
Dielectric and Gas Transport Properties of the Films of Thermally
Stable Poly(arylene ether ketone)s Containing Content-Tunable
Benzimidazole Moiety

Junbin Liao,1,2 Youqun Chu,1,2 Jianli Wang,1,2 Meiqing Zhou,3 Yiming Cao3

1Zhejiang Province Key Laboratory of Biofuel, Zhejiang University of Technology, Hangzhou 310014, People’s Republic of China
2State Key Laboratory Breeding Base of Green Chemistry-Synthesis Technology, Zhejiang University of Technology, Hangzhou
310014, People’s Republic of China
3Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, People’s Republic of China
Correspondence to: J. Wang (E - mail: wangjl@zjut.edu.cn)

ABSTRACT: A series of thermally stable poly(arylene ether ketone)s (PAEKs) bearing benzimidazole structure in the main chains,

named poly(arylene ether ketone-benzimidazole)s (PAEK-BIs), were directly synthesized by polycondensation of dimethyl bisphenol,

dibenzimidazole bisphenol, and difluorobenzophenones. By systematically varying the amount ratio of two kind of bisphenols, the

content of benzimidazole moiety in the backbone was controlled straightforwardly. The prepared amorphous polymers were charac-

terized in terms of Fourier transform infrared spectroscopy, proton nuclear magnetic resonance, thermal, dielectric, and gas transport

properties. Evaluation of solubility reveals that PAEK-BIs with >60% content of benzimidazole units could be soluble in commonly

used organic solvents. Also polymers containing content-tunable benzimidazole show high glass-transition temperatures (Tg’s, 157–

319�C) and excellent thermal stability (e.g., temperature of 5% weight loss, above 438�C in air). Dielectric constants of PAEK-BIs

measured at 25�C are all less than 2.66 in the frequency range of 0.1–50 kHz. For dense films, the ideal gas selectivity and permeabil-

ity coefficients could be compared with that of commercial Ultem 1000 membrane, which indicate that the PAEK-BIs are potential to

be used for gas separation membrane material. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41289.
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INTRODUCTION

Semicrystalline poly(arylene ether ketone)s (PAEKs) have been

widely used as high-performance engineering thermoplastics for

the high melting point ranging from 180 to 400�C.1 The unique

combination of excellent chemical resistivity, thermal stability,

mechanical/electrical/insulating, and antiultraviolet properties,

permit PAEKs to be applied in aerospace, electronics, nuclear

industries,2–8 etc. However, nonsubstituted PAEKs generally

show very low solubility toward common used organic solvents

for the relatively high crystallinity. At ambient temperature,

these materials are only soluble in concentrated sulfuric acid

and some other strong acid solvents.1,9,10 An example of com-

mercial poly(ether ether ketone) (PEEK) shows that it is insolu-

ble in all common organic solvents at room temperature. On

the other hand, the PEEK possesses the glass-transition temper-

ature (Tg) of around 143�C.7,11 Also it was reported that PAEKs

containing nonlinear bisphenol units exhibit the Tg’s ranging of

153–217�C, when systematically varying the bisphenol ratio.1,12

The relatively low Tg’s typically mentioned might somewhat

limit the applications of this category at elevated temperature.

Therefore, in order to improve the solubility and simultaneously

enhance the Tg’s, and endow the PAEKs with some special prop-

erties for applications, numerous improvements were per-

formed. Benzoxazole-containing PAEKs were reported that the

introduction of aromatic bulk groups improved the solubility

and Tg’s (173–245�C).13 Many other structure modified poly-

mers, for example, copolymer PEEKs with pendant phenyl

groups, PEEK-co-PEEKK, PEEK/poly(aryl ether sulfone) con-

taining biphenylene moiety block copolymer, and PEEK/polye-

thersulfone block copolymer14–17 were also reported to increase

the Tg’s, by incorporation of bulky pendant groups or some

special linkages. In view of the above, soluble PAEKs with high

Tg’s could be particularly interesting.

