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ABSTRACT: In order to reduce the melt temperature (7,,) of the thermotropic crystalline polyarylate and improve its compatibility
with poly(ether ether ketone) (PEEK), a series of poly(ether ketone)arylates (PEKARs) containing aryl ether ketone units (AEK) are
synthesized through melt transesterification reaction from p-acetoxybenzoic acid, 1,3-bis(4'-carboxylphenoxy)benzene and 4,4’-bis(p-
acetoxyphenoxy)benzophenone. The inherent viscosities of these polymers are in the range 0.35-0.81 dL/g. The morphologies and
properties of PEKARs are characterized by polarized optical microscopy, wide-angle X-ray diffraction, differential scanning calorime-
try, thermal gravimetric analysis, etc. The results show that all PEKARs are semi-crystalline polymers, and the introduction of AEK
units can reduce the symmetry of the main chains, leading to decreasing the crystallizability and changing the crystalline form. The
PEKARs with AEK less than 30% can exhibit thermotropic liquid crystalline state. The initial and the maximum decomposition tem-
peratures increase with the increase in AEK content. These PEKARs are expected to act as processing agents for PEEK to reduce its

processing viscosity. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 2393-2398, 2013
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INTRODUCTION

Nowadays, it has been found that thermotropic liquid crystal-
line polymers (TLCPs) have excellent properties, including me-
chanical properties, chemical resistance, thermal stability, and so
on. Therefore, they are widely used in many fields, such as
membranes, fibers, and composites, ete.!?

There are a number of TLCPs shown in Table L It is found that
the melting temperature of the wholly aromatic thermotropic
liquid crystalline polyarylate (PHB) is above 600°C which is
higher than its decomposition temperature, which greatly
restricts the development and application. In order to improve
the processability, many researchers have made a lot of efforts
and made some progress. It is well known that the rigid macro-
molecular chain and strong molecular interaction would cause
the high melting point and bad solubility in common organic
solvents.* Therefore, the main idea is to increase the flexibility
and reduce the symmetry of the main chains, including intro-
ducing the flexible chains,”” the side substituent,"®"* and
spacer incorporation'>™” into main chains, for example, copoly-
merization of semi-flexible poly(ethylene terephthalate) (PET)
with rod-like poly(4-hydroxybenzonic acid), polycondensation
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of aliphatic dicarboxylic acids with mesogenic bisphenols, poly-
condensation of hydroquinones (HQs) (substituted or not) with
o, -bisbenzoic acids (such as 4,4’'-dicarboxy-o,w-diphenoxy-
hexane) bearing the spacer molecule. Based on above studies, a
lot of novel TLCPs have been synthesized, such as “X-7G”’
“Xydar”, and “Vectra.'”'® At the present time, Vectra is the only
one industrial product of the polyarylate fiber.

In our previous work,?® in order to reduce the melting tempera-
ture of TLCP with reserving thermotropic liquid crystalline
state, a series of liquid crystalline copolyarylates containing m-
aryl ether units were synthesized using p-acetoxybenzoic acid
(PABA), 1,4-diacetoxybenzebe (DAB), and 1,3-bis(4'-carboxy-
phenoxy)benzene [PMP(COOH),] by melt transesterification
reaction. We considered blending those liquid crystalline copo-
lyarylates with poly(ether ether ketone) (PEEK) to reduce the
melt viscosity and improve the processability of PEEK. However,
it was found that PEEK had very poor compatibility with those
copolyarylates. Therefore, in present work, a novel monomer
containing aryl ether ketone (AEK) groups, 4,4'-bis(p-acetoxy-
phenoxy) benzophenone (p-DAPBP), has been prepared by HQ
and 4,4'-difluorobenzophenone firstly, then a series of novel
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Table I. Chemical Structures and Melting Points of the Commercial TLCPs
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Trade Name Company Chemical structure Melt point / °C
PHB Carborundum _% _<=>_'n’ > 600
“t0 \ (‘%"
X7G Eastmman ¢ 2 - ¢ 228
I—{ocu,c:-lp—c—(i >—r.;—rp /—c%
Xydar Dartco %O_Q—)_“_\U _ﬂ\f@_" ('j _< ‘ 380
Vectra Celanese 270

