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Abstract

This review article discusses mainly the relationship between the chemical structure of new macromolecules
synthesized for permselective membranes and their permselectivity, published over the period of twelve years,
from 1985 to June 1996. Therefore, this review deals with macromolecules having well-defined structures and with
permselective membranes whose separation mechanisms depend on the chemical structures of the membran
polymer. This review describes oxygen permselective membranes which concentrate oxygen in air, ethanol
permselective membranes which concentrate ethanol in dilute aqueous ethanol solution, and optical resolution
membranes which concentrate one enantiomer in racemates. In addition, permselective membranes whose perme
ability or permselectivity are controlled by external stimulation are also descrih&899 Elsevier Science Ltd.
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1. Introduction

This review article discusses mainly the relationship between the chemical structure of new macro-
molecules synthesized for permselective membranes and their permselectivities, from literature
published in the period 1985 to June 1996. This review deals with macromolecules having well-defined
structures and with permselective membranes whose separation mechanisms depend on the chemic
structures of the membrane polymer. This review describes oxygen permselective membranes whict
concentrate oxygen in air, ethanol permselective membranes which concentrate ethanol in dilute
agueous ethanol solution, and optical resolution membranes which concentrate one enantiomer ir
racemates. In addition, permselective membranes whose permeability or permselectivity are controlled
by external stimulation are also described.

1.1. Permselective membrane

1.1.1. Development from porous membrane to non-porous membrane [1]
There are many kinds of permselective membranes which are classified by the size of permeating patt
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Table 1

The classification of perselective membranes

Membrane Pore size (nm) Separation mechanism Membrane process
Porous membrane ca. 5-500 Sieving Microfiltration

Ultrafiltration
Poiseuille flow

Microporous membrane ca.1-5 Knudsen flow Reverse osmosis

Non-porous membrane No pores Solution—diffusion Pervaporation
Gas permeation

(hole) as shown in Table 1. Porous membranes separate substances based on sieving effect. In the
membranes, smaller substances or molecules permeate more rapidly than larger substances or molecule
and the separation mechanism is based only on the size of substances and on the permeating path (hole;
and the chemical structures and their nature do not affect the permselectivity. Therefore, macromole-
cular design is not related to the development or improvement of porous membranes. For example, even
in case of a porous membrane with small holes:@fnm diameter, oxygen/nitrogen mixture cannot be
separated because the permeation is governed by Knudsen flow. In this mechanism, since a permeability
is inversely proportional to the square root of molecular weight of the permeant molecule, the perms-
electivity of oxygen/nitrogen is close to unity.

In order to overcome this limitation, new membranes were designed whose separation mechanism
was based on a chemical interaction between a membrane material and a permeant. Such a membrane i
particularly effective for separation of a liquid mixture. However, when the chemical interaction is too
strong, the polymer membrane swells or dissolves in the permeant and the permselectivity disappears.
Nakao et al. solved this problem by using a filling-polymerized membrane [2]. The membrane is
composed of a porous substrate film which is inert to organic liquids and a filling polymer in the
pore of the substrate which is soluble in a specific solvent. The difference in solubility of the filling
polymer to permeant causes permselectivity and the substrate membrane restrains the swelling of the
filling polymer. This membrane separated a benzene/cyclohexane mixture in pervaporation. These kinds
of membranes whose mechanisms are based on the affinity between a permeant and a membrane
polymer have no holes and are therefore called non-porous membranes or dense membranes. In the
permeation through a non-porous membrane, permeating molecules first dissolve in the membrane
surface and then diffuse in the membrane. In this case, permeability coeffiBjerst éxpressed by
the product of solubility coefficient§) and diffusion coefficientld).

P=SxD

For non-porous membranes, the chemical structure and molecular motion of the membrane polymer
determine the separation performance. Therefore, it is important to design chemical structures which
increase the difference i8 and D between two molecules without decreasiBagand D. Accurate
molecular design is indispensable for a membrane with high performance.

1.1.2. High performance and limitation of carrier-containing membrane
SinceD is dependent on the size of the permeating molecule, in order to separate two molecules
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Fig. 1. Aplot of oxygen permselectivityy) versus oxygen permeability coefficiefy) of commercially available polymers.

whose sizes are almost same, the difference irstredues of the two molecules is important. However,

the difference of affinity for the membrane polymer between the permeating molecules is low in general:
for example,S ratio between oxygen and nitrogen is about 2 at most. To overcome this limitation,
molecular-recognizing carriers were incorporated into the membranes.

The membranes containing molecular-recognizing carriers, such as cobalt complexes for an oxyger
permselective membrane and a chiral crown ether for an enantioselective permeation, were reported t
show very high permselectivity. However, these high permselectivities were attained only in the case of
liquid membranes containing the mobile carriers [3,4]. Therefore, the stability and durability of these
membranes were low and they were not practical. Although, in order to enhance the stability, the carriers
were incorporated into a solid membrane, the carriers were immobile and the content of the carrier in the
membrane maintaining the membrane forming ability was low. For example, permeation through a solid
membrane containing a cobalt porphyrin showed very high permselectivity but the selectivity was
attained only when the feed pressure was low [5,6].

It was reported by Shinkai et al. that liguid membranes containing carriers which can respond to
external stimulation such as light, redox, and pH showed additional performance such as active transpor
and switching transport for alkali metal ions [7,8]. Polymer/liquid crystalline (LC) composite
membranes containing carriers in LC were reported as an optical resolution membrane [9], a membrane
whose permeability was controlled by external stimulation [10], and oxygen permselective membrane
[11]. In these membranes, carriers in LC were mobile because of low viscosity of the LC.

1.2. Oxygen permselective membrane

Oxygen permselective membranes produce oxygen-enriched air used for combustion (oxygen
concentration: 30—40%) and medical care (oxygen concentration: 21%) from air. The requirements
for this membrane are as follows:

1. High oxygen permeability.

2. High oxygen permselectivity.
3. High mechanical strength.
4. High stability.

Since oxygen and nitrogen molecules are almost the same in size (oxygen 0.38 nm, nitrogen 0.40 nm)
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and also because their properties are similar, polymers having a little difference between oxygen and
nitrogen both in diffusivity D) and solubility § are designed for these membranes. They have been
partially applied for practical use but their permselectivities are low. Fig. 1 is a plot of oxygen perms-
electivity (oxygen separation factax,= Pg,/Py,) versus logarithmic oxygen permeability coefficient
(Po,) of commercially available polymers. In other polyméts increases with decrease én i.e. a
trade-off relationship and an upper boundary line are present [12]. Polydimethylsiloxane (RPMS,
shows the highed?, but the lowest.

In this review, the following units are used and are hereafter not repeated in the text:

oxygen permeability coefficienBy,: X 10 Yem (STP) cm 2 ‘lcmHg ( = barrer);
oxygen solubility coefficienty,,: X 103 cm (STP) cm3cmHg

oxygen diffusion coeff|C|emDo' x 10 %cm?s™?

oxygen separation factos, = Pg /Py,.

Since these values do not depend on the form of the membrane such as membrane thickness and area ar
are intrinsic values, not for a given membrane but for a given polymer, they are suitable for discussion on
the relationship between chemical structure and permeability. Our target valugs, ar€l00 anda >

3.0 at present.

