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ABSTRACT: A series of hydrogen-bonded cardo poly(aryl ether ketone) copolymers were prepared by
polymerization from a mixture of phenolphthalein (PPH) and-Bi8(4-hydroxyphenyl)isobenzopyrrolidone (HPP)

with equivalent molar bis(4-nitrophenyl) ketone. The gas permeabilities,006 and N through copolymer
membranes were examined over a temperature range-af@I’C. In comparison with bisphenol A polysulfone
(PSF), all the homo- and copolymers exhibited similapermeability coefficients, but #N, selectivity coefficients

were more than twice as high as that of PSF. Of interest was the observation that, different from previous other
copolymers, the gas permeability in this study exhibited a sigmoid dependency on comonomer composition, and
the variation amplitude of gas permeability coefficients between wave trough (40 mol % HPP) and wave crest
(60 mol % HPP) was reduced with increased temperature. This peculiar phenomenon was interpreted according
to polymeric structural factors, including free volume, interchain distance, glass transition, secondary transition,
and the effect of temperature on interchain hydrogen bonds.

Introduction molar ratio of two components in copolymer, the effect of
o h decad | . b certain specific structural factor on gas permeability may be
ver the past two decades, many new polymeric mem Iranequantitatively investigated. On the other hand, from the energy
materials for gas separation e.merged., including poly(aryl saving point of view, in some cases, the membrane separation
ethe_r)s_,l,*“ polyarylateéf,ﬁ poly(1-trimethylsilyl-1-propyne)$? applications are operated at elevated temperature. The ideal
p_oly|m|des?*11 polyam|desl,2_ poly_nlcgrborneneé? and_poly(_2,6- polymeric materials for membranes used for gas separation
dr:methyl-l,4-l|c|)henylen(fa Ox'df)sl’ etc. Howevelr),_l!n sgne th should possess not only high gas permeability and high
the great collection of available gas permeability data, the selectivity but also excellent mechanical toughness and thermal
understanding of structurgoroperty relationship is still insuf- stability. In this regard, the study on temperature dependency
ficient. The previously published studies revealed that gas of gas transport prope'rties is of great importance
permeability through polymer membrane could be affected by Phenolphthalein-based cardo poly(aryl ether ketone) (PEK-

a variety of factors, S.UCh as ghemlca] structure of maln/ §|de C) has attracted much attention because of its properties such
chain, length and size of side chain, stereoconfiguration, S - . o

. . . o as thermooxidative stability, high glass transition temperature,
conformation, polarity, cohesive energy density, intra- and - -
interchain interaction, crystallinity, packing density, and glass good membrane-formation property, and gas permeability and

"  CTY A 9 Y, 0 9 selectivity. With an effort to further improve its gas transport
transition and secondary transition of polymer chafmns? In : . . ) X
properties, in our previous papers, a series of chemical

or_der to _synthe3|ze well-de_f_lned pO'Y”.‘efS possessing pr.edeter'modifications on PEK-C had been carried out. For example,
mined high gas permeability coefficienP)( and selectivity

coefficient (), more accurate knowledge of the specific function introducing different alkyl substituents onto phenyl ring to
: S 9 pect . _enhance the free volume of polymer, attaching pendent amide
of a single physical parameter on the gas permeation behavior

is essential for both the industrial and academic field. For the gnd ca(boxyl groups onto the F.)EK C backbone to yield
h . interchain hydrogen bonds, or manipulating the length/diameter
purpose of structureproperty relationship research, polymer - : .
structures must be carefully designed, in which it is desirable ratio of polymer repeat unit to change the regularity of polymer
Y gned, chain. The results demonstrated that the subtle variation in
that only one or two polymer structural parameters are system-

. . . RO | chemical structure could bring about significant effects on the
atically varied while maintaining other physical factors constant . . : . S .
to a great extent polymeric segmental mobility, chain packing density, interchain

