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ABSTRACT: In this study, a series of aromatic copolyesters P-BPAx with lower melting temperature and higher glass transition temper-

ature derived from hydroxybenzoic acid (HBA), 6-hydroxy-2-naphthoic acid (HNA), bisphenol A (BPA) and terephthalic acid (TA)

were synthesized via melt polymerization. The copolyesters were characterized by FTIR, solid state 13C NMR, DSC, TGA, polarized

optical microscopy, X-ray diffraction, and rheometry measurements. With addition of BPA, the resulting copolyester’s melting tem-

perature decreased from 260 to 221�C and its glass transition temperature increased from 70 to 135�C, compared with the parent

copolyester P-HBA70 (HBA/HNA copolymer). With exception of copolyester P-BPA5.0 (225–280�C), the copolyesters could maintain

liquid crystalline behavior in a broad temperature range from 230�C to higher than 410�C. The ability to form nematic liquid crystal-

line phase disappeared when BPA concentration became higher than 15 mol %. X-ray diffraction analysis showed crystallinity

decreased as the BPA content increased. A slightly distorted O" and a substantially distorted O0 orthorhombic phase was observed for

P-BPA2.5. Upon annealing at 220�C, the O" phase disappeared and the O0 phase became stronger gradually. Rheology study data

showed the ability to process the copolyesters improved in those compositions containing <2.5 mol % BPA. Continuing to increase

concentrations of BPA, they became intractable. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40487.
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INTRODUCTION

Thermotropic liquid crystalline polyesters (TLCP) exhibit excel-

lent mechanical properties, thermal stability and chemical resist-

ance. Since fully aromatic polyester poly(hydroxybenzoic acid)

(PHBA) emerged in 1970s, the effort of reducing the melting

temperature to improve processability is still continuing due

to its high melting point that approaches degradation

temperature.1

According to the Gibbs free energy equation Tm 5 DH/DS, when

the chemical reaction is at equilibrium state, the methods what-

ever can decrease DH or increase DS can be adopted to decrease

the melting temperature. Based on this principle, several effec-

tive ways have been developed by researchers via incorporating

asymmetrically substituted monomer,2–4 kinked or nonlinear

comonomer,5–7 flexible spacers8–10 to synthesize desirable TLCP.

Most of these ways were investigated extensively except by uti-

lizing a kinked monomer. Bisphenol A (BPA) is widely used

as the main component of commercialized polycarbonate and

polyarylate.11 However, this monomer has not been extensively

used to synthesize TLCP.12–17 Lenz13 synthesized a series of

polyesters based on chloro, methyl substituted hydroquinone,

terephthalic acid (TA) and various of bisphenols, he found that

the ability to form liquid crystal phase and crystallinity

decreased with increasing the ratio of BPA unit and completely

vanished when 20 mol % BPA was contained. In his previous

research, Lenz et al.12 disclosed that BPA was much more effi-

cient than 4,40-thiodiphenol (TPD) in lowering the melting

temperature. Demartino16 reported a liquid crystalline polymer

modified by a small amount of BPA. This polymer had a lower

processing temperature without substantial sacrifice of its per-

formance. As mentioned above, the kinked BPA unit can effec-

tively reduce the chain regularity and increase intramolecular

interaction resulting from its steric hindrance effect caused by

central group isopropylidene, thus may lower the melting tem-

perature and improve the glass transition temperature of full

aromatic copolyesters.

Because of rigid structure of commercialized HBA/HNA copoly-

mer, its high melting temperature maybe increase the possibility

of degradation during melt processing.18 In addition, it is

impossible to blend HBA/HNA copolymer with those
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conventional polymers (such as Polypropylene, Nylon 6) having

lower melting temperature to prepare composite materials, due

to its higher mesophase temperature, which does not match the

processing temperature of these conventional polymer. More-

over, the lower Tg value (ca.78�C)19 of commercialized HBA/

HNA copolymer decreased its application temperature. Hence,

we attempted to solve these problems with modification its

structure by BPA. On the other hand, the structure and proper-

ties of poly(oxybenzoate-co-oxynaphthoate) (HBA/HNA copoly-

mer) have been reported widely.20–23 However, there are no

systematic studies describing the influence of the BPA unit on

thermal behavior, structure and processability of the HBA/HNA

copolymer. Furthermore, taking into consideration the econom-

ical efficiency, incorporating BPA into the HBA/HNA copolymer

can reduce the HNA dosage and lower the cost, due to higher

price of HNA (ca. 20,000 USD/ton) compared with BPA (ca.