1.3. Ethanol permselective membrane

To concentrate a dilute aqueous ethanol solution (5—10 wt%) obtained by fermentation of biomass, a
membrane through which ethanol permeates more rapidly than water is expected. However, since the
molecular radii of ethanol and water are 0.52 and 0.37, respectively, diffusion selectivity is water
selective and therefore most of the polymeric membranes show water permselectivity and there are
only a few ethanol permselective membranes. In order to attain ethanol permselectivity, membrane
polymers that have higher affinity for ethanol than for water and small water-selective diffusion are
designed.

Fluorine- and silicon-containing polymers are water repellent and therefore they are expected to give
ethanol permselective membranes.

The author expresses permeation rates and ethanol permselectivity in the following units and does not
repeat them in the article:

e permeation ratel: x 10 3gmm2h™ %

e Ethanol permselectivitye™°™ = (Yeon/ Yuated Xetor/Xwate) Where EtOH indicates ethanot, the
weight fraction of the feed and the weight fraction of the permeate;

o [EtOH]: ethanol concentration of the feed (wt%).

Since these values do not depend on the form of the membrane such as membrane thickness and are
and are intrinsic values not for a given membrane but for a given polymer, they are suitable for
discussion on the relationship between chemical structure and permeability. It should be noted that
the strong interaction between membrane polymers and permeating liquid molecules affects the per-
meation behavior and therefore the values are not independent of the composition of the feed solution.
This make the permeation behavior more complex than that in oxygen permeation. Our target values are
P > 2 anda™°" > 15 at present.
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1.4. Optical resolution membrane (enantioselectively permeable membrane)

Enantiomers are identical to each other not only in size but also in all physical properties except for
optical rotation, but their biological activities are completely distinct. Optical resolution is a very
important separation process and will become much more important in the field of medicine and
agricultural chemicals, because the use of these chemicals in optically pure form is effective and
safe. Conventional optical resolution methods have the common drawback that only a small amount
of material can be treated in one operation. On the other hand, optical resolution by membrane permea:
tion is very promising because a large amount of racemates can be handled in a single treatment.

Since the size of enantiomers are identical to each other, they cannot be separated through porou
membranes based on sieving effect. This separation membrane must have chiral recognition sites fo
enantiomers.

The author expresses permeation rates, permeability coefficients and enantioselective permeability ir
the following units and does not repeat them hereafter in this article:

e permeation rate?: x 10 'gmm 2h%;
e permeability coefficientP; x 107 °m?h~ %
¢ enantioselective permeability= %ee of the permeate when a racemate is supplied.

Various separation processes were used: CP, concentration-driven permeation; PP, pressure-drive
permeation; PV, pervaporation; and EV, evapomeation.

1.5. Membrane with permeability controlled by external stimulation

Permeation in response to external stimulation frequently occurs in biological membranes, but in case
of synthetic membranes especially in case of solid membranes, such membranes are only a few. Some ¢
the monomolecular membranes, bimolecular membranes and liquid membranes were reported to shov
permeation in response to external stimulation. However, since their structures were analogous to
biological membranes, they were sensitive, in other words, unstable. Therefore, to attain stable permea
tion in response to external stimulation, new polymers whose structures are different from those of
biological membranes must be designed.

2. Macromolecular design for oxygen permselective membrane
2.1. Relationship between a functional group in a macromolecule and oxygen permselectivity

Since the aim of this review is to discussion relationship between structure of a membrane polymer
and its oxygen permselectivity, we describe mainly membranes consisting of a pure polymer while

composite membranes and blend membranes are treated briefly. Polymers with relativety, leigh
described because permselective membrane should be highly permeable.

2.1.1. Silicon containing polymer

2.1.1.1. Siloxane (SiOSi bond) containing polyrnRerdydimethylsiloxane (PDMS]) is one of the most
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Table 2
Effect of the backbone on oxygen permeation behavior in the siloxane comb-shaped polymers (the values in parentheses are
those for the backbone polymers)

Polymer structure PDMS (wt%) Ty (°C) Po, (X 1079 a

CH,
$10Si (CH,), 59 36 (108) 4.0 (0.12) 3.0(5.5)

CH,

CH=CH¥5

CH, CH,

*Q/\. ¢ 59 88(140) 1.5(0.05) 3.5(6.3)

EN §1O $1CH,
CH, CH,

CH,

sjao);suc;{,)s 62 -70 8.3 2.4
CH,

CN _ CN
4&;@—9@{@%

CN 71 —-117 10.6 2.4
(/S\i0>? Si (CH3>3
H,C CH,
CH,
|
cf. —(ISiO)—n 100 —123 48.9 2.0
CH,

important oxygen permselective membrane polymers because it shows the Rigt{est50) amongst
commercially available polymers. However, PDMS has the lowes{=2.0) and possesses no
membrane-forming ability.

CH,
+5i0% )
CH,

When membrane-forming ability is imparted to PDMS maintaining tighit can be applied for the
production of oxygen-enriched air used for combustion. Ward 1l et al. synthesized PDMS-block-poly-
carbonate (PC)) from oligodimethylsiloxane with hydroxyphenyl groups at both ends, phosgene and
bisphenol A, and found that it formed a thin membrane showing high permealfility= 200 and
a = 2.0) [13]. Asakawa et al. prepared a crosslinked polyn®rflom polyvinylphenol (PVP) and
PDMS with diethylaminosilyl groups at both ends and report good membrane-forming ability and high
permeability Po, = 340 a = 2.1) [14]. By these chemical modifications of PDMS, membrane-forming
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ability was improved, but thB,, anda were not changed. The modified PDMBand3 were applied to
the production of air for combustion.

CH,

ox@-Er- o0 Or,

CH3

—CH, CH}; 4CHCH,}5
CH, CH,
-eslo }—(—YHosﬁ—o
CH, CH,

Itis desirable that the second component such as PC and PVP mentioned above which was introduce
in order to add membrane forming ability improwesvhile maintaining higtPo,. Since in case dt and
3, permeant gas molecules permeate only through the PDMS domain which was formed by micro-phase
separation, tho, anda were almost the same as those of PDMS. In order to enhamddile retaining
high Po, by use of the second components, permeant gas molecules must permeate while being affecte
by both PDMS and the second component. On the basis of this consideration, Kawakami et al. synthe-
sized new comb-shaped polymers (DMS conter80—70 wt%) with short oligodimethylsiloxane
chains (polymerization degree = 2-10) as grafts by homopolymerization of the corresponding macro-
monomer and measured their oxygen permeability (Table 2) [15—20]. In these comb-shaped polymers,
the permeation properties of both components appeared and good perfornfgnce 10-100Q
a = 2.4-4.4) was observed. This is because the two components mixed well in molecular size order
and micro-phase separation did not occur. Therefore selection of the main chain structure is important.
They selected second components having different nature from that of PDMS, i.elghighich is a
rough measure of the membrane-forming ability, and higkor example, polystyrene hdig = 108C
anda = 5.5 and polynorbornene hdg = 140°C anda = 6.3.

