown in Figure 1, a series of different PI films
(PI-A~PI-F) were synthesized by a two-step method.
Subsequently, the chemical structure of PI films was
characterized by FTIR spectra and 1H-NMR spectra.
The typical FTIR spectra curve of polyimide was
shown in Figure 2, and the presence of imide groups
was confirmed by the characteristic absorption peaks
at 1778, 1727, 1379, 1242 and 744 cm–1. As we
know, the characteristic absorption peaks at 1778 and
1727 cm–1 corresponded to asymmetric and symmetric stretching vibration absorption peaks of C=O
bond, respectively, and 1379 cm–1 was a stretching
vibration absorption peak of C–N bond. Furthermore, 1242 cm–1 was a stretching vibration absorption peak of the C–O–C bond, and 744 cm–1 represents a bending vibration absorption peak of the
imide ring. The appearance of the above characteristic absorption peaks indicates that PI-A~PI-F had
been successfully synthesized. A typical 1H-NMR

Table 1. The contents of dianhydrides and diamines in the
PI films.
Sample

a-ODPA

s-ODPA

PI-A

50

50

BAFL
0

BAPP
100

PI-B

50

50

10

90

PI-C

50

50

30

70

PI-D

50

50

50

50

PI-E

50

50

70

30

PI-F

0

100

50

50
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Table 2. Absolute molecular weights of PI-A~PI-E.
Sample
Mn

[g·mol–1]

Mw

[g·mol–1]

PDIa

PI-A

PI-B

PI-C

PI-D

PI-E

60 883

87 641

57 272

54 146

43 028

107 021 164 878 124 820 113 223

77 823

1.8

1.9

2.2

2.1

1.8

Mn: number average molecular weight;
Mw: weight average molecular weight;
PDI: polydispersity index. PDIa = Mw/Mn

appearance of other nuclear magnetic resonance hydrogen peaks further confirmed the successful synthesis of PI films.
In Table 2 the absolute molecular weights of the PI
films (PI-A~PI-E) measured by GPC were listed,
which indicated that the prepared PI film reached
high molecular weight. The molecular weights of the
PI films were measured by GPC as shown in Figure 4. The GPC results showed a significant single
peak and the retention time before the major molecular weight peaks increased as the increasing content
of BAFL. This phenomenon confirmed that the PI

Figure 2. FTIR spectra of PI films.

spectrum of PI-A~PI-E was shown in Figure 3.
There were obvious differences between PI-A and
PI-B~PI-E. In the curve of PI-B~PI-E, a significant
nuclear magnetic resonance peak appeared in the
range of 7.30–7.38 ppm, which was attributed to the
fluorenyl cardo groups of BAFL. In addition, the

Figure 3. 1H-NMR spectra of the PI films in DMSO-d6.
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Table 3. The solubility of PI films in different solvents.
DMF

DMAc

NMP

PI-A

Sample

++

++

++

DMSO Acetone
–

–

THF
+

PI-B

++

++

++

–

–

+

PI-C

++

++

++

–

–

+

PI-D

++

++

++

+

–

+

PI-E

++

++

++

+

–

+

+

–

–

–

–

–

PI-F
++:
+:
–:
DMF:
DMAc:
NMP:
DMSO:
THF:

Completely soluble at room temperature within 24 hours;
Partially soluble;
insoluble;
N,N-Dimethylformamide;
N,N-Dimethylacetamide;
N-Methyl pyrrolidone;
Dimethyl sulfoxide;
Tetrahydrofuran.

Figure 4. GPC curves of the PI films.

films were stick copolymers and the introduction of
BAFL reduced the molecular weight of PI, which
may be attributed to the bulky fluorenyl cardo
groups of BAFL.