2000 USD/ton).

The purpose of this study is to: (1) synthesize a series of copo-

lyester containing BPA unit as the kinked monomer to get a

product with suitable processing temperature and high glass

transition temperature (2) study the influence of BPA unit on

the properties of the HBA/HNA copolymer (3) estimate the

processability of the polymer through rheology study.

EXPERIMENTAL

Materials

Hydroxybenzoic acid (HBA, 99.8%) and 6-hydroxy-2-naphthoic

acid (HNA, 99.5%) were supplied by Zhejiang Shengxiao

Chemical Company (China). Terephthalic acid (TA, 99.5%) and

bisphenol A (BPA, spectral purity) were purchased from Shang-

hai Haiqu chemical company and Changchun synthetic resin

company (China), respectively. Other chemical agents such as

acetic anhydride and zinc acetate were supplied by Sinopharm

Chemical Reagent Company (China) and used without further

purification.

Monomer Preparation

p-acetoxybenzoic acid (ABA) was obtained by acetylation of

p-hydroxybenzoic acid with acetic anhydride refluxing at 130�C
for 2 h. Yield (92%). mp 193–195�C. IR (KBr, cm21): 1790,

1705 (C@O stretch), 3400–2400 (acid OH, stretch). 1H NMR

(400 MHz, CDCl3, ppm): d 5 2.12 (s, 3H, CH3), 7.22, 8.1 (m,

4H, Ar), 9.46 (s, 1H, OH). Anal. (Calcd for C9H8O4: C, 60.00,

H, 4.48, Found: C, 60.07, H, 4.52 %).

The 6-acetoxy-2-naphthoic acid (ANA) was prepared by acetyla-

tion of 6-hydroxy-2-naphthoic acid with acetic anhydride

refluxing at 140�C for 3 h. Yield (94%). mp 236–238�C. IR

(KBr, cm21): 1764, 1697 (C@O stretch), 3400–2400 (acid OH

stretch). 1H NMR (400 MHz, CDCl3, ppm): d 5 2.31 (s, 3H,

CH3), 7.12–8.6 (m, 6H, Ar), 10.13 (s, 1H, OH). Anal. (Calcd

for C13H10O4: C, 67.82, H, 4.38. Found: C, 67.69, H, 4.34%).

Bisphenol A diacetate (DABPA) was prepared according to the

previous report16 and recrystallized in boiling ethanol, needle-

like white solid were obtained. Yield (90%). mp 90–91�C. IR

(KBr, cm21): 1760 (C@O stretch), 2984 (CH3, stretch), 1250

(CAOAC). 1H NMR (400 MHz, CDCl3, ppm): d 5 2.11 (s, 6H,

CH3), 1.65 (s, 6H, CH3), 6.8 and 7.2 (m, 8H, Ar). Anal. (Calcd

for C19H20O4: C, 73.06, H, 6.45. Found C, 73.21, H, 6.49%).

CHARACTERIZATION

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded on a Nicolet 6700 FT-IR instrument

scanned from 400 to 4000 cm21 using KBr pellets.