Kawakami et al. [20] and Nagase et al. [21,22] synthesized siloxane graft copolymers which have
smaller number of longer siloxane graft chains (DMS contei®0—80 wt%) compared with comb-
shaped polymers by copolymerization or polymer reaction. When the main chain was an alternating
copolymer of styrene and tetracyanoquinodimethane, the polymerization degree of the grafts was 10,
and DMS content was 71 wt%,, anda were 106 and 2.4, respectively. When the main chains were
polysulfone (PSF) and polyimide (Pl), the average polymerization degrees of the grafts were 7.2 and
11.1, and DMS contents were 65 and 60 wif, and « were 115 and 163, and 2.66 and 2.45,
respectively.

Siloxane block and alternating copolymers containing a second component were also reported.
Nagase et al. measured the oxygen permeation behavior of a block copolymer of tetrgrsaljblyé-
nylenesiloxane and DMS [23]. When DMS content was 25 and 70 mol% (the average polymerization
degree of PDMS in the block copolymer was 40Rg, and« were 14.1 and 248, and 2.77 and 2.12,
respectively. Kiyotsukuri et al. reported that a polyamide (an alternating copolymer) from 1,3-bis(ami-
nopropyl)disiloxane and aliphatic dicarboxylic acid showed values of 20.4 and 9.Bg,fand 2.73 and
2.40 fora in 35.5 and 29.0 wt% of DMS content, respectively [24]. We synthesized a new polyazo-
methine containing an oligosiloxane and a pyridine ring alternatingly and found tted, itgas more
than 100 [25] Py, and « of a triblock copolymer of PDMS and poly(amino acid) having 54 mol% of
DMS were 23 and 3, respectively [26].
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2.1.1.2. Trimethylsilyl group containing polymeviost of the polymers containing trimethylsilyl
groups show relatively highv and Py, values. Kawakami et al. and Nagasaki et al. found that
polystyrenes with trimethylsilyl, trimethylsilylmethyl and bis(trimethylsilyl)methyl group at the
para position showed values 14, 14 and 45 feg, and 3.4, 3.9 and 3.8 fow [27,28]. Poly-
(vinyltrimethylsilane) also showed good oxygen permeability=4.4 and Po, = 44). In these
polymers, glass transition temperaturég) (@and free volumes increased owing to the bulkiness of
the trimethylsilyl group. Several trimethylsilyl containing polyacetylenes were also studied (see
Section 2.1.2.2).

2.1.1.3. Alkoxysilyl group (SiOC bond) containing polyn@smpounds containing a SiOC bond are not
suitable for membrane polymers because this bond is generally unstable to water and is easily hydro-
lyzed. However, the synthesis of this bond is very simple and if certain conditions are selected, hydro-
lysis can be avoided. We therefore use this bond actively. For examgiethoxymethylsilylstyrene

gives a soluble high molecular weight polymer showig74.9 andx 2.99 [29]. In particular, our new
polymers containing fluoroalkyloxysilyl groups were stable and showedRuginda [30] (see Section
2.1.2.3).

2.1.2. Poly(substituted acetylene)

2.1.2.1. GeneralMasuda et al. synthesized many soluble poly(substituted acetylene)s which showed
high performance as oxygen permselective membranes [31,32]. Since when compared at a similar value
of Py, they showed higher values than those of the other polymers, they were good polymers for oxygen
permselective membranes (Fig. 2). In particular, poly(1-trimethylsilylpropyne) (P¥)SBRowed about
10 times highePo, than PDMS which has the highe$, amongst commercially available polymers.
—“C=Ciz
Me SiMe,

: 4

2.1.2.2. Silicon containing poly(substituted acetyle®.SP shows the higheBt, ( = 4000) (but the
lowesta (= 1.6). This is because intermolecular space of this polymer is large owing to the stiffness of
the main chain and trimethylsilyl groups with high mobility are located in a space between the main
chains where oxygen molecules permeate [33—35]. Another reason is that this polymer has much higher
content of microvoids than the other polymers in a glassy state. Howevél, thalue of this membrane
decreased with time and became 1/10 after 10 days at room temperature in vacuo. This decrease was
caused by change or decrease of the intermolecular space during physical aging process or absorption o
small molecular weight molecule [33—-36]. When one of the methyl groups of PMSP was replaced by
ethyl or propyl groupsPo, decreased significantly [32]. This also indicates the unique property of PMSP.
Masuda et al. reported that poly(diphenylacetylene)s having a trimethylsilyl group pataer meta
position of the benzene ring showed the highst(=2800) except for PMSP [37]. When one of the
methyl groups of the polymer was replaced by a more bulky substittigntjecreased significantly
similarly to the case of PMSP.

A graft copolymer consisting of PMSP backbone and PDMS grafts which were introduced by polymer
reaction such as hydrosilation was reported to haRg af 130 and arx of 3.10 by Nagase et al. [38]. In
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10°¢

s, HC=Ci+
o | 1
\\CH,Si(CH,)x
107k N HgH-cy,
\\‘/lBu

siPCo N MoCls
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NRo PMIPO
A 10-°k PBD ©EC
PE-PVACO Hc=C)
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Cl Ph
PEo °
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a= Po, /Px,

cc(STP) cm
? cm?+s-cmHg

10~|0

Fig. 2. A plot of oxygen permselectivityx) versus oxygen permeability coefficiefy) of poly(substituted acetylenes®)
together with commercially available polyme@)( Si—PC, polydimethylsiloxane-block-polycarbonag; PAS, polyalkyl-
sulfone; P4AM1P, poly(4-methyl-1-pentene); NR, natural rubber; REP1,4-polybutadiene; EC, ethyl cellulose; PE-PVAC,
copoly(ethylene/vinyl acetate); PE, polyethylene; PC, polycarbonate (from Ref. [32]).

the case of less than 55 mol% of PDMS content, PDMS was packed into the intermolecular space of
PMSP and théo, decreased, while in the case of 55—-60 mol%, PDMS continuous domain formed and
Po,increased. When the PDMS content exceeded 60 mol%dlenda values became similar to those

of PDMS and the change in these values by aging, which had been observed in the case of PMSP
disappearedPo, of poly(1-phenylpropyne) (PPP) having PDMS grafts increased with increasing the

1

10~° 10~® 1077 10°¢
Po,(cm*(STP)cm-cm=%-s~'-cmHg™"))

R' R R®
c—cy 1! CF, H H

Rt 2: CF, H CH,

. 3: CF, H CF,
b 4: CF, CF, H

5: CF, CF, CF,

Fig. 3. A plot of oxygen permselectivityx) versus oxygen permeability coefficierd) of poly(trifluoromethylphenylace-
tylenes) @) together with polydimethylsiloxane (PDMSDJ (from Ref. [41]). Solvent casting membranes from the homo-
polymer of monomer4d-5.
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Table 3

Oxygen permeation behavior of poly(tetrafluoroethylene) and its derivatives

Polymer structure Po, (X 1079 a S, S,/SN, Temperature®C)
—CF,CF— : (PTFE) 0.43 3.2 2.8 1.8 25

~(CF.CF—CF.CF—

& 0.49 3.1 2.7 1.6 25
%CF’CF”—(CFZE?F"ZCFZCFB 0.42 35 - - 22, 23
—CFCF— 0.004 - - - 40

Cl
—{CF,CF 3—+CH,CH j— 0.053 2.9 - - 23
of. CH,CH)— (HDPE) 0.039 2.7 0.24 1.2 25

PDMS content (when 55 mol®g, = 80, o = 2.9) and with the PDMS content of more than 60 mol%
the values were close to those of PDMS.