It is known that processable polymers with high Tg’s are poten-

tial candidate materials for various applications, specially, in

microelectronic devices and gas separation.18,19 Reportedly, low
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dielectric constant polymer materials have been promisingly

developing, mainly including aromatic (heteroaromatic) poly-

mers, silicon-containing polymers, fluorinated polymers,

porous polymers, etc. As for aromatic polymers, polyimides,

polynitriles, SiLK resin, benzocyclobutene resins, poly(binaph-

thylene ether), polydiphenyl, and polyquinolines have been

widely investigated.20,21 Expectedly, PAEKs could fall into this

category, however, the reported PAEKs for dielectric materials,

such as PEEK, PEEKK, and PEEKDK are suffering from unde-

sirable solubility.22 Herein, soluble PAEK with low dielectric

constant as well as thermal stability might further expand the

diversity of materials for microelectronic devices. In addition,

aromatic polymers such as polysulfones, polycarbonates, poly-

arylates, poly(aryl ketone), poly(arylene ether)s, and polyi-

mides as gas separation materials have been widely studied for

applications.23,24 However, investigation on gas permeation

properties of PAEKs as a family of polymers is almost unex-

plored. Only few reports available on gas permeability of

PAEK based on bulky side group indicated that it is suitable to

candidate for gas separation application.25 According to gener-

ally accepted model26,27 for the gas permeation, the present of

bulky groups in the backbone or as substituents tend to induce

high free volume and therefore result in high permeability.

Meanwhile, rigid polymer backbone with restricted segmental

mobility tends to high selectivity.28 Aromatic polybenzimida-

zoles (PBIs), a class of excellent high-performance linear ther-

moplastic polymers with Tg’s of 425–435�C, have been

evaluated for their potential usage for dielectric capacitors, gas

separation, and fuel cell polyelectrolyte in high tempera-

ture.29–31 Along this line, possibly, by introducing of benzim-

idazole moiety into PAEKs, it might help to fabricate a high-

performance polymer material.

Based on the above strategy, novel PAEKs were fabricated by

combining the arylene–ether–ketone and benzimidazole moi-

eties together in one main chain, to develop a novel soluble and

thermally stable polymer. Effects of benzimidazole moieties on

inherent viscosities, solubility, and thermal stability were dis-

cussed. Simultaneously, dielectric and gas permeation properties

were evaluated for applications.

EXPERIMENTAL

Materials

4,40-Difluorobenzophenone (DFBP) was purchased from Song-

sheng Chemical Company and recrystallized from absolute etha-

nol before used. 2,20-bis(4-hydroxy-phenyl)propane (BPA) was

used as received from Sinopharm Chemical Reagent Co. The

synthesis of 5,5-bis[2–4(-hydroxyphenyl)benzimidazole] (HPBI)

was synthesized according to the literature.32 Potassium carbon-

ate, toluene, N,N-dimethyl acetamide (DMAc), N,N-dimethyl-

formamide (DMF), and methanol were obtained from

commercial sources, and were used as received.

Polymer Synthesis (in Case of PAEK-co-20%BI)

The synthetic scheme of poly(arylene ether ketone-co-

x%benzimidazole) (PAEK-co-x%BI) is illustrated in Scheme 1.

A series of polymers having different HPBI content was synthe-

sized by varying the mole ratio of two diphenol aromatic

monomers. In this article, notation PAEK-co-x%BI will be used,

where x% (20, 40, 60, and 80%) denotes the mole percent of

HPBI with respect to the total amount of diphenol aromatic

monomers in the feed. In a typical polycondensation procedure

(in case of PAEK-co-20%BI), into a three-neck flask charged

with a mixture of 2.1820 g of DFBP (10 mmol), 1.8263 g of

BPA (8 mmol), 0.8369 g of HPBI (2 mmol) in 70 mL DMAc

using 11.5 mmol of K2CO3 as catalyst, and 35 mL toluene as an

azeotropic agent to remove produced water during the reaction.