Solid State 13C Nuclear Magnetic Resonance (SS-13C NMR)

The SS-13C NMR spectra were obtained using a Varian 200

Inova spectrometer operating at 201.91 MHz, equipped with

7 mm Doty V108 HX Scientific Standard MAS probe at room

temperature. The 13C field strength cB1/2p were 62.5 KHz. The

rotor spun at a rate of 4 KHz to avoid overlapping of spinning

side bands with other resonance lines. The contact time of

the cross polarization was 1 ms. The 90� pulse was 4 ls and a

relax delay 4 s was used. Chemical shifts of CP-MAS spectra

were obtained with respect to the methyls resonance of

b-hydroxy-b-methylbutyric acid (HMB) at 17.3 ppm as an

external reference.

Thermal Analysis

Thermogravimetry analysis (TGA) was conducted on a TA Q50

instrument at a heating rate of 10�C min21 from 30 to 800�C
under the N2 atmosphere (the N2 flow rate was 40 mL min21)

with the 3–5 mg of sample.

Thermal properties were obtained using a TA Q200 DSC instru-

ment under a N2 atmosphere (the N2 flow rate was 40 mL

min21) at a heating rate of 20 or 10�C min21 during the first

and second heating respectively. The amount of the sample used

was 5 6 0.5 mg. The equipment was calibrated by indium

before the test.

Polarized Optical Microscopy

The liquid crystal morphology was examined through a Leitz

Laborlux 12 polarized optical microscopy with a Instec hot

stage (temperature limit was 410�C). Samples were sandwiched

by two glass slides and pressed or sheared when the temperature

reached above their melting point, the heating rate was pro-

grammed at 15�C min21.

X-ray Diffraction Measurement

X-ray diffractograms were obtained on a Bruker AXS Generator

using the nickel-filtered Cu Ka radiation (k 5 0.154 nm, 40 KV,

40 mA) and scanned from 5.0 to 40.0�. The crystallinities of

samples were calculated according to the below equation.24

Crystallinity%5 Ic

Ic 1Ia
3100 where Ic is the intensity of crystalline

component and Ia is the intensity of amorphous component.

Rheological Measurements

The dynamic oscillatory shear and steady shear tests were car-

ried out on a Rheometric Scientific ARES N2, by using cone

and plate geometry with a 25 mm diameter and a cone angle of

0.1 radian. The measurements were conducted in the range of

0.1–100 rad s21 or s21 using the dynamic shear and steady

shear mode, and the strain amplitude was maintained constant

at 5% during all tests. The sample was compressed into disk

(diameter, 25 mm; thickness, 10 mm) through vacuum com-

pression molding, and the instrument was zeroed and equili-

brated at the desired testing temperature prior to any test.
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Copolyesters Synthesis

All of the copolyesters were synthesized via melt transesterifica-

tion polymerization reaction of the respective acetylated mono-

mers, the molar ratios of monomers are presented in the

Table I and the reaction route is illustrated in Scheme 1.

Because all of them were synthesized in the same manner, a typ-

ical synthesis process for P-BPA 5.0, where 5.0 stands for molar

fraction of BPA unit, is described in following: p-ABA (234 g,

1.3 mol), ANA (115 g, 0.5 mol), TA (16.6 g, 0.1 mol), DABPA

(31.2 g, 0.1 mol) and 0.1 wt % zinc acetate as a catalyst were

charged into 5 L reactor, which was designed by ourselves and

equipped with a mechanical stirrer, an inlet and an outlet of N2

system. First, the reactor was evacuated and purged with N2 for

three times, and then a continuous N2 flow was conducted.

Subsequently, temperature was raised to 195�C and kept for

1.5 h. The byproduct, acetic acid, was removed out of the reac-

tants by N2 flow through a condenser connected receiver. Next,

the temperature was raised gradually: 220�C for 2.5 h, and

250�C for 40 min. After that, low vacuum (2000–500 Pa) was

gradually applied to the reaction system, and then a higher vac-

uum (100–25 Pa) was applied when the temperature reached to

280�C. The copolyester was removed from the reactor after the

completion of reaction. To better understand the differences of

results between HBA/HNA copolymer and the copolymer con-

tained BPA units, we synthesized a HBA/HNA copolymer

P-HBA70 in a similar way as described previously and kept frac-

tion of para monomer of all copolyesters constant at 70 mol %.

