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Abstract: A series of thermotropic liquid crystalline 
poly(amide imide)s (PAIs) with well-defined structure 
were prepared by the Yamazaki-Higashi phosphorylation 
method. To obtain the target polymers, several diimide 
diacid monomers (DIDAs) as mesogenic units were syn-
thesized by the dehydration cyclization of aromatic anhy-
dride with aliphatic 11-aminoundecanoic acid (AU). The 
chemical structure of these DIDAs and PAIs was confirmed 
via Fourier transform infrared (FTIR) and proton nuclear 
magnetic resonance (1H-NMR) spectroscopy. Thermotro-
pic liquid crystalline characteristics of the DIDAs and PAIs 
were investigated by differential scanning calorimetry 
(DSC), polarizing light microscopy (PLM) and X-ray dif-
fraction (XRD) analysis. Encouragingly, all of these liquid 
crystalline PAIs exhibited good thermal stability, in which 
the decomposition temperatures are much higher than 
the melting temperatures of PAIs. Furthermore, the liquid 
crystalline PAIs can be dissolved into some common sol-
vents such as dimethyl sulfoxide (DMSO) and m-cresol, 
which indicates these liquid crystalline PAIs could be pro-
cessed not only by melting-processing but also by solution 
spin-coating.

Keywords: phase transition; poly(amide imide); solubil-
ity; thermal stability; thermotropic liquid crystalline.

1  Introduction

In the past few years, thermotropic liquid crystalline pol-
ymers (TLCPs) have been attracting much attention due 
to their unique properties such as good thermal stability, 
high strength and modulus, excellent chemical resistance 
(1–6). For TLCPs, they consist of two basic units, rigid and 
flexible units, and the liquid crystalline features arise from 
rigidity present in the polymer backbone and/or pendant 
to the main chain from symmetric rigid sequences clas-
sified as mesogenic units. On the other hand, the flex-
ible part contributes to the fluidity of the liquid crystal. 
In other words, there is a tradeoff between solubility and 
mechanical properties to TLCPs.

Aromatic poly(amide imide)s (PAIs) are consid-
ered as one kind of high performance polymers (7–15). 
The presence of an amide group in this polymer can 
increase the solubility, while the aromatic imide groups 
can provide thermal resistance and mechanical proper-
ties. As a result, PAIs combine thermal resistance and 
mechanical properties of polyimides as well as ease 
of processability of polyamides. Conventionally, PAIs 
have been investigated as engineering thermoplas-
tic materials, and there were only few reports on the 
phase behavior of liquid crystalline PAIs (16–19). Liu 
reported the phase transition and transition kinetics of 
a liquid crystalline copoly(amide-imide) (PAI37), which 
was prepared from 70  mol% pyromellitic dianhydride 
(PMDA), 30  mol% terephthaloyl chloride (TPC), and 
1,3-bis[4-(4′-aminophenoxy) cumyl]benzene (BACB) 
(16). It should be noted that although the solubility of 
PAI37  was improved compared with PMDA-BACB, it is 
soluble only in warm N-methyl-2-pyrrolidone (NMP). 
Furthermore, this polymer was synthesized through 
random copolymerization, in other words, the proper-
ties of this copolymer would change depending on the 
ratio of PMDA, TPC and BACB in the main chain of the 
polymer. Therefore, it is well worth developing liquid 
crystalline PAIs with well-defined structures and good 
processability.
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In this study, a series of liquid crystalline PAIs 
with well-defined structures have been prepared by the 
Yamazaki-Higashi phosphorylation of diimide diacid 
monomer as a mesogenic unit with p-phenylenediamine. 
To improve the solubility, a long alky chain (n-C10H21) is 
incorporated in the polymer main chain. The chemical 
structure of diimide diacid monomers and PAIs is char-
acterized with Fourier transform infrared (FTIR) and 
proton nuclear magnetic resonance (1H-NMR). The phase 
transition of monomers and corresponding polymers are 
investigated by differential scanning calorimetry (DSC), 
polarizing light microscopy (PLM), and X-ray diffraction 
(XRD) analysis. The thermal stability and solubility of 
PAIs are also discussed.