The reaction mixture was heated to 140�C for 4 h under nitro-

gen atmosphere. After dehydration and removal of toluene, the

reaction mixture was heated to about 160�C. After 3 h, when

the solution viscosity increased apparently, proper amount of

DMAc was added to dilute the solution, and the reaction mix-

ture was heated to 160�C for 16 h. The resulting viscous solu-

tion was then cooled down to room temperature, and

precipitated in an excess of methanol. The precipitation was fil-

tered, washed with hot deionized water and hot ethanol

Scheme 1. Synthesis of poly(arylene ether ketone-co-x%benzimidazole). [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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alternately to remove residual solvent and salt, and finally dried

under vacuum at 80�C for 24 h.

Membrane Preparation

5% (W/V) polymer solutions were prepared by dissolving

PAEK-co-x%BI in DMAc, respectively. The polymer solutions

were filtered through 0.45 lm Teflon microporous membranes

to remove undissolved materials or dust particles, and casted on

glass plates at ambient temperature. After slow solvent evapora-

tion at 60�C for 12 h, films were elevated to 90�C and kept for

6 h. To get rid of the residual solvent completely, the films were

further vacuum-dried at 110�C for 12 h, then peeled off. Mem-

brane samples are of 40–50 lm in thickness.

Instruments

Proton nuclear magnetic resonance (1H-NMR) spectra was

recorded on a Bruker Avance III 500MHz spectrometer using

DMSO-d6 as a solvent. IR spectra of copolymer samples were

recorded by attenuated total reflectance Fourier transform infra-

red spectroscopy (ATR-FTIR) using Nicolet 6700 FTIR-

spectrometer. Thermogravimetric analysis (TGA) was performed

on a TGA Q50 V6.7 instrument with a heating rate of 20�C
min21 in N2 and air. Each sample was preheated from room

temperature to 180�C, and held for 30 min to remove the

absorbed moisture, followed by cooling to 100�C. Differential

scanning calorimetry (DSC) was measured on a TA DSCQ200

instrument (heating rate of 10�C�min21 in N2). First-order

transition temperatures were reported as the minima of their

endothermic peaks during second heating. Dynamic mechanical

analysis (DMA) was performed on a TA Instrument DMA 2980.

The analyzer was run in tensile mode at a frequency of 1 Hz

and a heating rate of 5�C min21 from 25 to 280�C with a

helium purge. The tests of dielectric constant were carried out

on a DS6000 DETA Tesla machine at a frequency spectrum of

0.1–50 kHz at 25�C.

Measurements

An Ubbelohde viscometer (capillary diameter is 0.6–0.8 mm)

was employed to determine the inherent viscosity. A 0.5 g dL21

solution was obtained by dissolving the copolymer in DMF, of

which the inherent viscosity was measured at 25�C (the temper-

ature of solution). The inherent viscosities were calculated by

using the following equation:

ginh5
ln ðt=t0Þ

C
(1)

where ginh is the inherent viscosity, C is the concentration of

polymer solution, and t, t0 are the time of polymer solution

and pure solvent flowing through the capillary of the Ubbe-

lohde viscometer, respectively.

The gas transport properties were measured by using variable

pressure (constant volume) method. Permeation properties of

H2, O2, N2, and CO2 were measured. Ultrahigh-purity gases

(99.99%) were employed for the experiments. The details of

measurement were followed our previous work.33,34 One

approach used to estimate the permeability coefficients of poly-

mers was illustrated as follows12:

ln P5u1ln P11u2P2 (2)

where P is the permeability coefficient, u is the mole fraction

and subscripts 1 and 2 refer to the two homopolymers,

respectively.

RESULTS AND DISCUSSION

Synthesis and Characterization of PAEK-co-x%BI

Polymers of PAEK-co-x%BI were synthesized according to

Scheme 1 described in Polymer synthesis (in case of PAEK-co-

20%BI) section, respectively. Yields, listed in Table I, of all

copolymers are higher than 89%.