. . interaction, and gas transport properii€¥:2” PEK-H is another

In comparison .W'th the large amount of reports on gas high-Ty (263 °C) cardo poly(aryl ether ketone) synthesized in
permeatlo_n behaw_or of_homopo_lymgrs at qmb|ent temperature,our laboratory, which has very similar chemical structure to
only relatively limited |[1;‘§)rmatlo_n IS avallqble on the gas PEK-C with an only difference in that PEK-H has a pendent
transport of gopolymer@, in particular the h|gh-temperat.ure. lactam group instead of a lactone group in PEK-C (Scheme 1),
gas permeation aspect. _Asamatter offact_, the copolymer_lzatlonwh”e the pendent lactam group can lead to PEK-H strong
modification can be a simple and convenient way to achieve a ; :
useful combination of the advantages of two polymers into a interchain hydrogen bonds.

In this study, the PEK-C/PEK-H random copolymers with

new polymer. Moreover, by means of precisely adjusting the o :
poly 0¥ P yad 9 comonomer composition from 0 to 100 mol % were synthesized
~using the same polycondensation condition. The gas transport
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Scheme 1. Chemical Structures of PEK-C and PEK-H Measurements. Reduced viscosities were measured using a
Homopolymers Ubbelohde viscometer at a concentration of 0.5% (w/v) in DMF at
PEK-C o 25+ 0.01°C.
8 The temperature-dependent FTIR spectra were recorded on a
(:( o Digilab FTS-20E FTIR spectrometer equipped with a heatable
/ copper accessory. Film samples ofif thickness were vacuum-
G dried at 180°C for at least 24 h before measurement. The

0 corresponding temperature for the desired measurement was
o o—@—g controlled manually. All spectra were baseline corrected.
N Glass transition temperaturek,¢) were determined on Perkin-
Elmer DSC-7 over a temperature interval of 30M0 °C at a
heating rate of 20C/min. Tgs were read at the middle of the change

0 in the heating capacity. A simple method to estimateTealues
PEK-H 'é\ of random copolymers by the Fox equation is as follg#s:
NH
(:( 1w W

¢ Tt @
Tgl ng

/
0
+0 wherew; andw, are the weight fractions anf, and Ty, are the
n

glass transition temperatures of two homopolymers.

Wide-angle X-ray diffraction (WAXD) measurements were
changing the number and distribution of lactam groups in the performed at room temperature (about’5 on a D/Max-B X-ray
polymer backbone were expected to yield interesting effects on diffractometer, using Cu KR radiation at a wavelength of 1.54 A
conformation, molecular motion, and aggregative structure of (40 kV, 15 mA). The scanning rate wa¥@in over a range of 2
polymer chains and, hence, should significantly influence the = 5°—40°. ) )
gas permeation behavior through polymer membranes. The study Dynamic mechanical thermal analysis (DMTA) was performed
methods include temperature-dependent FTIR spectroscopyl?n film Samflgezus'”% RiEOVIBRON-[f)}g)/-I_I-E(JapiuI)S,Oat a
X-ray diffraction, density measurement, differential scanning requency o z and a heating rate of@/min from to

lori d . hanical th | vsi d 350 °C. The preparation and after-treatment of the film samples
calorimetry, dynamic mechanical thermal analysis, and gas 5.6 completely same as that used for the gas permeability measure-

permeability measurement. ment.
) ) Polymer densities were determined in film sample in a density
Experimental Section gradient column containing aqueous solution of calcium nitrate at

Materials. Phenolphthalein (PPH) was purchased from Beijing 30+ 0.1°C. o
Chemical Works and purified by recrystallization from 50:50  Free volume Yg) of each of the polymers is given by the