*Fo@c\{umﬁq
N

polyarylates named as poly(ether ketone)arylates (PEKARSs) con-
taining AEK units have been synthesized by using the mono-
mers of PABA, PMP(COOH),, and p-DAPBP through melt
transesterification reaction. The introduction of aryl ether group
is conductive to reducing the melt temperature of TLCPs;
meanwhile, AEK units in PEKARs similar to the structure of
PEEK are expected to improve the compatibility between PEEK
and TLCP. So these thermotropic liquid crystalline PEKARs can
be used as processing agents to improve the processability of
PEEK by the effects of inducing orientation and reducing vis-
cosity. The structure and properties of the monomers and poly-
mers were characterized by Fourier transform infrared (FT-IR),
"H Nuclear magnetic resonance ('"H NMR), polarizing micro-
scope (POM), wide-angle X-ray diffraction (WAXD), differential
scanning calorimetry (DSC), and thermal gravimetric analysis
(TGA).

EXPERIMENTAL SECTION

Materials

HQ, m-dihydroxybenzene, potassium carbonate, N-methyl-2-
pyrrolidone (NMP), 4-hydroxybenzoic acid, toluene, ethanol,
acetic anhydride, sulfuric acid, p-hydroxybenzoic acid (PHBA),
zinc acetate, diantimony trioxide, dimethyl sulfoxide (DMSO)
(all from Chengdu Ke Long Co.), and 4,4'-difluorobenzophe-
none (DFBP, from Wuhan XinHuayuan chemical Co.) were ana-
lytically pure and used as received. 1,3-bis(4’-carboxylphenoxy)-
benzene [PMP(COOH),] was prepared in our laboratory and
the synthesis route was reported by our previous work.*

Monomer Synthesis

Synthesis of the 4,4’-bis(p-hydroxyphenoxy)benzophenone (p-
DHPBP). p-DHPBP was synthesized from DFBP and excess
HQ by nucleophilic substitution (shown in Scheme 1). The
detailed procedure of synthesis is shown as follows: 55.06 g (0.5
mol) of HQ, 43.64 g (0.2 mol) of DFBP, 69.10 g (0.5 mol) of

NMP.'To! ene
% >*0H + F—4 % % )—F -
14n‘c K,CO;
DFBP
i
HOOOOCOOOOH + 2HF
p-DHPBP

Scheme 1. Synthetic route of p-DHPBP.
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potassium carbonate dissolved in 300 ml NMP and 40 ml tolu-
ene in a 500 ml three-neck round-bottom flask equipped with a
stirring bar, a gas inlet and a drying tube. An oil bath was used
to keep desired reaction temperatures. The flask was slightly
heated to 140°C for 7 h, and then the temperature was
increased to 160°C for 1 h to remove toluene. At last, the prod-
uct was cooled to the room temperature and poured into dis-
tilled water for precipitation. The pH value of the product was
adjusted to 3—4 through adding hydrochloric acid, and then fil-
tered under negative-pressure to obtain the crude product. The
crude product was washed repeatedly by distilled water until the
filtrate was nearly neutral, and finally dried at 80°C under vac-
uum. Taupe powder of p-DHPBP was obtained with the yield
above 70%.

The '"H NMR and FI-IR spectra of p-DHPBP are shown in
Figures 1 and 2, respectively. "H NMR (600 MHz, DMSO-dj, 9,
ppm): 9.470 (s, 2H, H,), 7.750 (d, 4H, Hy), 6.989 (d, 8H, H.),
6.823 (d, 4H, Hy). IR (KBr): 3550~ 3200 cm ™~} (—OH, vo_p),
1644 cm™ ' (—CO—, ve_o), 1599~ 1467 cm ' (—Ar—, ve_c),
1234 cm ™' and 1098 cm ™! (6c—o—0).