We synthesized phenylacetylenes having one or two trimethylsilyl group in the phenyl group and the
monomers polymerized to yield a soluble polymer showing good membrane-forming ability and high
Po, and a values [39]. In particular, poly[2,4—bis(trimethylsilyl)phenylacetylene] had a good perfor-
mance Py, = 473 a = 2.65). The number and position of the trimethylsilyl substituent affeBtgand
a values significantly. The changes 8§, of these polymers upon aging were small. In addition, we
found that other polyphenylacetylenes with oligosiloxanes showed a good membrane-forming ability
and higheiP, values than the ones containing a trimethylsilyl substituent [40]. For exafPglanda

Table 4
Oxygen permeation behavior of poly(tetrafluoroethylene) and its derivatives having ionic groups
Polymer Po, (X 107°) o S, So,/S\, Temperature®C)
Nafion® 117 0.108 4.15 2.39 1.59 35
Nafion® 125 0.14 2.2 1.6 2.2 30
Perfluorocarboxylate

H* form 0.097 4.04 - - 25

Ag* form 0.06 4.3 2.1 1.3 25

NEt; form 0.1 4.0 2.5 1.9 25

Nafion® 125 + Ag 0.16 11 3.0 6.6 25
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Table 5
Effect of introduction of fluorine-containing groups of PDMS—PMPS block copolymers on oxygen permeation behavior
Rin
Me Me = Me = Me o
51 <O)— Siow—HSi0F—SiONh PMPS (mol%) Po, (X107°) a
Me Me Me R
—CH; 50 5.2 2.30
—CH,CH.,CK; 50 6.5 241
—CH,CH,CgFy7 54 53 2.42
—CH,CH,C¢Fs 50 7.3 2.44
—-CH; 22 32.3 2.04
—CH,CH,CF; 25 194 2.28
—CH,CH,CgFy7 28 14.7 2.35
—CH,CH,CH,CH,OC¢Fs 30 19.9 2.25
—CH,CH,CH,OCF(CR), 25 27.6 2.34

values of poly(hexamethyltrisiloxanylphenylacetylene) and poly(octamethyltetrasiloxanylphenylacety-
lene) were 397 and 2.20, and 494 and 2.20, respectively.

2.1.2.3. Fluorine containing poly(substituted acetylenBhenylacetylenes having one to three
trifluoromethyl groups were synthesized and polymerized andRfeand « of these polymer
membranes were measured (Fig. 3) [41]. With increasing the number of the substi®geimtsreased
anda decreased. In the case of one trifluoromethyl gr@pincreased owing to its bulkiness and in the
case of two or three trifluoromethyl groui®s, increased owing to its affinity for oxygen. When
trifluoromethyl group was changed to perfluoropropyl or perfluorohexyl gregpdecreased.

p-(1H,1H,2H,2H-Perfluorodecyloxydimethylsilyl)phenylacetylene gm¢lH,1H,2H,2H-perfluoro-
hexyloxydimethylsilyl)phenylacetylene were synthesized and copolymerizedowtitmethylsilylphe-
nylacetylene [30]. The resulting copolymers were fabricated to form tough membranes showiRg,high
(=394, 351) andr (=2.89, 3.04), respectively. The values were in the top level and very close to those
of the upper boundary line [12] in am-Po, plot of data in the literature.

A plasma-polymerization membrane prepared from trimethylsilylpropyne and perfluorohexane
showed higher but theP,, decreased to 1/100 of the value of PM$R (= 20, « = 2.5) [42].

2.1.3. Fluorine containing polymers

2.1.3.1. Polymers containing perfluoroalkylene group in the main chizaible 3 summarizes oxygen
permeation behavior of poly(tetrafluoroethylene) and its derivatives [43]. Tgsalues are very low.
Since oxygen permeates through the amorphous and not through the crystalline region Rgevliue
is caused by the high crystallinity.

Po, values of poly(tetrafluoroethylene)s with ionic groups such as Nafipwgre smaller than those
of poly(tetrafluoroethylene) as shown in Table 4 [44,45]. These polymer membranes have two regions
where oxygen can permeate: the amorphous region of the perfluorocarbon and the cluster of the ionic
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Table 6
Effect of introduction of trifluoromethyl groups of polyimides on oxygen permeation behavid€)35
Polymer structure Po, (X 1079 a Do, S,
9 q
,C Cy H
1 N N@— ¢ —@} 0.098 49 - -
\C 7 1 n
1 It H
0 0
ﬁ 0
1]
,C Cy CH3
2 £ ”@C@ 0.710 47 - -
\¢ ¢’ ] "
1l I CH3
0 0
0
il g H
X C\ ]
3 NG N c—@— 0.460 57 00426 108
" /c\ ] I
0  FiC CF; 0 H
0
g 9 (I:Ha
4 —N(C@\ /@:zjrw@'c'@— 0.753 56 00636 118
c
0 Fc” eFs 0 CHs
9 0
/C (I:i\ |CF3
N C,N—@—c——@- 1.63 47 0125 13.0
" /c\ n '
0 FiC CF3 0 CF3

groups. Judging from thié,, value, most of the oxygen molecules permeated the amorphous region and
the cluster region functioned as a crosslinking point. In order to enhaneevhkie, the cluster region
should be used as permeating route. For example, in a Nafion—silver micro-composite membrane,
increased to 11 owing to the channel formed in the cluster region (see Table 4) [46].

~CF,CF3+4CF,CFy
|
OCF,CFCF, .5
OCF,CF,SO0,H

In order to obtain a new poly(tetrafluoroethylene) derivative, we synthesized a trifluorovinyl mono-
mer and tried to apply it to an oxygen permselective membrane [47].

2.1.3.2. Polymers containing perfluoroalkyl group in the side chdmsrder to improvex of polymers
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Table 7
Oxygen permeation behavior of fluorine-containing PDMS-ethyl cellulose graft copolymers
Side chain structure n PDMS (mol%) Po, (X 1079 o
CH, ?Hg
|
—OSIiCH,CHz—ésjiO?,.—Si(CI—IzCHa)3 40 80 10.1 3.0
CH, CH,
gH
—OCOCHZCHz—(SliO%.—Si(CHZCH;)z 21 74 8.0 3.2
CH,
Ch, cH, i
‘O§iCH2CHzSIiO_QS|iO">n_Si(CHzCHs)3 28 65 19 30
CH, CH, CH,CH,CF,
G oo
—0§iCHZCH2{<§io>;<§iO -+ Si(CH,CH,), 21 40 4.4 3.9
CH, CH; (CH,);0CF(CF,),
-0OH (ethyl cellulose) - 0 2.65 3.15

having highPo, but low «, introducing of fluorine-containing groups has been reported. The effect was
not always high, but characteristic effects were observed.

PDMS has higiPo, (= 350) and lowa (= 2.0) as described above. Some attempts to enhanee the
value while maintaining higRo, were made by introducing fluorine-containing groups. When replacing
CHz— by CRCH,CH,—, Py, decreased but did not change [48]. This drop may be caused by the
decrease iDo, by the bulkiness. No enhancement®fmay be because the low content of fluorine-
containing groups cannot increaSg. A similar example was reported in pop/pentamethyldisilox-
anylstyrene) [49].