Typically, PAEK, PAEK-co-40%BI, PAEK-co-60%BI, and PAEK-

alt-BI were characterized by ATR-FTIR, respectively. As it shown

in Figure 1, absorption bands 1642 cm21 are assigned to

stretching vibration of C5O groups, while bands at 1625, 1591,

and 803 cm21 are assigned to the characteristic peaks of benz-

imidazole rings. Also, it could be seen that the intensities of the

two bands at 1625 and 803 cm21 increase for the increased

Table I. Physicochemical Properties of PAEK-co-x%BI Copolymers

Polymer DMAc a DMF b NMP c DMSO d CHCl3 e THF f C6H6
g H2O ginh (dL g 21) Yield (%)

PAEK 1 h S i 1 2 j 1 1 1 2 0.57 90.5

PAEK-co-20%BI 1 1 1 2 S 1 2 2 0.57 91.7

PAEK-co-40%BI 1 1 1 S 2 S 2 2 0.58 90.2

PAEK-co-60%BI 1 1 1 1 2 S 2 2 1.32 92.8

PAEK-co-80%BI 1 1 1 1 2 2 2 2 1.01 91.7

PAEK-alt-BI 1 1 1 1 2 2 2 2 0.74 89.1

Tests were carried out in 0.5 g dL 21 solution in DMF at 25�C.
a N,N-Dimethylacetamide.
b N,N-Dimethyl-form-amide.
c N-Methyl-2-pyrrolidone.
d Dimethyl sulfoxide.
e Trichloromethane.
f Tetra-hydrofuran.
g Benzene.
h Soluble.
i Swollen.
j Insoluble.
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content of benzimidazole moiety, the results are consistent with

the proposed structure in our previous reports.35,36 Absorption

bands at 1242, 1158, and 927 cm21 are attributed to the vibra-

tion of C–O–C groups, and vibration of aromatic rings in Ar–

O–Ar and Ar–CO–Ar, respectively.

Chemical structure of polymer was further confirmed by 1H-

NMR in DMSO-d6. Figure 2 shows the signal assignments in

the field region of 1.5–14.0 ppm for PAEK, PAEK-co-80%BI,

and PAEK-alt-BI, respectively. A peak at 13.0 ppm correspond-

ing to N-H proton (denoted as H3) indicates the presence of

imidazole ring in both PAEK-co-80%BI [Figure 2(b)] and

PAEK-alt-BI [Figure 2(c)], which is in line with literature

reported.37 For PAEK-co-80%BI and PAEK-alt-BI, as increasing

the content of benzimidazole moiety in the main chain, inten-

sities of peaks at 7.23 (H1), 8.28 (H2), 7.95 (H4), 7.76 (H5),

and 7.59 (H6) ppm increased, respectively. In addition, peaks at

1.71 (H10) ppm [Figure 2(c)] corresponding to C–H proton of

methyl groups in PAEK-co-80%BI was observed while disap-

pearing in PAEK-alt-BI, further verifying the chemical structure

of PAEK-co-x%BI. Specially, integration of 1H-NMR signals was

used to evaluate the actual bi-benzimidazole (monomer of

HPBI) content (BBC) in copolymers. The integration values of

two types of peaks (H3 and H10) were calculated by using the

following equation:

BBC5
33H3

33H31H10

� �
3100% (3)

For example, the BBC of PAEK-co-80%BI was calculated as the

value of around 74%, the calculated value agreed well with the

theoretical one. Overall, the two methods used for structure

characterization demonstrate that the target product was

obtained.

Solubility and Intrinsic Viscosity

The solubility of PAEK-co-x%BI was investigated in various sol-

vents at 25�C. Reportedly, the introduction of methyl groups in

PAEK could improve the solubility, especially in the case of all-

aromatic polymer.38 As it shown in Table I, PAEK without mod-

ification, could be dissolved in some polar aprotic solvents and

all other organic less polar ones. As expected, benzimidazole-

containing polymers (BBC> 40%) are quite soluble in DMAc,

DMF, and NMP, this trend is similar to those copolymers bear-

ing benzoxazole from Lee’s group.39 Interestingly, in DMSO, the

solubility of the PAEK-co-x%BI gradually enhances as the raise

of benzimidazole content, whereas it becomes insoluble in less

polar solvents such as THF, chloroform, and benzene. As it

reported that the interchain hydrogen bonding and the strong

Figure 1. FTIR spectra of PAEK, PAEK-co-40%BI, PAEK-co-60%BI, and

PAEK-alt-BI. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 2. 1 H-NMR spectra of PAEK, PAEK-co-80%BI, and PAEK-alt-BI.
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polarity of imidazole ring fatigue the dissolution of PBI in