(v/v) mixed solvent of ethanol and water (mp 26263 °C); following equation:

bis(4-nitrophenyl) ketone (DNDPK) was prepared in our laboratory

(mp 189-190 °C); bis(4-chlorophenyl) sulfone (DCDPS) was Ve=Vr =V, @
purchased from the Beijing Chemical Plant and purified by

recrystallization from ethanol; dimethyl sulfoxide (DMSO) axigh- where Vr is specific volume, which can be calculated from the

dimethylformamide (DMF) were purified by vacuum distillation ~ polymer density determined/, is the polymer occupied volume

just before use; anhydrous potassium carbonate was finely powderedn 0 K and was obtained according to the group contribution method

prior to use; 3,3bis(4-hydroxyphenyl)isobenzopyrrolidone (HPP)  of Sugder®

was prepared in our laboratory according to ref 28. Pure gas permeability coefficients over the temperature interval
Al the poly(aryl ether ketone) homopolymers and copolymers ©0f 30—100 °C for Hz, O, and N> were measured by a vacuum

were prepared via nucleophilic polycondensation in DMSO using Manometric method with an upstream pressure of 5 atm. The

K,CO; as catalyst. A typical procedure for PEK-C/PEK-H copoly- Permeation cell temperature was controlled witki.2 °C and

mer with 50 mol % of HPP content was described as follows: to Was measured by a calibrated-Gwonstantan thermocouple inserted

a solution of 4.1462 g (0.03 mol) of anhydrousGOs, 12 mL of just above the membrane in the permeation cell. All the gases used

toluene, and 11.8 mL of DMSO, 4.8052 g (0.015 mol) of PPH and here were atlleast 99.99% in purity. The per_meablllty coefficient

4.7749 g (0.015 mol) of HPP were added. A slow stream of nitrogen (P) was obtained from the slope of pressttiene plots after a

was maintained throughout the whole reaction. The temperature Steady state has been reached. The ideal separation fagtgrdf

was raised to 140C to remove water formed by azeotropic 9as A over another gas B is given by the equation

distillation with toluene for about 2 h, and then the toluene was

distilled out and temperature was raised gradually to 1@5 0pg = Pa/Pg = (Da/Dg)(Si/S5) 3)

allowed to react at this temperature for an additional 2 h, and finally

a viscous solution was obtained. After cooling, it was diluted with  whereP, andPg are the permeability coefficients for gases A and

DMF and settled overnight. The supernatant liquid was coagulated B, respectively.

in mixed precipitant of ethanol and water to separate the white

polymer. The polymer was washed successively with boiling water Results and Discussion

to remove the inorganic salt and dried in air at T@for 12 h. Physical Properties.PEK-C and PEK-H homopolymers and
As a comparison, the bisphenol A polysulfone (PSF) was yheir ‘copolymers were synthesized via solution nucleophilic

prepared f(;?.m b|s§heno| A with bis(4-chlorophenyl) sulfone inthe v o densation at the same reaction condition. The copoly-

same condition above. mers prepared here were named as PEK-AB, in which A and B

Dense Film Preparation.The polymer samples were dissolved .
in DMF to form a solution of 10 wt %, which was cast onto a WaS described as the molar percentage of PEK-C and PEK-H

clean glass plate at 60 in an oven for 8 h. After most solvent ~ COMponents, respectively. The reduced viscosities for all the
evaporated, the film was stripped from glass plate and transferredPolymer samples were controlled to a narrow range of 6.52

to vacuum oven and dried further at 200 and 10 mmHg for 48 0.61 dL/g so that an effective physical properties comparison
h. Films thick were 4550 um. could be made only based on the molecule structure. The
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Figure 1. Comonomer composition in PEK-C/PEK-H copolymers HPP (mol%)

measured by IR spectroscopy. Figure 3. Glass transition temperatures as a function of comonomer
composition.
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Figure 2. Temperature-dependent FTIR spectra of PEK-H. Figure 4. Relationship between permeability coefficients and HPP