However, by changing the mode of substitution of fluorine-containing groups, we were able to
enhance bottP,, anda simultaneously. For example, when trifluoropropyl groups or heptadecafluor-
odecyl groups was introduced to the side chains of the block copolymer of poly(tetrametityghen-
ylenesiloxane) (PMPS) and PDMBg, anda simultaneously increased as shown in Table 5 [S0]. We
also found simultaneous increase in the case of change gf @HCR(CF,),CH,CH,O— in a trimethyl-
silyl group of p-substituted polystyrene [51] and polyphenylacetyle®)d Z0].

AP CH,
HC=C O Si—OCH,CH4CFp}-CFy 6
; ~

k CH;
(n=4and8)
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Table 8
Effect of the side chains on oxygen permeation behavior in the siloxane comb-shaped polymers
Polymer structure PDMS (wt%) Ty (°C) Po, (X 1079 a
. CH; CH, CH,
‘E@@ $i0-Si0-SiCH, 55 —40 5.2 25
CH, CH; CH,
. CH,; CH, CH, CH;
1 1 I |
$i0-$i0-$i0-SiCH, 62 ~70 8.3 2.4
CH, CH; CH; CH;
. (,:H’ CH, CH; CH, CIZH3
$i0-$i0-5i0-Si0-SiCH, 67 -80 10.9 2.3

CH,; CH, CH, CH, CH;

& (1:H3
E@ Si0Si(CH,), 59 36 4.0 3.0
CH,
CH, (I:H:«
(O)- (8i0):SiCH, 43 - 2.0 2.8
\ CH, CH,

Oxygen permeability of fluorine-containing polyimides were also investigated [52—54]. As shown in
Table 6, by replacing —Ciwith —CF;, Po, (andDo,) increased and decreased (Nos. 4 and 5). This
change resulted from enlargement of the space between the macromolecules by the bulky group. When a
fluorine-containing group was introduced in other modes, Pgjfand« increased (Nos. 1-3 and Nos.
2—-4in Table 6).

In ethylcellulose with PDMS grafts, which shows gd@g (=101) anda (=3.0), the methyl groups
were substituted by several fluorine-containing groups. The substitution resulted in a good improvement
of Py, anda (Table 7) [55].

In case of polyvinylacetal also, introduction of fluorine-containing groups brought about enhancement
of Po, and decrease af (Po, = 119, a = 4.4) [56].

Although there have been many reports on the introduction of one or twa@kps,Po, values
increased whilex values decreased and enhancement dify oxygen affinity of fluorine-containing
compounds was not observed in these cases. This may be becaugepFwvorked as a bulky group. In
order to enhance while maintaining highPo,, it is necessary that higher content of fluorine-containing
compounds are incorporated without crystallization.

2.1.3.3. Fluorine containing plasma membraRelytetrafluoroethylene and its derivatives have two
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o Siloxane Sequence
#®e® Styrene Sequence

Fig. 4. Imaginative air permeation scheme through (a) short-branched (non-phase-separated) and (b) long-branched polyme
membranes (from Ref. [16]).

defects, lowPy, and poor membrane-forming ability, owing to close packing or high crystallinity of the
perfluoroalkyl groups. These defects can be removed by using plasma polymerization of perfluorinated
compounds.

When perfluorobenzene (PFB) was used as a monomer, good membraneR@ahg00 anda of
3.5 was obtained [57]. When using a mixture of PFB and, ®g, decreased but increased signifi-
cantly Po, = 118, a = 7.2). Contents of perfluoroalkyl chains in this membrane was enhanced by
adding Cz[58]. In case of perfluoroalkyl acrylates, monomers having higher contents of fluorine tended
to show higher values at (3.8 for octafluoropentyl acrylate) [59]. A plasma polymerization membrane
from a silicon containing compound and fluoromethane showetigher than that from a silicon
containing compound alon®§, = 15, « = 3.9). The significance of C—F bonds was suggested [60].

2.1.4. Others

Some of the pyridine ring containing polymers were reported to show relatively drighd Po,.
Poly(4-vinylpyridine) shows #,, of 10 and anx of 3.9. A plasma polymerization membrane from 4-
vinylpyridine or 2-vinylpyridine has a higlx lying in the range 6-15 [61]. We also synthesized
pyridine-containing polyamides, polyazomethinéd and poly(azomethine-amide)s and measured
their oxygen permeability [25,62].

CHj CHj

1 1

Si-0 Si/\/\‘lf N 7
I | H
CH;z /n-1 CH; H'CT\NJC\ p

(n=234) 7

In polymers havingPo, of about 10, poly(4-methyl-1-pentené)d, = 323, o = 4.1) and poly(2,6-
dimethylphenylene oxidePo, = 15.8, a = 4.2) have highew values than other commercially avail-
able polymers. PolystyrenB§, = 2.0, « = 6.4) and poly(vinyl acetate R, = 0.2, « = 7.0) also show
highera than other polymers having a similgg,. Poly(-butylstyrene) was reported to show excellent
permselectivity Po, = 10, a = 7.0) [63].

Phosphazene polymer showB@ value of more than 100. The permeability was varied by changing
the substituents Rp, = 3.1-128 « = 2.3-3.6) [64]. Silicon-containing fumarate copolymer also
showed &P, value greater than 100 [65].
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o 50
DMS content (wt%)

Fig. 5. Plots of oxygen permselectivity ) versus dimethylsiloxane (DMS) content of PMPS—PDMS block copoly8)ef,
y=100; A, y=40;0, y = 20 (from Ref. [66]).

2.2. Relationship between architecture of a macromolecule and oxygen permselectivity

In Section 2.1, the relationship between the chemical structure (functional group) of a macromolecule
and its oxygen permselectivity was described. Oxygen permselectivity is largely affected by the archi-
tecture of the macromolecule even if they have the same compositions. In this section, oxygen perms-
electivities of polymers having different architectures with the same composition are discussed.

2.2.1. Comb-shaped polymers and graft copolymers

Both a comb-shaped polymer and a graft polymer are composed of a backbone and grafts and there is
no distinct boundary line between the two. In this review, a polymer with a great number of short grafts
is defined as a comb-shaped polymer and a polymer with a small number of long grafts is defined as a
graft polymer.

Kawakami et al. synthesized a comb-shaped polymer and a graft polymer consisting of a polystyrene
backbone and PDMS grafts by homo- or copolymerization of the corresponding macromo@pmer (
(Table 8) [15—19]. A comb-shaped polymer showed a highand better membrane-forming ability
than a graft polymer having a similar siloxane content. Since in a comb-shaped polymer the main chain
and the grafts mixed more homogeneously and microphase separation did not occur, this polymer had
both advantages of the main chain and the grafts, i.e.dighd good membrane-forming ability. On the
other hand, in a graft polymer where microphase separation occurred since air permeates through only
PDMS region,a« was low (Fig. 4). Such comb-shaped polymers, composed of a rigid main chain and
flexible side chains, are suitable as a good oxygen permselective membrane. In this polymer, the main
chain plays a role in permselectivity and membrane-forming ability and the short side chains play a role
in permeability.