4,4'-bis(p-acetoxyphenoxy)benzophenone (p-DAPBP) and p-
Acetoxybenzoic acid (PABA). Due to hydroxyl can be oxidized
easily at high temperature, it is necessary to be acetylated before
polymerization. The procedures of acetylation of p-DHPBP and
PHBA are similar, so the acetylation of p-DHPBP is taken as an
example to illustrate the general procedure. In a 500 ml
round-bottom flask, 395.18 g (1 mol) of p-DHPBP with excess
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Figure 1. 'H NMR spectrum of the p-DHPBP.
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Figure 2. FT-IR spectra of p-DHPBP and p-DAPBP.

of 300 ml of acetic anhydride and three drops of 98% sulfuric
acid reacted at 60°C for 3-5 h. Then the mixture was slowly
poured into ice water for precipitation. The precipitate was fil-
tered and washed repeatedly until the filtrate was nearly neutral,
and then dried at 105°C under vacuum. The taupe powder of
p-DAPBP was obtained with the yield of 90.2%, and the melting
point is 174°C (determined by DSC at a heating rate of 5°C/
min). As shown in Figure 2, after acetylation, the IR absorption
peak of the hydroxyl disappeared completely (the absorption
peak around 3400cm ' should be attributed to the absorption
of the moisture in KBr); meanwhile, a characteristic absorption
band of C=O stretching vibration for ester carboxyl can be
found around 1756 cm™' in the FT-IR spectrum. In Figure 3,
the '"H NMR absorption peak of the hydroxyl disappeared com-
pletely at 9.470 ppm, and a characteristic peak of methyl could
be found at 2.28 ppm. So we can confirm that the acetylation
has been completely finished.

Polymerization

All polymers were synthesized by melt transesterification process
(shown in Scheme 2). The synthesis of PEKAR-1 was taken as
an example to illustrate the general synthetic procedure. 42.03 g
of PABA, 24.12 g of p-DAPBP, 17.52 g of PMP(COOH),,
0.0785 g of Zinc acetate, and 0.2055 g of antimony oxide were
placed in a 2 L high temperature and high pressure polymeriza-
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Figure 3. 'H NMR spectrum of the p-DAPBP.

tion reactor equipped with a gas outlet and a vacuum inlet.
Nitrogen was used to maintain an inert environment. Under the
pressure of 1.0 MPa and a constant stirring rate of 50 rpm, the
temperature was slightly heated to 180°C for 2 h. Then the tem-
perature was increased to 240°C under the pressure of 1.0 MPa
for 2 h and 280°C under the pressure of 0.5 MPa for 1 h. At last
the temperature was 300-310°C under vacuum (P = —0.098
MPa) for 0.5 h. Once the reaction was over, the product was
cooled to room temperature. The obtained polymer was crushed
into powder and washed repeatedly with DMSO/ethanol (v/
v=3:7), and then dried at 105°C under vacuum. '"H NMR spec-
trum of the product could not be carried out because PEKAR
cannot dissolve in common deuterium reagents. But the structure
was confirmed by IR spectrum (shown in Figure 4). IR (KBr):
1737 cm ™' (—COO—, ve_o, 1647 cnf1 (—CO—, veo), 1595~

1498 cm™ ! (—Ar—, ve_c), 1158 cm ™! and 1055 cm™ ! (Sc—o—c).

All polymers were prepared by a similar procedure described as
above. These polyarylates were symbolized as PEKAR-1,
PEKAR-2, PEKAR-3, and PEKAR-4 according to the different
monomer ratios (shown in Table II).