The inherent viscosities of the obtained copolyesters were meas-

ured in p-chlorophenol at 50�C at a polymer concentration of

0.2 g dL21 using an Ubbelohde viscometer, the data are tabu-

lated in Table I.

RESULTS AND DISCUSSION

Copolyesters Synthesis and Structural Characterization

At the first stage of melt transesterification polymerization, the

temperature was raised rapidly to 195�C above the melting

point of p-ABA and DABPA to homogenize the reactants and to

avoid the sublimation of the monomer DABPA. The N2 flow

was introduced to protect reaction and remove the byproduct.

To further facilitate the reaction, the vacuum was applied to

remove the volatile acetic acid. Finally, light yellow product was

obtained after reaction was finished.

The FTIR spectra of the copolyesters P-HBA70 and P-BPAx are

shown in Figure 1. The absorption peak at 2957 cm21 on the

patterns of copolyesters contained BPA unit, is assigned to the

methyl of BPA units, which indicates that the BPA was success-

fully incorporated into the molecular chain. Other characteristic

peaks, which emerge at 3025, 1745, 1250 cm21 are assigned to

stretching vibration of aromatic carbon hydrogen, carbonyl

group and ether group, respectively.

Because of poor solubility in common organic solvents, including

DMSO, DMF, DMAC, CHCl3, the chemical structure of the copo-

lyesters were characterized by the solid state 13C NMR. The SS- 13C

Table I. Composition and Inherent Viscosities of the Copolyester P-BPAx

Code

mol%

Yield %

Elemental analysis (C%/H%)

[g]a dL g21HBA HNA BPA TA Calcd Found

P-HBA70 70 30 0 0 86 72.29/3.39 72.11/3.26 —

P-BPA2.5 67.5 27.5 2.5 2.5 84 72.41/3.45 72.33/3.32 0.72b

P-BPA5.0 65 25 5 5 85 72.53/3.51 72.39/3.43 0.85

P-BPA10 60 20 10 10 84 72.77/3.63 72.65/3.60 0.61

P-BPA15 55 15 15 15 81 73.00/3.75 73.02/3.69 0.62

P-BPA20 50 10 20 20 78 73.23/3.86 73.15/3.81 0.42

a Inherent viscosity determined in p-chlorophenol at 50�C with 0.2 g dL21 using an Ubbelohde viscometer.
b Partially soluble. “—” insoluble.

Scheme 1. Reaction route of copolyester P-BPAx, x, y represent all the components, not the block length.
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NMR spectrum are exhibited in Figure 2, two new peaks at 31 and