content: @) Hy; (M) Oy (x) N2
copolymers showed characteristic IR absorptions of BO—
Ar at 1645 cn1t, Ar—O—Ar at 1245 cni?, lactone carbonyl at  indicating that the interchain hydrogen bonds restricted the
1772 cn1?, and lactam carbonyl at 1701 ¢ The comonomer  segmental motion ability. All the DSC curves for copolymers
compositions were quantitatively measured using the integratedshow a singleT, transition, which increased steadily with the
peak area of two characteristic absorptions of 1772 and 1701Hpp content. However, as shown in Figure 3, the experimental
cm~%, which were well consistent with the feed ratios (see T, values obtained from DSC measurements (solid line) were
Figure 1). higher than those calculated from Fox equation (dashed line),
The occurrence of hydrogen bonding in PEK-H was con- exhibiting the positive deviation from the linear additive rule.
firmed by temperature-dependent FTIR spectroscopy. Since theSimilar phenomena have also been observed for other random
hydrogen bond between-NH and carbonyl oxygen of lactam  copolymer system, such as 6FDA-DDS/6FDA-6FAP copoly-
group weakened the force constant 6FQ double bond, the  imides! as well as miscible blends of polymers, such as the
carbonyl absorption was found to shift toward a lower wave- blends of poly(amic acids) with poly[2:Zm-phenylene)-55
number. As shown in Figure 2, the broad carbonyl absorption bibenzimidazolef? poly(p-vinylphenol) with poly(2-vinylpy-
in the vicinity of 1701 cm! at ambient temperature could, in  ridine)-blockpoly(ethylene oxideJ> PHFA with poly(butyl
fact, be resolved into two peaks. The peak at 1710%cwas methacrylate), and poly(styreme-vinylphenylbis(trifluorom-
related to free €O stretching vibration and the peak at 1694 ethyl)carbinol) with polycarbonate systedfsetc. The main
cm-* to hydrogen-bonded-<€0 stretching of the lactam group.  reason for the upper convex form of tfi& diagram was
Upon heating the sample from 25 to 160, the 1694 cm! explained as strong hydrogen-bonding interactions.
absorption shifted toward high frequency, and a sudden drop  Gas Transport Properties.Gas permeability and selectivity
in intensity took place. The drop in intensity was due to the coefficients of three gases through the homopolymer and
enhanced polymeric segmental mobility at high temperature, copolymer membranes are summarized in Table 1. The gas
which broke some of the associated hydrogen bonds and led totransport properties of PSF membrane were measured with the
the decreased number of hydrogen bonds. same parameters and also listed as a comparison. All the
The DSC measurements gave the glass transition temperaturepolymers had similar K permeability coefficient, but KN,
of PEK-C and PEK-H of 218 and 263, respectively. As a  selectivity coefficients were more than twice as high as that of
measure of the rigidity of the polymer chain, the glass transition PSF, exhibiting potential in #N, separation application. A
temperature of PEK-H is 48C higher than that of PEK-C,  number of literatures have revealed that separation of smaller
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nitrogen through polymer membrane is mainly affected by the
packing density and segmental motion ability of the polymer 4100 0 100 200 300
chain. High permeability is primarily caused by more free o
volume, while significant increase in gas permselectivity is Temperature (°C)

mainly due to restricted segmental motf§n3® The above Figure 5. Tano as a function of temperature for the four polymers:
conclusion could be used to explain the reason for the high gasgagzg.lz(%'%’E&J_)HpEK'ZOSO’ (c) PEK-4060; (d) PEK-6040; (e) PEK-
selectivity coefficients of this series of copolymer membranes. ' '

The pendent bulky polar cardo group led to PEK-C and its Table 2. Dynamic Mechanical Analysis Data of the Polymers Studied