2  �Experimental

2.1  �Materials

All starting reactants and solvents are purchased from 
the Aladdin Industrial Corporation (Shanghai, China). 
NMP was distilled over calcium hydride (CaH2). Other 
chemicals, 1,2,4,5-benzenetetracarboxylic anhydride 
(PMDA), benzophen-one-3, 3′,4,4′-tetracarboxylic-dian-
hydride (BTDA), 4,4′-oxy-diphthalic anhydride (ODPA), 
3,3′,4,4′-biphenyltetracarboxylic di-anhydride (BPDA), 
11-aminoundecanoic acid (AU), p-phenylenediamine 
(PPDA), d-trifluoroacetic acid (d-TFA), potassium bromide 
(KBr), triphenyl phosphite (TPP), pyridine (Py), m-cresol 
and methanol, are used without further purification.

2.2  �Measurements

FTIR spectra were acquired with an Avatar 370 spectro
meter (Thermo Nicolet, USA). Spectra were collected in 
the region of 4000–500  cm − 1 with a spectral resolution 
of 0.1  cm − 1. 1H-NMR spectra were acquired at room tem-
perature for DIDAs and PAIs on an Avance Ш400 M NMR 
(Bruker, Rheinstetten, Germany) in trifluoroacetic acid 
(TFA) containing tetramethylsilane as the internal refer-
ence. The wide-angle X-ray diffraction (WXRD) measure-
ment was obtained using a D/Max 2500 PC diffractometer 
(Rigaku Corporation, Japan) with a curved graphite crystal 
filter. The corresponding WXRD patterns were collected in 
the transmission mode at room temperature under a tube 
current of 300 mA and an acceleration voltage of 60 kV. 
The thermal properties of the sample were measured with 
a PE Pyris 1 DSC (Perkin Elmer, USA). About 7 mg of sample 
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Scheme 1: Synthetic route of diimide diacid monomers (3a–3d).

was sealed in an aluminum pan, an empty sealed pan was 
used as a reference. The sample was heated to 300°C at a 
rate of 10°C/min, the thermogram was recorded from the 
DSC first heating scanning. Decomposition characteristics 
of the samples were determined with a TG 209 F3 (Netzsch 
Tarsus, Germany). A total of  5 mg of sample was placed in 
the pan and heated from 50 to 750°C at a heating rate of 
10°C/min under a nitrogen atmosphere. The morphologi-
cal development of DIDAs and PAIs were observed with 
a Nikon 50I microscope coupled with a hot stage. The 
samples were sandwiched between two glass slides on a 
hot plate preheated to 300°C and then pressed, quenched 
to room temperature before morphology observation.

2.3  �Synthesis of diimide diacid monomers 
(DIDAs)

The diimide diacid monomers (3a–3d) were synthesized 
through the dehydration cyclization method (20, 21). As 
shown in the Scheme 1, the monomers 3b, 3c and 3d were 
prepared by a procedure similar to that of 3a. The syn-
thetic procedure of 3a is described as following. ODPA (1) 
(9.30 g, 0.03 mol), AU (12.08 g, 0.06 mol), and acetic acid 
(60 ml) were placed in a 100 ml three-neck round flask. 
The mixture was heated to reflux for 8 h under nitrogen 
atmosphere. And then, the mixture was cooled down to 
room temperature, poured into acetic acid and filtered. 
The crude product was washed with deionized water. 
Finally, the pure product was dried under vacuum of 80°C 
for 12 h.
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2.4  �Synthesis of poly(amide imide)s (PAIs)

The polymers (5a, 5b, 5c, and 5d) were prepared by a 
similar procedure of Yamazaki-Higashi phosphorylation 
reaction as shown in the Scheme  2 according to refer-
ences (22, 23). The synthetic procedure of 5a is described 
in detail as following. CaCl2 (2 g, 0.018 mol) and LiCl (1 g, 
0.024 mol) were added into the mixture of PPDA (0.541 g, 
0.005 mol), 3a (3.384g, 0.005 mol), TPP (5 ml), and NMP 
(13 ml) in a 100 ml three-neck round flask under nitrogen 
protection. The reaction was gradually heated to reflux 
for 8–12 h. And then, the mixture was cooled to room tem-
perature, poured into methanol and filtered. The crude 
product was washed with hot water and methanol alter-
natively, and dried under vacuum at 80°C overnight. After 
drying in vacuum, the pure product was obtained as a 
white-fabric solid.