42 ppm in the spectra of copolyesters P-BPAx are assigned to the

methyl carbon and quaternary carbon atom (H3C-C-CH3) of BPA

unit, respectively. The intensities and sizes of the two peaks become

more prominent with increasing the amount of BPA unit. It fur-

ther testifies that the BPA was incorporated into the main chain

successfully. Another new peak appears in the region 170 ppm, and

is assigned to carbon atom of new carbonyl forming by the TA

unit. The signals between 110 and 155 ppm are assigned to aro-

matic carbon atoms, which are somewhat complicated owing to

their complex chemical surroundings and lower resolutions of the

solid state NMR technology.25

Thermal Properties

The DSC traces of the copolyesters in first and second heating

cycles are illustrated in Figure 3 and relative results are listed in

Table II. Both first and second heating thermographs of P-BPA2.5

has a large melt transition peak in the region 190–250�C which

contains two merged melt peaks as compared with parent copoly-

mer P-HBA70 and other copolyesters. These two peaks are attrib-

uted to the existence of two different crystal morphologies. We will

come back to this point when we discuss X-ray diffraction results

below. It is worth noting that maximum peak temperature of

P-BPA2.5 is 40�C lower than that of parent copolymer P-HBA70,

indicating that small amount of BPA can decrease the melting

point efficiently. Figure 3 shows that the endothermic peaks of the

copolyesters shift to lower region and become less detectable with

increasing content of BPA unit. However, this phenomenon is

opposite of behavior observed in copolyesters derived from bis(4-

hydroxyphenyl) ketone (BHP),26 which has a chemical structure

similar with BPA, hinting that the nonlinearity of molecular chain

induced by BPA was prominent. The copolyester P-BPA15 and

P-BPA20 only has Tg peak, implying that the amorphous structure

is formed. A similar case was reported by Greiner17 and Chen15

that copolyesters would be amorphous when more than 10 mol %

of BPA was incorporated. It is necessary to plot melting tempera-

ture against the molar ratio of BPA unit to evaluate the effect of

BPA amount on the melt transition temperature. Figure 4 shows

melting temperature decreases fast first and then increases slightly

with the increase of BPA. Melting temperature of P-BPA20 was

increased may be explained by interaction of molecular chains

induced by more BPA unit. In contrast with the copolyesters

derived from 6-hydroxy-5-phenyl-2-naphthoic acid (HPNA) and

4-hydroxybenzoic acid (HBA) prepared by Huh,27 melting temper-

ature of the latter one did not decrease as increased the substituted

monomer HPNA. It shows that the kinked HPNA as well as unsub-

stituted 6-hydroxy2-naphthoic acid (HNA) have less disruptiveness

capacity than the kinked BPA. Thus we can use a certain amount

of BPA to replace HNA and get a lower melting temperature

Figure 1. FTIR spectrum of P-HBA70 and P-BPAx.

Figure 2. SS-13C NMR spectrum of P-HBA70 and P-BPAx (*sidebands).

Figure 3. DSC thermographs of copolyesters: (a) First heating traces

(20�C min21); (b) Second heating traces (10�C min21).
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copolyester. There appears a small endothermic peak around

280�C from the DSC heating thermograph of the P-BPA5.0. It cor-

responds to the isotropic transition temperature, and can be con-

firmed by POM pictures shown in Figure 6(A). However, the Ti

endothermic peak disappears when sample was heated above Ti,

then experienced cooling and reheating process [Figure 3(b)]. This

behavior may be due to the degradation arising from too long

heating process during the test.28

The Tg of copolyesters increases rapidly with increasing the BPA

unit concentration, and the P-BPA20 has the highest glass tran-

sition temperature 135�C that is 65�C higher than parent copol-

ymer P-HBA70, as described in Figure 4, indicating the

application temperature of PBPAx is improved. The Tg of the

copolyester increased with adding BPA unit is opposite to

Bubulac’s research.14 This may be because of rigidity of the

structural units from BPA and TA units is comparatively higher

than that of the HBA and HNA, as it is well known that the

polyarylate with high Tg is mainly comprised of BPA and TA

units.29 The extremely low glass transition temperature (ca.

70�C) of HBA/HNA copolyester may be due to the naphthoyl

units in the binary copolyester disturb its linearity and thus

make its backbone less rigid. The another striking change occurs

on baseline shift of the glass transition (Figure 3). As compared

with parent copolymer, baseline shift becomes larger with

increasing the BPA unit, and it is believed that it resulted from

the disruption of the ordered structure by BPA owing to its

kinked structure. Yonetake30 reported a similar case for the

4-hydroxy-2,3,5,6-tetrafluorobenzoic acid/6-hydroxy-2-naph-

thoic acid copolymer substituted by fluorine atoms. Overall,

there are no apparent essential differences between DSC traces

of the first and the second heating circles, indicating that all of

the copolyesters can maintain the structural regularity.7

The thermal stability of the copolyesters was evaluated by the

thermogravimetric analysis under N2 atmosphere, and the results

are summarized in Table II. The temperature at 10% weight loss

of all of the copolyesters contained BPA unit ranges from 362 to

458�C. Although the temperature is slightly lower than that of the

parent copolymer P-HBA70, they are stable enough under the

processing temperature. As shown in Figure 5, P-BPA2.5 exhibits

a two stage decomposition behavior. The first stage of weight loss

between 300 and 380�C may be due to the degradation of molec-

ular chain segment consisting of BPA units. The second stage

between 380 and 470�C is similar with decomposition behavior

of the parent copolymer P-HBA70, indicating that this stage pre-

sumably due to the degradation of HBA/HNA rich phase. This

phenomenon can also be explained by the presence of two differ-

ent crystal forms, which is consistent with the result of melt

behavior described previously and further discussion in WAXD

analysis section below.