3.2. Solubility
The presence of a large number of benzene rings and
five-membered imide rings in the molecular chain
of polyimide formed a large π bond system, which
ensured the regularity of the molecular chain of the
PI and greatly increased the interaction between the
molecular chains, making the molecular chain difficult to stretch and leading to poor solubility and melt
processability of the PI. However, the existence of
non-coplanar structures would break the regularity
of the molecular chain and destroy the π bond in the
PI molecular chain; the methyl group would also increase the distance between the molecular chains and
reduce the molecular interactions of the PI, thereby
increasing the solubility of PI.
Table 3 showed the solubility of PI films in various
industrial polar aprotic solvents, and PI was completely insoluble in acetone. PI-A~PI-E could be
completely dissolved in DMF, DMAc, and NMP
within 3 hours at room temperature. After 24 hours
at room temperature, only PI-D and PI-E were partially dissolved in DMSO, and PI-A~PI-E was partially dissolved in THF, and the solubility increased
with the increasing content of BAFL, PI-E almost
completely dissolved in THF. Besides, we have found
that partially dissolved or insoluble PI became completely soluble after heating, for example: PI-D and
PI-E were completely dissolved in DMSO after
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heating at 60 °C for 3 hours. The above experimental
phenomenon indicated that this series of PI had excellent solubility. The excellent solubility was attributed to the effect of the non-planar structures of aODPA, which broke the regularity of the molecular
chains and decreased inter-molecular interactions. In
addition, the methyl groups of BAPP and the large
fluorenyl cardo groups of BAFL also greatly increased the distance between the molecular chains
Finally, the flexible ether bonds in a-ODPA, s-ODPA
and BAPP also improved the flexibility of molecular
chains. The synergistic effect of them made the PI
films had excellent solubility. It can be seen from
Table 3 that PI-F was only partially dissolved in DMF
solvent. This phenomenon indicated that the solubility of PI-F was poor. This was because a large number of s-ODPA and BAFL improved the rigidity of
the PI-F molecular chain, which made the molecular
chains stack tightly. The control experiment of PI-F
further illustrated the contribution of the non-coplanar structure of a-ODPA to the excellent solubility
of PI-A~PI-E, and also showed that the synergistic
effect of each monomer group under the control of
quaternary copolymerization endowed PI-A~PI-E
excellent solubility.
The detailed X-ray diffraction patterns of the PI films
were shown in Figure 5. It is observed that there was
no crystalline phase and only a broad peak in the
XRD patterns, which demonstrated the amorphous
structures of PI films. This result proved that the noncoplanar structure destroyed the regularity of the PI
molecular chains, and furthermore, the non-coplanar
structure and loosed molecular chain stack greatly
increased the solubility of PI films.
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Table 4. Thermal properties of the PI films.
DSC

DMA

Sample

Td5%
[°C]

Td10%
[°C]

TGA
R800 °C
[%]

Tg′
[°C]

Tg″
[°C]

PI-A

502.8

514.3

51.08

235.3

227.7

PI-B

507.1

517.7

51.54

243.0

237.5

PI-C

513.8

525.0

56.23

258.8

258.0

PI-D

513.0

526.9

57.43

279.8

261.4

PI-E

518.4

536.6

60.08

305.5

293.8

PI-F

523.0

536.2

58.97

303.2

301.3

effective way to increase the thermal properties of
the polymer, which hinders the mobility of the polymer chain [33]. The DSC test curve of PI films was
shown in Figure 6. It was evident that there was no
crystal absorption peak of the PI film in the range of
test temperature. Besides, a significant step in the
endothermic direction occurred above 230 °C. This
step could represent the glass transition temperature
of the PI, as shown in Table 4. From PI-A~PI-E, Tg
gradually increased from 235.3 to 305.5 °C with the
increasing content of BAFL in the PI, indicating that
the addition of BAFL greatly improved the glass
transition temperature of PI. However, the Tg of PI-F
was 303.2 °C. Comparing PI-F with PI-D, it was evident that with the addition of a-ODPA, the Tg of PI-D
had decreased. This was because the non-coplanar
molecular structure of a-ODPA destroyed the regularity and reduced the stacking density of molecular
chains, which improved the flexibility of PI molecular chains. Besides, to further verify the glass transition temperature of PI, the test result curve of DMA
was shown in Figure 7, wherein the temperature corresponding to the peak of the loss angle (Figure 7b)
was defined as the glass transition temperature of PI.

Figure 5. X-ray diffraction patterns of the PI films.

3.3. Thermal properties
Due to its excellent properties, polyimide was used
in a wide range of fields, and thermal properties were
one of the most important factors for polyimide. Introducing bulky side groups and cross-linkers is an

Figure 6. DSC patterns of the PI films.