3  �Results and discussion

3.1  �Structural characterization of diimide 
diacid monomers

The chemical structure of diimide diacid monomers 
(DIDAs) is proved by 1H-NMR and FTIR as shown in 
the Figures  1 and  2, respectively. In the FTIR spectra of 
ODPA-AU (3a) as an example, it shows a broad peak around 
3467 cm − 1, which is assigned to the COOH group. The for-
mation of an imide ring between the anhydride and AUs 
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Scheme 2: Synthetic route of poly(amide imide)s (5a–5d).
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Figure 1: 1H-NMR spectra of diimide diacid monomers (3a–3d).

is demonstrated by the characteristic absorption bands 
at about 1771  cm − 1 (C=O asymmetric stretching, imide 
ring), 1694 cm − 1 (C=O symmetric stretching, imide ring), 
1393  cm − 1 (C-N-C stretching, imide ring), and 745  cm − 1 
(imide ring deformation). Furthermore, the assignments 
of all the protons presented in 1H-NMR spectra are in 
good agreement with the proposed molecular structure 
as shown in the Scheme 1. In short, the results of FTIR 
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and 1H-NMR spectra support the successful synthesis of 
diimide diacid monomers.

3.2  �Structural characterization 
of poly(amide imide)s

The PAIs (5a, 5b, 5c, and 5d) are synthesized by the 
Yamazaki-Higashi phosphorylation reaction of DIDAs and 
p-phenylenediamine. The chemical structure of the PAIs 
was confirmed by FTIR and 1H-NMR spectroscopy as 
shown in the Figures 3 and 4, respectively. A representa-
tive FTIR spectrum of PAI-ODPA (5a) in Figure  3 exhib-
its the N-H stretching vibration peak of amide group at 
3294 cm − 1, instead, the O-H stretching vibration peak of 
COOH group disappears, correspondingly. On the other 
hand, the assignment of all the protons presented in 1H-
NMR spectra is also in good agreement with the proposed 
polymer structure as shown in the Scheme 2. Further-
more, in order to get the molecular weight information of 
PAIs, the inherent viscosity (η) of the PAIs is determined at 
a 0.5 g/dl polymer concentration in DMAc with an Ubbe-
lohde viscometer at 30°C, and found to be in the range of 
0.71–2.01 dl/g as summarized in Table 1, which indicates 
the molecular weight of PAIs is reasonably high and the 
polymerizations are successful.

3.3  �Thermal properties and phase transition 
behavior of diimide diacid monomers

Firstly, the thermal properties and phase transition 
behavior of DIDAs are examined by DSC experiments. As 

Figure 2: FTIR spectra of diimide diacid monomers (3a–3d).

Figure 3: 1H-NMR spectra of poly(amide imide)s (5a–5d).

illustrated in Figure 5, both monomers 3a and 3b display 
a cold crystallization temperature and a melting tempera-
ture, suggesting that monomers 3a and 3b are crystalline. 
However, monomers 3c and 3d exhibit a small exothermic 
transition rather than an obvious cold crystallization, 
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which is a feature of liquid crystalline (24). These findings 
reveal that the molecular structure has significant effect 
on the thermal property and mesomorphic properties of 
the DIDAs.

Polarizing light microscopy is also used to observe the 
liquid crystalline phases and to complement the phase 
transitions observed by DSC. Samples on glass slides were 
heated to a molten state, covered with an upper cover 
slide and shear force was applied by the upper cover 

3500 3000 2500 2000 1500 1000

C=O, imide
C=O, amide

PAI-PMDA (5d)

PAI-BPDA (5c)

PAI-ODPA (5a)

 T
ra

ns
m

itt
an

ce
 (

%
)

Wavenumber (cm – 1)

PAI-BTDA (5b) 

N-H, amide

C=O, imide

Figure 4: FTIR spectra of poly(amide imide)s (5a–5d).

Table 1: The inherent viscosity (η) of poly(amide imide)s (5a–5d).