Table 1. Gas Transport Properties of Copolymers at 30C
P (barrer) o
sample H (0} N2 H2/N2 O2IN;
PEK-C 11.7 0.952 0.154 76.0 6.18
PEK-1090 10.5 0.867 0.140 75.0 6.19 f
PEK-2080 10.4 0.786 0.125 83.2 6.29
PEK-3070 9.74 0.734 0.0938 103.8 7.82 e
PEK-4060 8.71 0.630 0.0828 105.2 7.61
PEK-5050 9.95 0.731 0.103 96.6 7.10
PEK-6040 13.8 1.11 0.168 82.1 6.61
PEK-7030 11.5 0.904 0.128 89.8 7.06 d
PEK-8020 11.4 0.861 0.140 81.4 6.15 c
PEK-9010 10.4 0.748 0.106 98.1 7.06
PEK-H 9.91 0.663 0.0935 106.0 7.09
PSF 10.4 1.24 0.209 49.8 5.93
b
molecules such as hydrogen from larger molecules such as
a
M M T M 1 M T M L) M

copolymers very stiff polymer chain structure as demonstrated sample T4(°C) T4(°C) T,(°C)
by its higher glass transition temperature than PSF. Especially,

. IS : PEK-C 244 49 —-78

after introducing interchain hydrogen bonds, the segmental  pgk_.o040 251 54 82

motion ability was seriously inhibited, which could be respon- PEK-4060 259 78 —59

sible for their high gas selectivity than that of PSF. PEK-6040 264 64 —102

H,, O,, and N are nonpolar gases, and there are not special Egﬁ:ﬁozo 228791 766? :gg

interactions between gas and polymer backbone. For each

membrane, the permeability obias the highest, and followed  measurements, the membrane samples were in glassy state, and
sequentially by @and N, which was the same as the order of  their long-range micro-Brownian motion in molecular chain had
gas kinetic diameteroy, (2.80 A) < oo, (3.46 A) < oy, been frozen, but secondary transitions were still active. As a
(3.64 AyS—but different from the tendency of critical temper-  consequence, the gas permeability through polymer membrane
ature—Teo, (154.6 K) > Teqn,) (126.2 K) > Teqy (33.2 K)1© should be more closely related to the secondary transition other
Therefore, the gas permeabilities through copolymer membraneshan glass transition. For poly(aryl ether ketone) copolymers,
are primarily governed by the kinetic factors, such as kinetic they transition involved the motion of pendent lactone or lactam
diameter of gas molecule, interchain spacing, packing density, groups occurring at abott80 °C, while the transition at about
and mobility ability of polymer chains. 60 °C was associated with the motion of phenyl rings in the
Usually, for random copolymers, the relationship between polymer backbone around the-© bond, which had also been
logarithm of permeability and copolymer composition followed observed in related poly(aryl etheffs** The interchain hydro-
the linear additive rule: I = ¢a In Pa + ¢z In Pg, whereg gen bonds between lactam groups inhibited the free motion of
is the volume fractionP is the permeability coefficient, and  pendent lactam groups, resulting in PEK-H the higher he
the subscripts A and B refers to the two homopolyniérd.*? transition temperature in comparison with PEK-C.
Nevertheless, in this study, it was surprisingly found that, for ~ Further careful observation on DMTA curves revealed that,
all the gases of bl O,, and N, the permeability-composition for PEK-2080 and PEK-4060, there was only a single sharp
relationships exhibited sigmoidal curves, appearing the minimum glass transition, indicating the homogeneous distribution of HPP
value at 40 mol % HHP and maximum at 60 mol % HPP, which in the polymer chain. However, for PEK-6040, the glass
was not in agreement with the additive rule (see Figure 4). To transition peak was apparently broadened, and a slight shoulder
our knowledge, up to now, the sigmoid variation of gas seemed to appear on the lower temperature side of glass
permeability with copolymer composition is rather rare in the transition. This phenomenon could be attributed to the hetero-
literature. geneity of the HPP moiety in the polymer chain owing to the
Structure —Property Relationships. The DMTA curves for different reactive activity between PPH and HPP. Although PPH
homo- and copolymers are illustrated in Figure 5. The peak and HPP have similar chemical structures, their reactive
where internal friction (tard) went through a maximum was mechanisms are very different. PPH monomer contains the
corresponded to glass transition. Other relaxation transitions onphthalide group and is usually used as an atidse solution
the lower temperature side of glass transition were designatedindicator. In the KCOs/DMSO polymerization solution existed
as andy transitions. Since all the film samples had been the acid-base equilibrium (Scheme 2). During the course of
treated by annealing, thfeandy transitions should not be caused polymerization, PPH was present in the form of quinoid and
by nonequilibrium packing defects of polymer chains but were phenolic isomers, and the equilibrium shifted toward the left
attributed to the small molecule unit rotational movement around with the polymerization proceeding, while HPP bisphenol
the flexible bond in the polymer chain. As shown in Table 2, monomer did not need to go through the isomerization and could
all the polymer samples had the glass transition temperaturedirectly polymerize with bis(4-nitrophenyl) ketone. Therefore,
above 244°C. In the temperature range of gas permeability HPP was more reactive than PPH. The effect of difference in
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Table 3. Packing Density Data of PEK-C/PEK-H Copolymers