organic solvents.31,37 Jana’s group40 reported that the initial

monomer concentration in polymerization mixture played an

important role in controlling the performance of PBI. In this

case, the good solubility of PAEK-co-x%BI may account for two

main aspects: (1) the instinctive DFBP or BPA moieties dilute

the concentration of benzimidazole units in the main chain,

meanwhile, the methyl groups are beneficial for solubility; (2)

the benzimidazole moieties possess both proton-donor (–NH–)

and proton-acceptor (–N@) hydrogen bonding sites and exhibit

specific interactions with polar solvents, making it readily dis-

solved in polar aprotic solvents for the solvation effect.

Intrinsic viscosities (ginh) were detected to evaluate the molecule

weight of polymers. From Table I, it is found that the ginh

attains its maximum at the content of 60%, then slightly

decreases as increasing benzimidazole moiety. The crystallization

effect of polymer segments leads to the precipitation of poly-

mers from DMAc (as solve) prior to the formation of high mol-

ecule weight products, therefore, the further increased rigid-rod

units might block this rising trend. This similar tendency was

reported by Jian’s and Hay’s groups.41,42 As for PAEK-co-x%BI

membranes, all of them are transparent and tough, indicating

that high molecule weight copolymers are obtained.

Thermal Stabilities

Thermal stabilities of PAEK-co-x%BI were determined by TGA

under the air and nitrogen atmosphere, respectively. Typically,

TGA curves in Figure 3 reveal that the weight loss onset of poly-

mers in air is at around 480�C, it is most likely attributed to the

decomposition of backbones. By incorporation of benzimidazole

moiety, thermal stabilities of copolymers increase gradually. For

example, in air, as benzimidazole content increased from 0 to

100%, the Tmax increased from 559 to 574�C (see Table II). The

elevated decomposition temperature could be ascribed to the

incorporated thermostable heterocyclic architecture, which

restricts the segmental mobility and hinders the chain rotation of

polymer chains.30 Similarly, Temperatures for 5% weight loss

(T5%) of copolymers in N2, are estimated to be a range of 459–

521�C, which are accordance with our prior report (around

470�C).35 The results could be compared with the phthalazinone-

containing PAEKs of 431–508�C in N2 from Cheng’s group.43

Obviously, all polymers in air show almost completed decompo-

sition with the char yields of near 0 underwent from 553 to

576�C, while in N2 estimated to be the char yields of 31.4–

60.4%. The increased char yield in N2, is due to the bigger mole

percent of benzimidazole moiety, suggesting that the target poly-

mers have been smoothly created also.

Figure 3. TGA curves (A and B) of PAEK-co-x%BI in air. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Weight Loss Temperature and Char Yield of PAEK-co-x%BI Copolymers

Polymer

T5%
a (�C) Tmax

b (�C) Cy
c (%)

In air In N2 In air In N2 In air In N2

PAEK 438 459 559 553 0 31.4

PAEK-co-20%BI 445 464 563 557 0 31.3

PAEK-co-40%BI 451 485 567 564 0 42.3

PAEK-co-60%BI 458 497 568 568 0 50.9

PAEK-co-80%BI 462 517 570 574 0 60.4

PAEK-alt-BI 487 521 574 576 0 59.9

a Temperature for 5% weight loss, heating rate of 20�C min 21.
b Temperature for the maximum weight loss rate, heating rate of 20�C min 21 .
c Char yield calculated as the percentage of solid residue after heating from 90 to 800�C.
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DSC and DMA Investigations

Tg was measured by DSC. From Figure 4, one can see that the

Tg’s of polymers widely rise from 157 to 319�C, depending on

the benzimidazole content, which are obviously higher than

commercial PEEK of 143�C,11 and simultaneously could be

compared to the phthalazinone-containing PAEKs of 162–

245�C,41 amino-functionalized PAEKs of 190–197�C.44 The high

Tg’s might be associated with two factors. One is that the intro-

duced rigid-rod benzimidazole units lead to the decreased tor-

sional mobility of backbones, because the additional repeat

moieties improve the energy barrier of segmental mobility.