Measurements

Infrared spectra were recorded from KBr pellet with a Nicolet
560 FT-IR spectrometer. 'H NMR spectra were obtained
through a Bruker 600 MHz Ultra Shield NMR spectrometer in
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Scheme 2. Synthetic route of the PEKARs.
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Figure 4. FT-IR spectra of the PEKARs.

deuteriochloroform using tetramethylsilane (TMS) as the inter-
nal standard. Inherent viscosities of the TLCPs were measured
in 1,1,2,2-tetrachloroethane (TCE)/phenol (v/v = 4:6) at 30°C
at a concentration of 0.25 g/dL with an Ubbelohde capillary vis-
cometer. DSC data were obtained on a Netzsch DSC 204F1
under a nitrogen flow with both heating and cooling rates of
10°C/min. Before the equipment running, the temperature and
heat enthalpy were calibrated with indium standard. TGA was
performed with a TA SDT Q600 thermal analyzer using a heat-
ing rate of 10°C/min in nitrogen at a flow rate of 100 cm’/
min.Wide-angle X-ray diffraction (WXRD) was conducted with
an X'Pert Pro X-ray diffractometer. The scanning rate was 12°/
min over a scattering angle range of 20 = 5-50°. The dried
polymer powder was used for WXRD measurements. Texture
observations were carried out on a Leica DMLP POM with a
Linkam heating stage.

RESULTS AND DISCUSSION

Preparation of Polymers

PEKARs are random copolymers synthesized by transesterifica-
tion; the structures and the properties can be controlled by
adjusting the molar ratios of the monomers. The actual con-
tents of AEK units in the polymers can be calculated approxi-
mately using the integration area of ketone and ester groups in
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FT-IR spectrum (shown in eq. (1)). The theoretical content of
AEK units is defined as shown in eq. (2). The results can be
found in Table II. With the molecular weight of polymers
increasing, the content of unesterificated end groups decrease;
meanwhile, the actual values are more close to the theoretical
value. Due to PEKARs could not dissolve in common solvent
such as THE their molecular weights could not be characterized
by gel permeation chromatography (GPC). The influence of
copolymerization ratios on molecular weight was characterized
by inherent viscosities as shown in Table III. When the content
of p-DAPBP was less than 25%, the yield was above 90% and
the inherent viscosity was in the range 0.7-0.8 dL/g; however,
when the content of p-DAPBP was more than 33%, the yield
and the inherent viscosity lowered because p-DAPBP was easy
to sublimate resulting in the breakdown of equimolar ratio of
the monomers. Therefore, the actual content of AEK units was
far more than the theoretical value.

- A1737cm’1

D(act)= x 100% (l)

Aloszem

where w(,.) represents the actual content of aryl ether ketone,
and A is integration area;

N
w(‘he):ﬁl x 100% (2)

where ) represents the theoretical content of aryl ether ke-
tone; N; represents molar number of aryl ether ketone units;
and N, represents molar number of ester units.

Texture Structure of Polymers

The texture structure of TLCPs was observed by the hot stage
POM. It is seen from Figure 5 that PEKAR-1 exhibits a
characteristic bright texture in its melted state owing to the
birefringence at 320°C. It was also observed that the birefrin-
gent texture of PEKAR-2 was stable at 260°C. When the
temperature was heated to 360°C, the texture structure of
PEKAR-2 disappeared and the melt of PEKAR-2 became trans-
parent, suggesting its phase state become isotropic at this tem-
perature. PEKAR-3 and PEKAR-4 were melted partly at 280°C.
The typical liquid crystalline texture was not present. The
results demonstrate that the introduction of the AEK units is
not conducive to the formation and stabilization of the liquid
crystalline state because the symmetry of the molecular chain
was destroyed.

Table II. Content of Aryl Ether and Ketone Units, the Inherent Viscosities and Yields of PEKARs

Polymers PABA:PMP(COOH),:p-DAPBP Theoretical value® (%) Actual value® (%) [yl (dL/g) Yield (%)
PEKAR-1 70:15:15 15 19.36 0.72 90.16
PEKAR-2 60:20:20 20 29.00 0.81 92.31
PEKAR-3 50:25:25 25 42.24 0.69 90.37
PEKAR-4 33:33:33 33 51.76 0.35 88.73

2determined by equation 2.
bdetermined by equation 1.