Figure 7. DMA curves of the PI films: (a) storage modulus and (b) tan δ.
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As can be seen from Table 4, the glass transition
temperature of the PI films obtained by the DMA test
was slightly lower than the glass transition of the PI
films obtained by the DSC test. As shown in Figure 7b, from PI-A~PI-E, the Tg of PI gradually increased from 227.7 to 293.8 °C. It was evident that
PI with more content of BAFL had a higher Tg,
which was attributed to the molecular chain structure
of PI. The addition of BAFL introduced bulky fluorenyl cardo groups. The presence of fluorenyl cardo
groups greatly restricted the movement between molecular chains, and the energy required for the molecular chain to ‘unfreeze’ was significantly increased. In addition, it was surprising that in the tan δ
curve (Figure 7b), PI-E showed two peaks at 217
and 293.8 °C, respectively, and the two peaks also
corresponded to two sharp reduction platforms in the
storage modulus curve (Figure 7a), this phenomenon
may be due to the excessive content of BAFL, leading PI-E forms a block structure. Combining the
GPC curve of Figure 4 with the DSC curve of Figure 6, it could be known that there was only one distinct peak in the GPC curve, and there was only one
transition platform in the DSC curve. This phenomenon strongly confirmed that PI-E was a block
copolymer due to the presence of excessive BAFL
[34]. In summary, although the Tg obtained by DSC
and DMA test was slightly different, the two results
showed the same growth trend: when the content of
a-ODPA and s-ODPA were fixed, as the content of
BAFL increased, the glass transition temperature of
the PI increased, which was attributed to the bulky
fluorenyl cardo groups of the BAFL.
The typical TGA curve of PI was shown in Figure 8.
It could be seen that all PI films exhibit a single-step
thermal degradation curve, indicating that they had
the same thermal decomposition process. From
PI-A~PI-E, the temperatcure corresponding to 5%
of the thermal weight loss gradually increased, and
Td5% was greater than 500 °C (specific temperature
was shown in Table 4), wherein the thermal decomposition temperature of PI-E was 518.4 °C. Besides,
the residual mass of PI was greater than 51% at
800 °C. This phenomenon was also attributed to the
bulky fluorenyl cardo groups of BAFL. The presence of bulky fluorenyl cardo groups significantly
increased the rigidity of the molecular chain. What’s
more, the Td5% of PI-F was 523 °C, which was attributed to the regular benzene rings and the bulky fluorenyl cardo groups in PI-F, but strong, rigid groups
764

Figure 8. TGA curves of the PI films.

led to extremely poor solubility of PI-F. The TGA
test results showed that the series of PI films had excellent thermodynamic properties and could be
widely used in various fields.

3.4. Thermoplastic properties
Most of the traditional polyimide materials were insoluble and difficult in melt processability, so synthesizing thermoplastic polyimide was an important
step in advancing the application of polyimide materials. However, most of the thermoplastic polyimides in the current research had low glass transition temperature and narrower application fields.
The key problem in the thermoplastic polyimide area
was to improve the thermoplasticity of polyimide
without reducing or even increasing their heat resistance. DMA test was one of the most effective test
methods to reflect the thermoplasticity of materials.
According to the free volume theory, when the material reaches its glass transition temperature, the free
volume in the molecular chain is ‘unlocked’, the molecular segment begins to move, the molecular conformation is continually changing, the storage modulus drops significantly, and the material can be
thermally processed in this state. It could be seen
from Figure 7a that when the temperature reaches Tg,
the storage modulus dropped significantly. This was
because as the temperature rises, the free volume between molecules increased. When the temperature of
PI films (PI-A~PI-E) was close to the glass transition
temperature (Tg), their storage modulus dropped
sharply and the drop value was above 104 MPa,
which indicated that the synthesized PI films showed
excellent thermoplasticity [18, 23]. Besides, there
were two sharp reduction platforms for the storage
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This series of PIs would have great application potential in the fields of microelectronics, aerospace
and military industry.

modulus of PI-E in Figure 7a. It was because that the
excessive addition of BAFL lead to a special block
structure of PI-E. However, compared with PI-A~
PI-E, the dropped amplitudes of the storage modulus
of PI-F near Tg were only 103 MPa, which was much
lower than PI-A~PI-E. This phenomenon further indicated that under quaternary copolymerization, the
introduction of a-ODPA greatly improved the storage modulus of PI-A~PI-E before Tg, and with the
twist non-coplanar structure of a-ODPA, the molecular chains of PI had more room for movement when
the temperature near Tg, which endowed them excellent thermoplasticity. Besides, the introduction of
the fluorenyl cardo groups contained in BAFL and
the methyl groups in BAPP increased the distance
between the PI molecular chains, which was another
reason for the significant decrease in the storage
modulus of PI when the temperature near Tg. Finally,
the presence of flexible ether linkages in BAPP and
a-ODPA and s-ODPA also increased the flexibility
of the PI molecular skeleton, so the PI films showed
excellent thermoplasticity under the three conditions.
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