CH, CH,

|
cH,~cH-(O )+ éc'io>ﬁ§icm )
H

s CH,
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Fig. 6. Plot of oxygen permselectivity] versus oxygen permeability coefficieiy) of poly(silsesquioxane)LQ, ®) together
with siloxane-containing polymers (A-1Q) at 35C (from Ref. [68]).

We synthesized polgfoligosiloxanylphenylacetylene)s as new comb-shaped polymers and measured
their oxygen permselectivities [40]. These polymers showed better membrane-forming ability and much
better oxygen permselectivities than the corresponding polystyrenes mentioned above. We also studie
the corresponding graft copolymers.

2.2.2. Alternating and block copolymers

In case of a linear polymer, the relationship between an alternating and a block copolymer corre-
sponds to the relationship between a comb-shaped and a graft polymer.

Block copolymers of poly(tetramethytsilphenylenesiloxane) (PMPS) and PDMS having a different
length were examinedy) [66]. With decreasing length of PDMS the crystallinity of PMPS decreased
andPg, increased (when compared at the same PDMS content) (Fig. 5). When increasing PDMS content,
the degree of decrease in tle of polymer containing short PDMS chains was smaller than that
containing long PDMS chains. This may be because shorter PDMS chains were able to mix with
PMPS chains better and permeating molecules were affected by PMPS more effectively
(PDMS= 19 wWt% Po, = 230 « = 3.0). Therefore, an alternating copolymer was expected to be a
good oxygen permselective membrane.

CIZH, (|:HJ CH,
HO—B\?i@‘SiO)x—é&O),}M—H x
CH, ¢C

\
[
H, CH,

We synthesized an alternating copolymer of aromatic rings and an oligosiloxane and found that
the higher the homogeneity of two components, the highertiveas for a similar PDMS content
[67].

2.2.3. Ladder-like and linear polymers

Ladder-like polymers are interesting in view of possibility of a molecular sieving membrane. Stern et
al. reported polyphenylsilsesquioxan®df which showed highew than other siloxane containing
polymers (Fig. 6) [68]. We tried to prepare a ladder-like polymer fipadkoxysilylphenylacetylene
and found thex was enhanced by the formation of a ladder-like structure [69].
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Fig. 7 summarizes the effect of the chemical structure on the oxygen permeation behavior. One can
understand the good performance of poly(substituted acetylene)s and the good effects of introducing
fluorine-containing groups.

2.3. Composite membrane containing a compound having oxygen affinity

Although it is difficult to discuss the relationship between permselectivity and macromolecular
structure in the case of composite membranes, they are important in view of their high performance.
Therefore, in this section, we describe them briefly.

2.3.1. Addition of a compound having oxygen affinity (blend membrane)

2.3.1.1. Fluorine containing compound&jiyama et al. reported that a composite membrane consisting
of perfluorotributylamine (PFTA) with high oxygen affiniti{-(4-ethoxybenzylidene) 4outylaniline
(EBBA) having the ability to form a liquid crystal, and poly(vinylchloride) showed good performance
(Po, =102, «=5.10) [70]. When PFTA was absent, both and Po, were lower P, = 5.75,

a = 2.95). A significant effect of the fluorine compound was observed.

Kunitake et al. prepared a blend membrane consisting of polyvinylalcohol (PVA) and a fluorine-
containing amphiphilic compound.{) [71]. ThePy, anda of the membrane were about 100 times and
1.8 times higher than those of PVA, respectiveBp (= 220, o = 2.3 at 100C). In the case of a
corresponding amphiphilic compound containing no fluorine atemsas almost the same as that of
PVA itself andPy, was only 3 times higher (3C).

0
CF4CF3:CH,CH,-CO-CH,CH, .
CF,{CF,?—,CH,CH,-ICIO-CH,CH,/

0

.
N-C-CH,-N4CH,),C1-
4 St

Kawakami et al. improved of a block copolymer of PDMS and polycarbonate by adding a small
amount of fluorine-containing polymers while maintaining higff) (Po, = 26.0-27.4, a = 2.30-2.63)
[72].

Chen et al. reported very high performance of a PMSP-based blend membrane containing poly(hexa-
fluorobutyl methacrylate)Rp, = 139Q o = 5.4) [73].

2.3.1.2. Cobalt complexedlishide et al. reported very high oxygen permselective polymeric
membranes containing cobalt porphyrin or cobalt salen complex with high selectivity for oxygen.
High « value was observed in the case of a low feed pressure [74-79].
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Table 9

Oxygen permselective liqguid membranes containing cobalt complex
Complex Po, (X 1079 a

Co(SalPrf§ 150 30
Co(3-MeOSalerd) 78 11
Co(3-MeOSaltmerf) 100 18

cf. Silicone rubber 50 2

¢ H, O OCH,

a Q b H,CO OCH,
e o0 G0
0.0 Q.0
AR
(CHYi~N~=(CHy), NN NN

H,C-CH, H,C-C-C—CH,
H.C CH,

Four types of polyazomethines containing repeated pairs of a tridentate ligand and an oligodimethyl-
siloxane(n = 2,3,4 or 16 in the backbone were synthesized and complexed with a cobalt ion by us
[80,81]. The resulting polymer complex membranes showed very good oxygen permselectivity
(Po, = 291, « = 3.4) at 1 atm pressure difference which were very close to those of an upper boundary
line [12] in ana—Py, plot of reported data in the literature. The complexes were thought to function as an
oxygen carrier [80,81].

Lonsdale et al. developed a very high oxygen permselective liquid membrane containing cobalt salen
complex as shown in Table 9. The life time was more than three months in spite of it being a liquid
membrane [3,82].

4.5
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Fig. 7. A plot of oxygen permselectivityx) versus oxygen permeability coefficiefy) of various polymers containing short
oligosiloxane chains1-10: polymers containing short ologosiloxane chains (see equation®, Poly(substituted phenyl-
acetylene))\, polycondensation polymer W, poly(substituted styrene@, B, fluorine-containing polymer; a—f: commercially
available polymers.— , effect of introduction of fluorine-containing substituents; , effect of introduction or extension of
ologosiloxane chains;— , effect of addition of cobalt saltéa, 1 + CoCl,; 2a, precursor o, poly(p-diethoxymethylsilylstyrene);

3a, poly(p-trimethylsilylstyrene)3b, poly(p-pentamethyldisiloxanylstyreneda, poly(p-trimethylsilyphenylacetylene®a, poly
(tetrafluoroethylene)10a 10+ CoCl; 10b, polycondensation copolymer df and 10; a, polydimethylsiloxane; b, natural
rubber; c, poly(cis-1,4-butadiene); d, ethyl cellulose; e, low density polyethylene; f, butyl rubber.
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Fig. 7. (continued

2.3.2. Surface modification by a compound having oxygen affinity

We improved both the: andPo, of PDMS or PMSP by adding a small amount (1.0 wt%) of fluorine-
containing poly(arylacetylene)s as shown in FigPg (= 730 and 5200¢ = 2.2 and 1.8, respectively)
[83]. This was caused by the selective dissolution of oxygen to the fluorine-containing polymer accu-
mulated at the surface of the blend membrane.
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Fig. 8. Plot of oxygen permselectivity) versus oxygen permeability coefficiefy) of PDMS (O) and PMSP @) containing
a polymer of trifluoromethylarylacetylene4—<5). Solvent casting membranes of PDMS and PMSP containing 1.0 wt% of
homopolymer ofl-5 (from Ref. [83]).