“Measured at a polymer concentration of 0.25 g/dL in TCE/phenol (v/v = 4:6) at 30°C.
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Table III. The TGA Data of PEKARs

Polymers Till°C T °C Char yield®/%
PEKAR-1 406.2 456.88 56.95
PEKAR-2 4111 458.99 55.49
PEKAR-3 4199 45433 52.63
PEKAR-4 420.9 461.22 52.21

aPTy and Ty represent the initial (5% loss weight) and the maximum
decomposition temperature, respectively.
“Residual weight percentage at 800°C in nitrogen.

Crystallization Behaviors of Polymers

The WXRD patterns show that all proposed PEKARs are semi-
crystalline polymers (shown in Figure 6). There are obvious
crystalline diffraction peaks at 18.71°, 19.64°, 20.74°, 23.02°,
and 29.05° in PEKAR-1 and PEKAR-2. But the diffraction peaks
of 19.64°, 20.74°, and 29.05° nearly disappear in PEKAR-3 and
PEKAR-4 while a new diffraction peak can be found at 35.47°,
suggesting that the crystal form of PEKARs changes with the
increase of the content of AEK units.

Thermal Properties of Polymers

The thermal properties of PEKARs were studied by DSC. It can
be noted from Figure 7 that there are no glass transitions but
obvious endothermic peaks in DSC curves of the PEKARs. Two

. N

& Lo, P
PEKAR-1 380

PEKAR-2 260 PEKAR-2 360

PEKAR-4 280

PEKAR-3 280

Figure 5. POM micrographs of PEKARs at different temperatures.
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Figure 6. The WAXD patterns of PEKARs.

broad endothermic peaks could be found in the curve of
PEKAR-1. Combined with the analytical result of POM, the
melting endothermic peak is at 319.2°C. Referring to some
papers,*® this is a common phenomenon of thermotropic liquid
crystal polymers, because polymers have different perfection of
crystllization in different stages of crystallization. In addition,
clear point cannot be observed below 390°C, which corresponds
to the result of POM. In the curve of PEKAR-2, there are two
endothermic peaks far from each other. The former peak is
broad and has a high heat enthalpy, which corresponds to the
melting process. The later peak is sharp and has a low heat
enthalpy, which is the typical clear point of liquid crystalline
polymer. Melting endothermic peaks were observed nearly at
280°C in the heating curve of PEKAR-3 and PEKAR-4. Figure 8
also shows that with the content of AEK groups increasing, the
melting temperature does not change monotonously, and a

minimum value can be found. The reason is that the
exo
1
2
4 1- PEKAR-1
2- PEKAR-2
3- PEKAR-3
4- PEKAR-4
150 200 250 300 350 400

Temperature (C)

Figure 7. The DSC curves of the PEKARs.
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Figure 8. The TGA-DTG curves of PEKARs.

introduction of AEK destroys the symmetry of the molecular
chain, which makes entropy change (AS) increases, but the
strong polarity of AEK group can make the intermolecular
forces stronger leading to the increase of enthalpy change (AH).
So the melting temperature of PEKAR is the result of the com-
petition between the two kinds of effects.

Thermal Decomposition of Polymers

The thermal decomposition of the synthesized PEKARs was
investigated in nitrogen atmosphere by TGA. TGA curves show
that there are two decomposing stages at 460°C and 555°C,
respectively. The weight of polymers decreased 30% at 460°C,
which is the main decomposing stage. The initial decomposition
temperatures (Tj; 5% weight loss), the maximum decomposi-
tion temperatures (7, maximum rate of weight loss), and the
char yields of PEKARs are shown in Table III. As shown in
Figure 8, with the content of the AEK units increasing, T;; and
T,.a increase slightly, which means that the introduction of AEK
units could improve the thermal stability of PEKARs to some
extent, the reason is that carbonyl groups have higher bond
energy and stronger molecular interaction. Furthermore, char
yields at 800°C decrease with the content of AEK increasing
because the modified groups have more non-carbon elements.