PPH/HPP p Vasc Vo Ve 1IVe
(mol % ratio)  (g/cm®)  (cmf/g)  (cmP/g)  (cmPlg)  (g/cn®)

100/0 (PEK-C) 1.249 0.801 0.603 0.128 7.87

90/10 1.250 0.800 0.675 0.125 7.94
80/20 1.245 0.803 0.676 0.127 7.81
70/30 1.255 0.797 0.677 0.120 8.33
60/40 1.261 0.793 0.678 0.115 8.70
50/50 1.253 0.798 0.679 0.119 8.40
40/60 1.229 0.820 0.681 0.139 7.19
30/70 1.238 0.814 0.682 0.132 7.56
20/80 1.241 0.808 0.683 0.125 8.00
10/90 1.247 0.806 0.684 0.122 8.26

0/100 (PEK-H) 1.250 0.802 0.685 0.117 8.57

reactive activity on sequence distribution of copolymer was not
obvious at low HPP content, e.g., lower than 40 mol %.
Nevertheless, when HPP content was increased to over 50%,
in the initial polymerization stage, HPP tended to enrich in the —
copolymer chain and eventually lead to the heterogeneous 5 10 15 20 25 30 35 40 45 50 55 €0
distribution of the HPP moiety in copolymer backbone. The 2 Theta [deg]

local aggregation of intermolecular hydrogen bonds owing to
lactam groups in HPP moiety restricted the effective packing
of nonassociated polymer segments, while the loose chain
packing was favorable for the motion of side group. As a result,
PEK-6040 showed the lowest transition temperature of
—102 °C, while PEK-4060 had the highegttransition tem-
perature of —59 °C among the copolymers studied (see
Table 2).

Intermolecular hydrogen bonds due to the lactam groups
yielded a significant effect on the packing density of copolymers,
but the change trend of packing density with HPP content was
not monotonic. As seen in Table 3, in the initial stage, the free
volume steadily decreased with the HPP content until appearing
at the minimum value at 40 mol % HPP, then increased suddenly
at 50 mol %, reached its maximum at 60 mol %, and decreased oy
again afterward. The possible reasons for this peculiar packing 72 76 80 84 88
density-composition dependency behavior may be due to the v 3

e : . (g/em’)
synergistic effect of two opposing factors. Generally speaking, F
the introduction of strong interchain hydrogen bonds is advanta- Figure 7. Correlation between permeability coefficients and/rlaf
geous for dense chain packing, showing a decreasing free“POYmers.
volume with the increase of number of hydrogen bonds, and SO scheme 2. Isomerization of Phenolphthalein (PPH) in KCO;

Figure 6. WAXD patterns of the homo- and copolymer membranes.