Another one is due to the molecular packing structure governed

by both hydrogen bonds and p–p interactions inter- and intra-

molecularly.45,46 Besides, the unique Tg of each copolymer dem-

onstrates that polymers are amorphous.

The expected Tg’s of the random polymers were estimated by

the Fox eq. (4) as follows:

1

Tg
5

W1

Tg1

1
W2

Tg2

(4)

where W1 and W2 are weight fractions, Tg1 and Tg2 are the Tg’s

of two homopolymers, respectively. Surprisingly, as it illustrated

in Table III (Tg by DSC), the measured Tg’s are almost in line

with the calculated values by the Fox equation. However, the

calculated results from the Fox equation are slightly lower than

that of measured results. The deviation of Tg from the theoreti-

cal predictions in copolymers might be accounted for that the

hydrogen bondings between the N–H group of imidazole and

C@O of arylene ether ketone structure, providing the specific

interaction for intermolecular packing.45–47 On the other hand,

the difference of conformation between PAEK and PAEK-alt-BI

homopolymers may not be negligible.12,45,46

Dynamic mechanical properties were investigated by dynamic

mechanical analysis (DMA) from 25 to 280�C (due to the tem-

perature limitations of DMA equipment), to further confirm

the Tg’s of PAEK-co-x%BI. Figure 5 shows the curves of storage

modulus vs. temperature for PAEK, PAEK-co-20%BI, PAEK-co-

40%BI, and PAEK-co-60%BI. Four similar storage modulus

drops over the temperature range of 100–150�C are observed,

but there are different reasons for them. For PAEK, the storage

modulus drop was accelerated by the segment mobility of poly-

mer matrix when the testing temperature (around 150�C) got

close to the Tg (157�C, by DSC). As the temperature further

evaluated, storage modulus dropped dramatically at around

200�C again, indicating the viscoelastic state achieved. Similarly,

fall of storage modulus of benzimidazole-containing PAEK

occurred at around 150�C. However, unlike PAEK, the Tg’s

(194–265�C by DSC) of benzimidazole-containing PAEK are

much higher than 150�C (see Table III), it is concluded that the

rigid-rod backbones contribute less to the fall of storage modu-

lus at around 150�C, whereas, the drops possibly are due to the

damage of interactions (e.g., hydrogen bonds) in polymer

matrix. As increasing the temperature further, slight drops are

observed at around 190, 220, and 260�C, which are due to the

segment mobilities of PAEK-co-20%BI, PAEK-co-40%BI, and

PAEK-co-60%BI matrix, respectively. The results will be further

confirmed by Tg testing by DMA. Tg’s by DMA in Table III

Figure 4. Glass-transition temperature curves for PAEK-co-x%BI copoly-

mers. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table III. Tg’s of PAEK-co-x%BI Copolymers Tested by DSC and DMA

Polymer

Tg’s (�C)

By DSC

By DMAMeasured Calculated

PAEK 157 – 150

PAEK-co-20%BI 194 178 187

PAEK-co-40%BI 226 206 226

PAEK-co-60%BI 265 238 264

PAEK-co-80%BI 289 275 ND

PAEK-alt-BI 319 – ND

ND: not detected.

Figure 5. Storage modulus dependence of temperature curves for PAEK-

co-x%BI membranes. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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were obtained from tan d versus temperature plots (see Figure

6). One can see that the secondary relaxation peaks (around

120–150�C) appear and become more distinguishable as the

addition of the benzimidazole moiety, which are possibly related

to the specific interactions that have been discussed above from

Figure 5. Besides, the Tg’s detected by both the DMA and DSC

in Table III are tallying each other quite well. As expected, the

Tg’s are high enough to allow for high performance thermoplas-

tic processing treatment.