A PMSP membrane whose surface was modified with a fluorine compound formed by plasma poly-
merization of perfluoroalkylethyl alcohol showed a value of 1000Fgrand 3.6 fora [84].

Langsam et al. fluorinated the surface of a PMSP membrane by usanmgdFound a large enhance-
ment ofa while maintaining a highPo, (Po, = 1960 a = 4.75) [85,86].

3. Macromolecular design for ethanol permselective membrane
3.1. Relationship between functional group in a macromolecule and ethanol permselectivity

3.1.1. Silicon-containing polymers

Most of the polymeric membranes show water permselectivity based on water selective diffusivity
and therefore ethanol permselective membranes are only a few andvfff&irvalues are low. For
example, thex5°" values of PMSP and PDMS are 1Q[EtOH] = 6-7 wt%) and 7.6, respectively.

Graft copolymers consisting of a PMSP backbone with PDMS grafts and of a PPP backbone with
PDMS grafts, mentioned in Section 2.1.2.2, showed hi§lf" of 28 and 40, respectively. When the
main chains were PSF and PI (see Section 2.1vf°" values were 7.19 and 5.14, respectively
[21,22,87,88]. When a rigid main chain with no affinity for ethanol was used for a PDMS graft copo-
lymer, they showed high ethanol selectivity. This is because swelling of the membrane by ethanol was
avoided by the rigid main chain.

Although a polyphenylacetylene is water-selective in PV, trimethylsilyl substituted polyphenylace-
tylenes showed an ethanol permselectivi§'?" = 2.1-2.4, P = 0.19-5.4) [39].

Adding hydrophobic zeolite to PDMS enhanced &fé°" from 7.6 to 16.5. Since an ethanol molecule
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can permeate through the pores of the zeolite but a water molecule cannot, water permeability decreasec
and ethanol selectivity increased [89].

A plasma polymerized membrane from a silicon-containing monomer was reported to be ethanol
permselective having a°" of 16.9 [90].

3.1.2. Fluorine-containing polymers

A graft copolymer having PDMS and heptadecafluorooctyl group as grafts were synthé2izadhée
« increased owing to high water repellency at the membrane suffat@H] = 7 wt%, o5 = 254,
P =0.27) [91].

P and « " of copolymers of tetrafluoroethylene with alkylvinyl ethet3( 14) or trifluoro-

vinyl ether @5 were 0.5 and 7.1 [EtOH] = 15wt%), and 0.8 and 7.2[EtOH] = 9 wt%),
respectively [92].

—tCH-CH, )zt CH-CHp5— CH-CH,j)e—

J}Ae EIEL 119
CyFy, Me’SHO‘SiﬁTOISiEL
Me Me Et
CH,=CH~-0-C,,H,, 113
CH,=CH-0-CH, -CH(CH,) -C.H, 114
CF,=CF -0-CF,~CF,-C(CF,),~OH 115

A fluorinated polymer16) prepared by modification of water-soluble polyallylamine showed ethanol
selectivity (EtOH] = 5 wt%, oF*°" = 3.5) [93]. The higher the hydrophobicity of the surface was, the
higher was thex ",

By introducing perfluoroalkyloxy groups to a poly(trimethylsilylphenylacetylené}" and P were
increased ¢5*°" = 2.0-3.2) [30].

—%CHJJZH},—%CH,?H}W
CH, CH,
ILH, E\IIH ‘16
co
(ClIF,);CF;

A composite membrane of PDMS and a graft copolymer of nonafluorohexyl acrylate or heptadeca-
fluorodecyl acrylate with styrene showed a high°" (([EtOH] = 8 wt%, oF*°" = 247 and 45.9p =
1.62 and 0.60, respectively) [94].

3.2. Membrane surface-maodified by fluorine-containing polymer

We enhanced thegony of PDMS by modifying its surface with fluorine-containing polymers
without drop inP [95—-97]. In particular, PDMS membranes whose surface was modified with a small
amount of polyp-perfluoroalkyloxydimethylsilylstyrene)17) had good ethanol permselectivities
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([EtOH] = 2.5 wt%, oF°H =223, P = 206) [95]. In these membranes, since only the surface was
modified by the fluorine-containing polymer and the bulk was almost pure PRMS!' increased
while maintaining high permeability. When adding perfluoroalkyltriethoxysilane at§8)" and P
increased simultaneously. Moreover, by hydrolysis-condensation T8 was increased further [97].

cH,
CH,~CH @SIiOCH,CHz(CF,)J CF, 17

CH,

4. Macromolecular design for optical resolution membrane (enantioselectively permeable
membrane)

4.1. Shortcomings of conventional optical resolution methods

Conventional optical resolution methods, including preferential crystallization, chemical modification
by an optical resolution agent and high-performance liquid chromatography (HPLC) with a chiral
stationary phase, have the common drawback that only a small amount of material can be treated in
one operation. On the other hand, optical resolution by membrane permeation is very promising because
a large amount of racemates can be handled in a single treatment.

4.2. Conventional approach to design an optical resolution membrane

Optical resolution membranes reported so far [4,98—103] are divided into two groups. One is
membranes containing enantiomer-recognizing carriers [4,98,99] and the other is prepared from a
polymer of a chiral stationary phase in HPLC [100-103]. Liquid membranes containing enantiomer-
recognizing carriers such as a chiral crown ether showed highly enantioselective permeability [4] but
low durability because loss of the liquid and carriers could not be avoided. In case of solid membranes
containing enantiomer-recognizing carriers, their durability becomes high but the enantioselectivity is
observed only at an initial period owing to saturation of the carriers by permeants. The saturation may
occur because the carriers are not mobile but fixed, and moreover the content of the carriers in a
membrane together with self-supporting membrane-forming ability is limited. For example, through a
poly(chiral crown ether) membrane, racemic phenylglycine perchlorate was separated in 11%ee at the
initial period but the selectivity almost disappeared after the initial period (1.5%ee) [98]. On the other
hand, the interaction of a polymer of a HPLC chiral stationary phase with permeants is thought to be too
weak to separate permeating racemates in the very short permeation path. Moreover, most of thes
polymers are crystalline and have no self-membrane-forming ability or their membranes are brittle. For
example, since a chiral poly(amino acid) derivative [100] and cellulose carbamate [101] require a porous
supporting membrane when they are used for membrane permeation, the polymers may be easily los
from the supporting membrane by applying pressure to enhance the permeation rate or by using solven
having only a weak affinity for the polymers. Therefore, in these types of membranes, permeation rates
are low and it is difficult to maintain stability of the permeation performance.
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4.3. New approach to design of optical resolution membrane

For an effective optical resolution membrane, the following requirements need consideration:

. The membrane is a solid one having a self-membrane forming ability and its strength is high.
The permselectivity is high, that is, the enantiomeric excess (%ee) of the permeate is high.
The permeation rate is high, and is able to be enhanced by applying pressure.

The permselective ability is stable for a long time.

. Many kinds of racemates are separated by the membrane.

. A desired enantiomer is concentrated by selecting the chirality of the membrane polymer.