10°F W

10"k \.\.\L'”\’N_‘\

P (cm*(STP)cm/cm’sec cmHg)

it did when the HPP content was below 40%. On the other hand, Solution
the introduction of interchain hydrogen bonds seriously inhibits o o
the chain motion ability. For the PEK-C/PEK-H copolymer CQ U ok
system, the lactam groups were distributed randomly along the O
backbone of polymer chain, simultaneously consisting of ©< / KoCOs C(
C

hydrogen-bond associated and nonassociated polymer segments. C\
The local interchain hydrogen bonding hindered the effective
packing of nonassociated polymer segments, forming the looser /(j ©\ )@( Q
and more disrupted chain packing region. When the HPP content #© OH HO o

increased to over 40%, as already pointed out in DMTA gmgller angle again for PEK-H, exhibiting zigzag variation (the
polymer backbone was more random, and the later factor played|_:,r(fjlggyS equation:d = /(2 sin 6), with & of maximum of
the main role. The free volume increased with HPP content and amorphous halo. The-spacings thus obtained are usually taken
reached the highest value at 60 mol % HPP. as the average interchain spacings and used as a measure of
Supporting evidence was also from wide-angle X-ray dif- the openness of chain packing. Apparently, the variation of
fraction results. The WAXD diffractograms for homopolymers d-spacings was consistent with the trend of free volume results.
and two copolymers of PEK-6040 and PEK-4060 are illustrated  Previous reports had shown that gas permeability coefficients
in Figure 6. It can be seen that all the samples had similar for a given gas in different polymers can be correlated well
diffraction patterns and displayed amorphous structure due towith the free volume of the polymer according to the following
the presence of bulky pendent cardo groups. However, comparedelation#>-47 P = Ae BVF in which the parametera and B
to other three samples, the pattern for PEK-6040 was obviously depend on the type of gas. As illustrated in Figure 7, the gas
broadened. Furthermore, relative to PEK-C, the diffraction halos permeability coefficients for | O, and N were linearly
of PEK-4060 shifted toward a smaller diffraction anglé&);2 correlated well with the inverse of free volume, indicating that
then the larger angle for PEK-6040, and finally toward the chain packing efficiency played a prominent role on the gas
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Figure 13. Relationship between\bermeability coefficients and HPP

permeation behavior. Consequently, the unusual sigmoid rela-content at different temperaturesx)(30, @) 60, (a) 80, and @)

tionship between gas permeability and copolymer composition

could be due to the fluctuation in packing density, caused by constant, andE, is the apparent activation energy, which can

the interchain hydrogen bonds and change of components inbe calculated from the slope of Arrhenius plots. The apparent

backbone. activation energy data together with the gas permeabilities at
Temperature Dependence of the Gas Permeation Behav- 60 and 100°C are listed in Table 4. Generally, densely packed

ior. As shown in Figures 810, the relationships between gas polymers have less unoccupied “free” space and require larger

permeabilities through polymer membranes and absolute tem-segmental motions to open a sufficient passageway for perme-

perature were consistent with the Arrhenius equati®h= ation. As a consequence, among these three gaseshibited

Poe &/RT, where Py is a preexponential factoR is the gas the highest permeation activation energy because of its largest
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Table 4. Gas Apparent Activation Energy and Permeability at High-Temperature Data of PEK-C/PEK-H Copolymers

E, (kJ/mol) 60°C 100°C

sample H 0, N> H> OlH,/N, 02 0LO,IN, Hz OlH,/N, 07] 0LO,/N,

PEK-C 13.3 14.9 19.3 17.3 60.9 1.51 5.32 25.4 47.3 2.39 4.44
PEK-1090 12.5 13.1 15.0 16.4 63.3 1.38 5.33 24.2 50.1 2.18 451
PEK-2080 12.8 14.5 19.3 15.6 66.2 1.27 5.38 22.7 51.7 2.01 4.58
PEK-3070 13.2 14.9 21.9 14.9 69.2 1.16 5.42 21.7 54.2 1.84 4.59
PEK-4060 13.9 15.0 22.8 14.5 71.4 1.12 551 21.2 55.2 1.78 4.64
PEK-5050 12.9 14.7 20.9 15.7 67.5 1.20 5.17 23.1 52.2 1.99 4.49
PEK-6040 12.0 12.5 17.8 18.2 64.5 1.55 5.50 25.6 51.3 2.29 4.58
PEK-7030 13.1 13.0 19.0 18.7 66.2 1.48 5.43 25.3 20.9 2.24 451
PEK-8020 12.5 13.5 17.8 17.5 66.9 1.40 5.36 24.4 51.2 2.07 4.35
PEK-9010 12.3 13.8 19.8 16.6 69.0 1.27 5.29 23.5 52.9 1.90 4.29
PEK-H 12.2 15.9 21.9 15.7 74.2 1.13 5.36 22.2 54.4 1.71 4.18