Table II. Thermal Properties and Crystallinity of Copolyester P-BPAx

Code Tg
a (�C) Tg

b (�C) Tm
a (�C) Tm

b (�C) Ti (�C) Td
c (�C) Xc (%)

Char yield
at 700�C

P-HBA70 70 74 260 258 >410 486 36.7 41%

P-BPA2.5 93 98 217,230 214,232 >410 407 29.3 36%

P-BPA5.0 119 114 224 223 280 458 22.6 35%

P-BPA10 124 121 221 224 >410 423 13.1 35%

P-BPA15 120 124 — 220d >410 387 8.2 34%

P-BPA20 124 135 — 225d — 362 7.5 32%

a Tested at a heating rate of 20�C min21 in first heating circle.
b Tested at a heating rate of 10�C min21 in second heating circle; “—” not observed.
c Temperature at 10% weight loss.
d Fusion temperature observed under POM.

Figure 4. The Tm and Tg of copolyesters as a function of BPA mol %.

Figure 5. TG and DTG traces of P-BPA2.5 and P-HBA70 at a heating rate

of 10�C min21.
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Figure 6. (A) Polarizing optical micrographs of P-BPA5.0 (magnification 3100) at different temperature: a, 235�C; b, 260�C; c, 275�C; d, 280�C.

(B) Polarizing optical photomicrographs of copolyesters (magnification 3400): a, P-HBA70 at 300�C; b, P-BPA2.5 at 245�C; c, P-BPA2.5 sheared at

280�C; d, P-BPA10 at 240�C; e, P-BPA10 sheared at 275�C; f, P-BPA15 at 350�C. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Optical Properties

Most of the copolyesters show nematic liquid crystalline meso-

phase at the melt state when observed under POM. The P-BPA5.0

forms a clear marbled texture at 235�C [Figure 6(Aa)], and

on further heating to 280�C it goes into the isotropic state

[Figure 6(Ad)]. The variable temperature WAXD of P-BPA5.0 will

be discussed in the next section to better understand the meso-

phase changes. However, the Ti of other polyesters could not be

observed even if the temperature reached up to 410�C. When a

shear force was applied on the melt, the copolyesters P-BPA2.5

and P-BPA10 exhibit a fine ordered band texture perpendicular to

the shear direction, as shown in Figure 6(Bc,Be), respectively. The

copolyester P-BPA15 shows a different texture of nematic meso-

phase, a typical threaded texture as depicted in Figure 6(Bf).

However, P-BPA20 does not show any liquid crystal behavior.

These textures indicate that an appropriate amount of BPA can

efficiently reduce the regularity of chains and lead to the mole-

cules being easily aligned. It would be useful for their applications

in high performance engineering plastics because they could be

processed at a relatively lower temperature compared to the

parent copolymer P-HBA70.

Analysis of WAXD Patterns

The WAXD patterns of the copolyesters are shown in Figure 7.