PAIs 5a 5b 5c 5d

η (dl/g) 2.01 0.96 0.71 0.80

Figure 5: DSC traces of diimide diacid monomers (3a–3d).

slide. They were then quenched in an ice-water bath. 
The quenched samples were heated and cooled at rate 
of 2°C per min, the optical microscopic textures for the 
mesophase of the monomers at different temperatures are 
observed as shown in the Figure 6. Upon heating, in the 
case of monomer 3a, the crystal texture starts to appear 
at 129°C, and becomes perfect until 139°C. It is consistent 
with the occurrence of a cold crystallization peak at 136°C 
in the DSC trace of monomer 3a. The monomer 3b shows a 
similar behavior with monomer 3a except that the crystal 
texture becomes perfect at 158°C. The monomer 3c is a 
glass liquid crystal at room temperature, and a few black 
spots are found in Figure 6 (3c–1). Upon heating to 96°C, 
the black spots disappear and the whole microscopic 
view becomes vivid. It means that the phase transition 
from LC glass to LC occurs, which is demonstrated by the 
appearance of a jump of the heat capacity at around 99°C 
as shown in the Figure 5. Similarly, the monomer 3d is a 
blue-phase LC glass at room temperature. Upon heating 
to 144°C, the phase transition from LC glass to LC occurs, 
and the whole microscopic view becomes yellowy. Accord-
ingly, the DSC thermogram of monomer 3d displays a step 
at around 142°C associated with this phase transition.

The internal structure of liquid crystalline phases of 
monomers 3c and 3d is further verified using a WAXD 
instrument at room temperature. It is well known that 
the scattering factor ratio is a characteristic of the liquid 
crystalline phase. As shown in Figure  7, there are two 
peaks at 4.42° and 8.70° for monomer 3c, and three peaks 
at 3.07°, 5.97° and 8.87° for monomer 3d. By calculation, 
the scattering factor ratios of monomer 3c and 3d are 1 : 2 
and 1 : 2 : 3, respectively, which is characteristic of lamellar 
liquid crystalline phase (25).

3.4  �Phase transition of poly(amide imide)s

PLM is used to identify the phase transition temperatures 
of the polymers, and the obtained optical micrographs 
are shown in Figure  8. Liquid crystal phenomena are 
found for polymers 5b–d but not for polymer 5a. As can 
be seen, polymer 5b is isotropic and amorphous at the 
room temperature. Upon heating, liquid crystal appears 
at 120°C and develops gradually to a nematic banded 
texture. When the temperature approaches 223°C, the 
phase transition from nematic to isotropic occurs. During 
the cooling process followed, the liquid crystal reappears 
at 214°C, after which there is no further morphological 
change. The polymers 5c and 5d are liquid crystal glass at 
room temperature, and display nematic texture, and the 
liquid crystalline phenomenon could be observed during 
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the heating and cooling process. The polymer 5d is liquid 
crystal glass at room temperature, and displays a nematic 
mosaic texture. Upon heating, the isotropic spots start to 
appear at 216°C, and the LC → I transition temperature (Ti) 
is around 322°C.

3.5  �Solubility of poly(amide imide)s

One of the main objectives of this work is to synthesize 
liquid crystalline PAIs with improved solubility. Due to 
the incorporation of aliphatic units and amide groups in 
the polymer backbone, these liquid crystalline PAIs (5a, 
5b, 5c, and 5d) exhibit good solubility in some common 
organic solvents. The solubility of PAIs was determined at 
1% (g/ml) concentration, and the results are summarized 
in Table  2. Encouragingly, all of these PAIs can be dis-
solved at room temperature in aprotic polar solvents such 
as m-cresol and trifluoroacetic acid (TFA). With increasing 

Figure 6: Polarized optical microscopic texture observed for diimide diacid monomers (3a–3d) at different temperatures.
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Figure 7: WAXD patterns of diimide diacid monomers 3c and 3d.

Figure 8: Photomicrographs of texture change of poly(amide imide)s 
(5b–5d) with procedure temperature elevation.

temperature, these polymers can be also soluble in NMP, 
and dimethyl acetamide (DMAC). Actually, the polymer 
films are prepared by solution-casting method from 
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solvent of m-cresol at room temperature. The films of PAIs 
5c and 5d are too fragile to be stripped from the glassware 
whilst, and tough films can be achieved for the other two 
PAIs. The tensile strength of the PAI 5a and 5b films are 
determined to be 55 MPa and 102 MPa, respectively, which 
indicates the prepared liquid crystalline PAIs have a suit-
able mechanical property.