molecule kinetic diameter. PEK-4060, which has the smallest The DMTA data had shown that all the homo- and copoly-
free volume, showed the highest permeation apparent activity mers hagd andy transitions at the temperature around 60 and
energy. On the contrary, the loosely packed chain structure led—80 °C, respectively. When the measurement temperature
to PEK-6040 the lowest permeation activity energy. reached 60°C, the motions of pendent cardo groups and the
Similar to other glassy polymers, these membranes studiedphenyl rings in the polymer chain around the flexible @ bond
here displayed increased gas permeabilities along with thebecame active, leading to the break of hydrogen bonds and
elevated temperature in the measurement range-6160°C. decreased number of the hydrogen bonds with the increase in
For PEK-4060 as an example, compared to the gas transportemperature, which was responsible for the reduction of variation
data at room temperature, the permeability coefficients of H amplitude between wave crest and trough of sigmoid curve at
and Q at 100°C increased by 147% and 182%, respectively. raised temperature. The reason for the smooth reduction trend
Moreover, it is noteworthy that, even though the temperature from 80 to 100°C is that there was no obvious thermal transition
was increased to 100C, most of membranes still maintained in this temperature range. On the basis of the experimental facts,
quite high H/N; selectivity coefficients, which are even higher we can further postulate that, if the temperature could be raised
than that of bisphenol A polysulfone (PSF) at 30. The above the glass transition, the interchain hydrogen bonds might
simultaneously high gas permeability and selectivity coefficients completely break, and then the relationship of gas permeability
of this series of polymers are very useful for the high- copolymer composition would have also follow the linear
temperature gas separation application. additive rule. The sigmoid dependency of gas permeability on
Of interest was the observation that, similar to the trend at copolymer composition is only a special case for the present
30 °C, as shown in Figures #113, the gas permeability  hydrogen-bonded copoly(aryl ether ketone) membranes.
coefficients at 60, 80, and 1080C also displayed sigmoid
relationships with copolymer composition, but the variation Conclusions
amplitude between wave crest and trough reduced with the The physical and gas transport properties of homo- and
increase of temperature. The increasing percentdyes ¢as copoly(aryl ether ketone) membranes synthesized from phenol-
permeability coefficients for PEK6040 relative to PEK4060 were phthalein, 3,3bis(4-hydroxyphenyl)isobenzopyrrolidone, and
calculated from eq 4. For£10,, and N gases, upon increasing  equivalent molar bis(4-nitrophenyl) ketone were studied. It was
temperature, thé values decreased rapidly and then became found that the permeability coefficients did not follow the usual
relatively smooth between 80 and 100 (see Figure 14). property-composition additive rule. In the temperature range
of 30—100 °C, the gas permeability coefficients displayed
sigmoid relationships with copolymer composition, and the
variation amplitude between wave crest and trough was reduced
with the increase of temperature. By means of DMTA, X-ray
diffraction, density measurement, DSC, and temperature-de-

o PPEK604O_ PPEK4060
1 (%)=

x 100% (4)
l:)PEK406O

90 pendent FTIR methods, the study revealed that this peculiar
80 [ permeability-composition dependency behavior was attributed
I e to the synergistic effect of two opposing factors caused by the
ol interchain hydrogen bonds, and the hydrogen-bonding effect was
3 ! reduced with the increase of temperature.
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