CONCLUSION

A series of novel polyarylates — PEKARs containing aryl ether ke-
tone groups were successfully synthesized from PABA,
PMP(COOH),, and p-DHPBP through melt transesterification.
All proposed polyarylates are semi-crystalline polymers, but the
crystallinity decreases with increasing the content of AEK.
PEKARs with AEK units less than 30% remain in thermotropic
liquid crystalline states; however, there is no clear point when
the content of AEK is below 20%, matching the processing
window of PEEK and being suit for processing agents. The intro-
duction of AEK units can reduce the symmetry of the main
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chains, leading to decreasing the ability of crystallization and
changing the crystalline form. With the content of AEK increas-
ing, the change of the melting temperature is not monotonous
because of the competition between the asymmetry of main
chains and the molecular interaction. The thermal stability of
PEKAR increases slightly with increasing the content of AEK
units.

REFERENCES

1. Economy, J; Storm, R. S.; Matkovich, V. L; Cottis, S. G.;
Nowak, B. E. J. Polym. Sci. Polym. Chem. Ed. 1976, 14,
2207.

2. Chern, Y. T. Macromolecules 1995, 28, 5561.

3. Joseph, E B.; Douglass, S. K. Macromolecules 1994, 27,
1808.

4. Jackson, W. J.; Kuhfuss, H. E J. Polym. Sci. Pol. Chem. Ed.
1976, 14, 2043.

5. Calundann, W. G. (Celanese Corporation).
4,067,852, Jan 10, 1978.

6. Bagheri, M.; Didehban, K; Rezvani, Z.; Entezami, A. A. Eur.
Polym. ]. 2004, 40, 856.

7. Jeong, K. U,; Knapp, B. S.; Ge, J. J.; Graham, M. J.; Tu, Y;
Leng, S.; Xiong, H.; Harris, E W.,; Cheng, Z. D. Polymer
2006, 47, 3351.

8. Bagheri, M.; Rad, R. Z. React. Funct. Polym. 2008, 68, 613.
9. Lenz, R. W,; Jin, J. I. Macromolecules 1983, 14, 1405.

10. Pletcher, T. C.; Carl, T. (E. I. Du Pont de Nemours and
Company). U.S. Pat. 3,991,013, Nov 9, 1976.

11. Kleinschuster, J. J. (E. I. Du Pont de Nemours and Com-
pany). U.S. Pat. 3,991,014, Nov 9, 1976.

12. Cai, R.; Preston, J.; Samulski, E. T. Macromolecules 1992, 25,
563.

13. Bhowmik, P. K.; Han, H. Macromolecules 1993, 26, 5287.

14. Bhowmik, P. K.; Atkins, E. D. T.; Lenz, R. W. Macromole-
cules 1993, 26, 440.

15. Yang, E; Bai, Y,; Min, B. G.; Kumar, S.; Polk, M. B. Polymer
2003, 44, 3837.

16. Chang, Y. M.; Hsu, C. S;; Liu, M. C. Mater. Chem. Phys.
1996, 43, 250.

17. Charbonneau, L. E (Celanese Corporation). U.S. Pat.
4,429,105, Jan 31, 1984.

18. Gibbon, J. D.; Lawler, T. E.; Yoon, H. N.; Charbonneau, L.
E. (Celanese Corporation). U.S. Pat. 4,574,066, Mar 4, 1986.

19. Qin, H.; Chakulski, B. C.; Rousseau, I. R.; Chen, J.; Xie, X.
Q.; Mather, P. T. Macromolecules 2004, 37, 5239.

20. Liu, P5; Wu, T; Ye, G; Xu, J. Polym. Int. 2012, DOLI:
10.1002/pi.4358.

U.S. Pat.

@WILEY i ONLINE LIBRARY