Dielectric Properties

Dielectric analysis (DEA) was performed as a function of fre-

quency ranging from 0.1 to 50 kHz at 25�C. As it shown in

Table IV, dielectric constants of PAEK-co-x%BI show a weak

frequency dependence, and tend to decrease slightly or stay

almost constant as the increased frequency over the setting

range. Reportedly, when a group of atoms with a permanent

dipole align are responding to an electric field, dipole polar-

ization will lead to the redistribution of charges. In particular,

alignment of permanent dipoles in solid state, requires rea-

sonably more time than that electronic or atomic polarization

at frequency of 109 Hz or even lower frequencies.48 In this

case, dielectric constants of PAEK-co-x%BI were tested far

below 109 Hz, therefore, the polarizable units of polymers

could orient fast enough to keep up with the oscillations in

the alternating electric field.49 Besides, alignment of polar

groups in electric field is generally varied with the changed

conformation of polymers. However, the Tg’s (157–319�C) of

heterocyclic architecture of PAEK-co-x%BI are much higher

than the testing temperature (25�C), these “frozen structures”

greatly restrict the segmental mobility and the chain rotation

in polymer matrix. It could be concluded that the limited

polar groups and their disturbed orientation (carboxyl and

imidazole groups), contribute greatly to the stable dielectric

constants.

No strongly polar groups or substituents contained in polymers

might be related to the considerably stable dielectric characteris-

tics.2,50 For PAEK-co-x%BI, there are both the polar carboxyl

and imidazole groups in the main chains, therefore, effects of

polar moiety on dielectric constants should be considered. As it

shown in Table IV, bisphenol-based PAEK shows relatively low

dielectric constants, it may result from the completely symmet-

rical structure of BPA moieties and the nonpolar methyl groups

as well as the free volume caused by the space-occupying meth-

yls in polymer matrix.20 Interestingly, for all polymers at the

same frequency, dielectric constants of PAEK-co-20%BI firstly

decrease, it might be due to that the rigid-rod benzimidazole

structure firstly disorganized the arrangement of PAEK-co-

20%BI matrix and led to the increased free volume, when com-

pared to PAEK. However, as the benzimidazole moieties further

increasing from 40 to 100%, for example, the values gradually

increased from 2.32 to 2.66 at 0.1 MHz. This may be explained

by two aspects: (1) the polarity, where there are increased benz-

imidazole moieties with polar groups, would contribute to the

higher dielectric constants and (2) the interactions, for example,

hydrogen bonds help to compact the polymer matrix and

reduce the free volume.51 Thus, dielectric constant increases.

Dielectric constants (2.25–2.66) of PAEK-co-x%BI are lower

than that of commercial Ultem1000 (3.15, 1 kHz),52 and some

fluorinated PAEKs (2.70–8.82, 1 MHz,20 2.81–3.08, 1 MHz53),

suggesting that these polymers with high Tg’s might be potential

to many applications, such as in electronic packaging and cir-

cuit board.

Figure 6. Tan delta dependence of temperature curves for PAEK-co-x%BI

membranes. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table IV. Dielectric Constant (e) of PAEK-co-x%BI Membranes at Different Frequency

Membrane

Dielectric constant

0.1 kHz 0.5 kHz 1 kHz 5 kHz 25 kHz 50 kHz

PAEK 2.41 2.37 2.35 2.31 2.28 2.27

PAEK-co-20%BI 2.32 2.30 2.29 2.28 2.27 2.25

PAEK-co-40%BI 2.46 2.44 2.43 2.42 2.40 2.40

PAEK-co-60%BI 2.54 2.52 2.51 2.50 2.48 2.48

PAEK-co-80%BI 2.57 2.54 2.53 2.51 2.49 2.49

PAEK-alt-BI 2.66 2.61 2.60 2.57 2.55 2.54

Ultem 1000 – – 3.15 a – – –

a Tested at 25�C. The data were obtained from literature.52
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Gas Transport Properties