All copolyesters exhibit two main peaks located around 20� and

27� are belong to (110) and (211) crystallographic planes,

respectively. The first one is the typical feature peak of nematic

liquid crystal polymer which has been described in the litera-

ture.31 Some new peaks can be found for polyesters containing

BPA unit compared with the parent polymer P-HBA70. The

sharp peak of (110) and shoulder peak at 21� on diffraction

pattern of P-BPA2.5, indicating that the P-BPA2.5 has high crys-

tallinity (29.3%) and possesses a different crystal structure. On

the basis of research of Wilson,31 for HBA/HNA copolymer

containing more HNA unit (3 : 1, HNA : HBA), a new peak

appeared by 21� was considered as characteric diffaction peak of

slightly distorted orthorhombic phase O". Accordingly, the

structure of the copolyester P-BPA2.5 changes from pseudo-

hexagonal (PH) to orthorhombic(O").31 In addition, existence

of a small diffraction peak at 23.4� should not be ingored,

implying a greater distorted orthorhombic phase O0 occured.31

Thus, the two endothermic peaks of the DSC heating trace of

P-BPA2.5 could be due to O" and O0 orthorhombic phase that

coexist in the P-BPA2.5. We can also conclude that the role

played on the structure change by a small amount BPA (2.5

mol %) can equal to as much as 30 mol % of HNA. To better

Figure 7. WAXD patterns of copolyester P-BPAx at room temperature.

Figure 8. Variable temperature WAXD patterns of copolyester P-BPA5.0.
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unstand the liquid crystalline behavior, the variable temperature

WAXD patterns of P-BPA5.0 were measured upon heating from

25 to 320�C. As shown in Figure 8, two diffraction peaks of

(110) and (211) at 19.5� and 27.4� (d 5 4.55 Å, 2.40 Å) are

observed at 25�C. The two peaks do not change much until the

temperature reaches to 230�C. The diffraction at lower angle

turns into abroad diffused peak and the peak located at 27.4�

becoms unrecognizable, indicating nematic mesophase of the

polyester is formed,32 which is consistent with the POM and

DSC results. The intensity of difused peak around 20� keeps

decreasing with heating to 320�C, implying polyester P-BPA5.0

goes into the isotropic phase. This transition corresponds to the

endothermic peak at 280�C in the DSC curve (first heating)

and also coincides with the observations of polarized micro-

scope. For P-BPA10, a small diffraction peak appears at 9.2�

corrosponding to the d-spacing 9.6 Å, may be attributed to less

regularity of chain packing induced by the kinked BPA mono-

mer. In comparision with P-HBA70, three new small sharp

peaks emerge at 2h 5 16.4�, 24.7�, 27.6� of diffraction patterns

of copolyester P-BPA15 and P-BPA20. However, the two copo-

lyesters are amorphous as also evidenced by the DSC results

described earlier. In addition, there is a clear trend that the

(110) and (211) peaks become broader as the amount of

BPA units increased, hinting that the disturbance in chain pack-

ing is more appreciable and, hence, lowered the crystalinity (see

Table II).

As mentioned above, P-BPA2.5 exhibits a special structure not

seen in published literature. This structure is ascribed to the

existence of BPA unit causing changes in the molecular chain

conformation. To better understanding the double crystal struc-

ture, the WAXD pattern of annealed P-BPA2.5 at 220�C for var-

ious times were recorded. From Figure 9, it is obviously seen

that the shoulder peak at 21.3� becomes weaker that nearly

overlapes with major diffraction peak at 20�, but the peak at

23.4� shows much stronger diffraction intensity after P-BPA2.5

was annealed for 30 min (indicated by arrow). The O00 phase

diffaction peak disappears competely after annealed for 2 h

whereas the diffraction peak of O0 phase is still existed. Con-

tinuing to increase the annealing time, the intensity of the peak

at 23.4� tends to level off. It shows that the O0 phase is much

more stable than the O00 phase on annealing. A small amount

of kinked BPA unit copolymerized randomly reducing the

length of rich HBA segments and makes configuration of

molecualr chain more flexible, that might be a reason for the

changes of the two phase diffraction peaks after experienced

high temperature annealing. Meanwhile, the intensity of the

peak around 2h 5 20� becomes stronger and shifts slightly to

lower angles, indicating the crystal thickening and perfecting

process occured upon annealing leading to a higher degree of

crystalinity. However, structures of other polyesters do not

change (data not shown here) and just show an increased crys-

talinity during annealing.