3.6  �Thermal stability of poly(amide imide)s

The thermal properties of liquid crystalline PAIs (5a, 5b, 
5c, and 5d) were determined by means of DSC and thermo-
gravimetric analysis (TGA/DTG), and the data is summa-
rized in Table 3. Depending on the structure of aromatic 
diimide diacid component as shown in Figure  9, the 
DSC thermograms of the polymers as shown in Figure 10 
shows glass-transition temperatures (Tg) in the range of 
112–184°C, and the increasing order of Tg generally cor-
responded to an increase in the rigidity and bulkiness of 
the diimide diacid monomer moiety. The thermal stabil-
ity evaluation of the resulting PAIs was also carried out 
by their TGA/DTG in nitrogen atmosphere at a heating 
rate of 10°C/min. As shown in Figure 11, all the PAIs show 
one-step degradation process, and the initial decomposi-
tion temperatures of 5% weight losses range from 389.2 
to 421.3°C, and then the PAIs decompose gradually above 
that temperature, in other words, the liquid crystalline 
PAIs exhibit good resistance to thermal decomposition. 

Table 2: Solubility of poly(amide imide)s (5a–5d).

PAIs m-cresol NMP DMAC DMF TFA CHCl3

PAI-ODPA (5a) + + + + + − + = + + − −
PAI-BTDA (5b) + + + + + − + − + + − −
PAI-BPDA (5c) + − + = + = + = + + − −
PAI-PMDA (5d) + − + = + = + = + − − −

+ +, Soluble at room temperature; + −, soluble on heating; + =, partly 
soluble on heating; − −, insoluble.

Table 3: Thermal properties of poly(amide imide)s (5a–5d).

Polymers   T5
a, °C  T10

b, °C  Tmax, °C  Tm, °C  Ti
c, °C  Char Yield 

at 700°C, %

PAI-ODPA (5a)   421.3  438.9  468.7  228.2    33.3
PAI-BTDA (5b)   414.2  433.6  458.6  –  223.4  58.0
PAI-BPDA (5c)   403.7  427.9  463.7  215.3  360.2  41.5
PAI-PMDA (5d)  389.2  407.4  449.0  316.1  322.2  47.4

aT5, Temperature at 5% weight loss in N2 atmosphere; bT10, temperature 
at 10% weight loss in N2 atmosphere; Tmax, temperature at the 
maximum degradation; cTi is obtained from the PLM test.

Figure 9: Chemical 3D structure of poly(amide imide)s (5a–5d).
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Figure 10: The DSC curves of poly(amide imide)s (5a–5d) on the 
second heating scan in N2 at a rate of 30°C/min.

More importantly, as shown in Figure  12, it should be 
noticeable that the melting temperatures of PAIs are esti-
mated to be 228°C, 263°C and 316°C for 5a, 5c and 5d, 
respectively, which are much lower than their decomposi-
tion temperatures, in other words, these polymers could 
be processed by the melting-process.

The char yield can be a decisive factor to estimate the 
limited oxygen index (LOI) of polymers according to the 
Van Krevelen-Hoftyzer equation (26).

LOI 17.5 0.4CR= +

where CR is the char yield. The LOI values of PAIs are cal-
culated to be 30.8 for 5a, 40.7 for 5b, 33.9 for 5c, and 36.5 
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for 5d, respectively. It means that the synthesized liquid 
crystalline PAIs can be classified as self-extinguishing 
polymers.
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Figure 12: DSC traces of poly(amide imide)s (A: 5a, 5b; B: 5c, 5d) on 
their heating and cooling processes at a rate of 10°C/min.
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Figure 11: TGA and DTG traces of poly(amide imide)s (5a–5d) at a 
heating rate of 10°C/min.

4  �Conclusions
We have successfully synthesized several liquid crystal-
line diimide diacid monomers and PAIs. The thermal 
behaviors and thermotropic liquid crystalline properties 
of the monomers and polymers were investigated using 
DSC, PLM and WAXD measurements. With the help of 
aliphatic units and amide groups in the main chain, the 
liquid crystalline polymers exhibited good solubility. 
Meanwhile, the soluble liquid crystalline polymer also 
revealed high thermal stability and mechanical property.
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