Amorphous polymers with high Tg’s are usually considered as

good materials for gas separation membranes.19 In this article,

intrinsic gas transport properties of PAEK-co-x%BI membranes

with high Tg’s were discussed. Table V summarized the perme-

ability coefficients and perm-selectivities (the ratio of pure gas

permeabilities) of PAEK-co-x%BI membranes. The testing tem-

perature was maintained at 35�C and the feed pressure was 0.2

MPa. One could see that the gas permeabilities tend to decrease

slightly or stay almost constant as the raise of benzimidazole

moieties, however, the selectivites of the gas pairs such as H2/

N2, O2/N2, and CO2/N2 are increasing, this might result from

those two methyl substitutions in PAEK that prevent the chain

packing and lead to a relatively larger free volume. As it

reported,30 PBI is considered to be a base polymer for existing

four nitrogen atoms per repeat unit, two of which has hydrogen

atom bonded to them, forming hydrogen bonding (N–H

group). In this case, the increased density of intermolecular

hydrogen bonds enhanced the molecular packing of polymer

matrix but reduced the openness and the free volume. As a

result, the inhibited segment mobility increased the selectivity.

It is also noted that the gas permeability coefficients decrease in

the following order: P(H2)> P(CO2)> P(O2)> P(N2), which

agrees well with the increasing sequence of kinetic diameters of

the gas molecules at critical temperature.54 It demonstrates that

these amorphous polymers are dominant of diffusion mecha-

nism when gas permeating. In addition, permeabilities by calcu-

lation (the black) based on eq. (2) and experiment (the red)

were described in Figure 7. It can be found that the experimen-

tal results of both plots are almost in agreement with the pre-

dicted values, indicating that chain-packing efficiency has a

prominent effect on the gas permeation properties.

Commercial Ultem1000 is amorphous thermoplastic aromatic

polyimide with a Tg of 217�C, containing ether (–O–) and iso-

propylidene [–C(CH3)2–] groups, which has been widely used

as gas separation membranes due to its superior strength and

chemical resistance.55–58 Obviously, the PAEK-co-x%BI poly-

mers have the similar groups and Tg’s to that Ultem1000, there-

fore, it would be worth to compare the permeability and

selectivity of PAEK-co-x%BI membranes with this commercial

one. From Table V, one can see that permeabilities of H2, N2,

O2, and CO2 from the two categories, are of the same order of

magnitude, while, selectivities of O2/N2, CO2/N2 are slightly

higher than that of Ultem1000. The results demonstrate that

this type of PAEK-co-x%BI polymers is potential material for

gas separation membrane.

CONCLUSIONS

A series of novel thermally stable PAEK-BIs with content-

tunable benzimidazole moiety were synthesized. All polymers

synthesized are amorphous in nature. High molecular weight

polymers could be readily achieved. These copolymers show

good solubility and high Tg’s ranging from 157 to 319�C. Mean-

while, the onset degradation temperatures (5% weight loss tem-

perature) are above 438�C in air and above 459�C in nitrogen.

The results demonstrate that the incorporation of benzimidazole

moiety into these polymers helps to develop a novel high

Table V. The Gas Separation Performance of PAEK-co-x%BI and Ultem 1000 Membranes

Membrane

Permeability (Barrer) a Selectivity (a)

H2 N2 O2 CO2 H2/N2 O2/N2 CO2/N2

PAEK 6.13 0.052 0.382 1.59 118 7.35 30.6

PAEK-co-20%BI 5.84 0.053 0.396 1.61 110 7.47 30.4

PAEK-co-40%BI 5.47 0.048 0.340 1.47 114 7.08 30.6

PAEK-co-60%BI 6.01 0.062 0.390 1.63 97 6.29 26.3

PAEK-co-80%BI 5.83 0.044 0.344 1.72 132 7.81 39.1

PAEK-alt-BI 5.84 0.038 0.315 1.50 154 8.28 39.5

Ultem 1000 6.04 b 0.052 c 0.380 c 1.45 c 163 b 7.31 c 27.8 c

a 1 Barrer 5 10 210 cm 3 (STP) cm/(cm 2 s cm Hg) 55.
b Tested at 25�C.
c Pure gas permeation measurements with 50 psia upstream for CO2, CH4, O2, and N2. Temperature: 35�C. 56

Figure 7. Permeability dependence of mole fraction of HPBI curves based on

calculated and measured values for PAEK-co-x%BI membranes. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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performance polymers for low dielectric constant (2.25–2.66)

and gas separation materials at high temperature.
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