To further specify the effect of annealing on the structure changes

of P-BPA2.5, the DSC behavior of annealed samples were

recorded. As shown in Figure 10, the changes of relative endo-

thermic peaks are notably. The melting peak at 217�C corre-

sponding to O" phase forming is difficult to be discerned,

Figure 9. WAXD patterns of P-BPA2.5 after annealed at 220�C for various

time.

Figure 10. DSC heating traces (10�C min21) of P-BPA2.5 after annealed

at 220�C for different time.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4048740487 (8 of 10)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


however the peak at 232�C denoted as O0 phase transition

becomes much stronger after 30 min annealing. These changes

are coincident with the relative WAXD results shown in Figure 9.

Upon annealing for 2 h, the melting peak of O" phase at 217�C
vanishes, having a good agreement with the WAXD behavior. In

addition, a new endothermic peak corresponding to the imper-

fect crystal generated during annealing could be observed in the

DSC curve around 200�C after annealing 2 h. Further extending

annealing time to 8 h, the endothermic peak at 200�C disappears

completely and the peak corresponding to O0 phase becomes

stronger and moves significantly toward a higher temperature

even after prolonged annealing to 24 h. This phenomenon as

well as aforementioned WAXD behavior of annealed P-BPA2.5

could also be explained by the effect of crystal thickening caused

by the long time annealing.33 It can be clearly concluded that the

O0 phase is more stable than the O00 phase by the results from

DSC and WAXD.

Rheological Behavior

As indicated above, the melting temperature could be reduced

effectively by incorporating BPA unit into the molecular chain

of copolymer HBA/HNA. Base on this point, it can make the

processing easier. Qualitatively assessment for processing ability

can be conducted through studying the rheological behavior of

P-HBA70, P-BPA2.5, P-BPA5.0, and P-BPA10. To make a better

comparison, all of the data were measured 30�C above their

melt transition temperature. Figure 11 depicts the variations of

complex viscosities (g*) as a function of angular frequency.

From these results, the rheology properties are strongly depend-

ent on the composition of the samples particularly the BPA

content. The data indicate shear thinning behavior was occurred

for the selected copolyesters.28,34–36 With increasing amount of

BPA unit, the complex viscosities decrease first and then

increase rapidly when beyond 2.5 mol % BPA. This phenom-

enon may be ascribed to intermolecular interaction induced by

BPA segments. Similar tendency can also be observed in changes

of apparent viscosity (g) under lower shear rate (Figure 12). No

Newtonian behavior occurs, and the viscosities decreasing speed

is much higher for those copolyesters containing more than 2.5

mol % BPA in the whole shear range. At shear rate above 10/s,

edge fracture was occurred for P-BPA10. It was found that

spinnablity of P-BPA5.0 and P-BPA10 is not very good and this

may be correlated with their rheological behavior. Similar case

has been reported for PET modified with 5 mol % of BPA and

TA unit.37 Based on the above analysis, the processability could

be improved when <2.5 mol % BPA unit was incorporated.

CONCLUSION

A series of thermotropic liquid crystal copolyesters P-BPAx

modified by 2.5–15 mol % of BPA unit were successfully syn-

thesized. Introduction of BPA unit can efficiently decrease the

melting temperature but increase the glass transition tempera-

ture, thus increasing the processability and application tempera-

ture. The addition of a small amount of BPA on the chain

backbone has a comparable effect on properties as those poly-

mers containing much more HNA concentration, definitely low-

ering the cost. The nematic phase texture can be shown in a

temperature range from 235�C to above 410�C except copo-

lyester P-BPA5.0 (225–280�C). The crystallinity decreases with

increasing amount of BPA unit incorporation in the chain back

bone and effectively disappears in P-BPA15 and P-BPA20. The

P-BPA2.5 exhibits two crystal morphologies, unstable O00 phase

and stable O0 phase, which can be proved by the DSC and

WAXD results. The rheology results indicate that viscosity of

the copolyester decreases in P-BPA2.5 and begins increasing

for P-BPA5.0 and P-BPA10, hinting that the processability of

P-BPA2.5 was enhanced.
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