SRS

Since a self-supporting solid membrane can be easily fabricated in various forms and its durability is
high, it can be applied to various production processes. Moreover, the permeation rate of a membrane
having high durability can be enhanced by applying pressure. As mentioned above a liquid membrane
shows low durability. Therefore, requirement (1) is the most fundamental.

Requirements (2) and (3) are important for all separation membranes. In general, when permselec-
tivity increases, permeation rate decreases and vice versa. It is desirable to prepare membranes with bott
a high permeation rate and a high permselectivity for all kinds of separation including optical resolution.

Requirement (4) is also important. However, some of the reported solid membranes showed enantios-
electivity only at an initial period as described above. If requirements (5) and (6) are accomplished in
addition to (1)—(4), the membrane will become more valuable.

New approaches to macromolecular design for optical resolution solid membranes are as follows:

1. Membrane from polymer having bulky chiral group as pendant group;
2. Membrane having enantiomer recognition layer at the surface;
3. Membrane from polymer having chiral main chain.

4.3.1. Membrane from polymer having bulky chiral group as pendant group

4.3.1.1. Polysilylpropyne having bulky chiral grou@sptically active poly[1—[dimethyl(10-pinanyl)-
silyl]-1-propyne]s [(+)- and (—)-poly(DPSP) 18] were synthesized by homopolymerization of optically
active 1-[dimethyl(10-pinanyl)silyl]-1-propynef()-and (+)-DPSP] prepared from—)- and (+)-B-

pinene, respectively as shown in Scheme 1 [104]. In spite of the bulky pendant groups, the monomers
were able to be polymerized by using Tg€h;Bi as a catalyst to give high molecular weight polymers.

Fig. 9 shows the quantityQ) of permeatedR)- and §-tryptophan (Trp) versus permeation time
through a ¢)-poly(DPSP) membrane in concentration-driven permeation (CP) when a methanol solu-
tion of racemic Trp was supplied [105]. The permeation through this membrane was enantioselective for
(%)-Trp after an initial period. Especially at the initial period of this membrane permeation, the %ee of
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Scheme 1.

permeated Trp was enhanced to 96%ee in the permeate from 0%ee in the feed. After the initial period, a
moderate enantioselective permeation of 38%ee followed and which continued in a stable condition for
more than 800 h. A similar enantioselective permeation behavior was observed in other racemates sucl
as phenylalanine (Phe), valine (Val), and mandelic acid (Man). In other words, almost complete optical

resolution occurred at the initial period (Fig. 10) and stable permeations with moderate enantioselectivity

15 R)
Racemate (feed) S)

10t (R)-Isomer
o0
g
E Initial period
o st 0-214 h (permeate)

o " (§)-Tsomer 214-365 h (permeate)

0 200 400 600 800 1000

Time (h) -

Elution time

Fig. 9. Plots of quantity@y,,) of permeated Trp from a racemate versus permeation time throtighpply(DPSP) membrane
and HPLC chromatograms for the feed and permeates (feed 0.05 wt% methanol solution).
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Fig. 10. Plots of permselectivity (%ee aRf/Ps) versus permeability coefficien®() for various racemates througt }-poly-
(DPSP) membrane at an initial period. Trp, tryptophan; Val, valine; Phe, phenylalanine; Man, mandelic acid; aq, aqueous
solution; MeOH, methanol solution.

were observed after the initial period (Fig. 11). Moreover, this membrane could separg@-butanol
(2-BuOH) enantioselectively. Since 2-BuOH is a small and less polar molecule and the direct separation
of the racemate by chiral HPLC is impossible at present, this result is valuable and shows good
enantioselective ability of this membrane. In summary, this solid membrane was found to be able to
separate enantioselectively several kinds of racematessino acids,a-hydroxy acids, and alco-
hols—having different functional groups and molecular sizes. This finding suggests that enantioselec-
tive recognition is not caused by specific interaction between a certain functional group of a permeating
racemate and that of the polymer such as in HPLC. To confirm this hypothesis, enantioselectivity in
adsorption to a-{)-poly(DPSP) powder was examined for various racemates which could be enantio-
selectively separated by permeation. As a result, no enantioselective adsorption was detected. Therefore
it was confirmed that the reason for the enantioselective permeation was not selective adsorption or
dissolution at the membrane surface and the mechanism was different from that of HPLC.

This membrane is dense and non-porous, and therefore bulky chiral pinanyl groups should be packed
densely. Racemic permeants seem to permeate through a space surrounded by the bulky chiral pinany!
groups. Since permeants should contact strongly with the bulky chiral pinanyl groups during the
permeation through the space, enantioselectivity is thought to occur in this diffusion process. The reason
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Fig. 11. Plots of permselectivity (%bee af@/Ps) versus permeability coefficienPg) for various racemates through-J-
poly(DPSP) membrane after the initial period. Trp, tryptophan; Val, valine; Phe, phenylalanine; Man, mandelic acid; aq,
aqueous solution; MeOH, methanol solution.

for the enantioselective permeation for the wide range of the size of compounds may be the variability in
size of the space among the chiral groups by molecular motion of the pendant groups. Accordingly,
when suitable conditions are selected so as not to enlarge the space, optical resolution is achieved by th
membrane.

Since this membrane is non-porous, it is possible to analyze the enantioselective permeation by the
solution—diffusion mechanism, i.8, = D X SwhereP, is the permeability coefficienD the diffusion
coefficient, andSthe solution coefficient. Table 10 summarizes the results of the analysiSraties of
the R)- to the ©-isomer /) are close to unity, while th® ratios of the R)- to the §-isomer
(Dr/Dg) are close to th&; ratios Pr/Ps). Since thePr/Ps values are governed by tig/Dg values, the
enantioselectivity occurred not in the solution but in the diffusion process. In other words, the enantio-
selective permeation was achieved not by selective dissolution at the membrane surface but by selective
diffusion through the chiral space formed by the pinanyl groups in the membrane. This result is
consistent with the lack of enantioselective adsorption described above.

On the other hand, thE value was governed not by th& but the Svalue. TheP. and S values
increased with an increaseynF (hydrophobic fragmental constant) as shown in Fig. 12, indicating that
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Table 10
Enantiomer permeation behavior @famino acids and 2-BuOH through+( )-poly(DPSP) membrand-(is the hydrophobic

fragmental constant)

Solute § F) Solvent Pe(x 10" m?h™) Pr/Ps Dr/Ds S /s
Trp (2.31) HO 27 2.6 2.5 28 1.0
Trp (2.31) MeOH 1200 2.2 2.8 1800 0.8
Phe (2.24) MeOH 210 3.3 3.6 540 0.9
Val (1.46) MeOH 13 2.8 2.4 22 1.2
2-BuOH (0.74) HO 21 1.2 1.3 26 1.0

racemates with higher affinity for the polymer permeated more rapidly. The factor for determining the
selectivity was different from that of determining the permeation rate in this permeation.

In Trp permeation through the copolymer of XDPSP with a small amount of TMSP, the enantio-
selectivity significantly decreased as shown in Fig. 13. This finding indicates that the space between the
bulky pinanyl groups was enlarged by removing a small amount of the bulky chiral pinanyl groups.
Therefore, the achievement of enantioselective permeation through this membrane needs a great numbe
of densely packed chiral pendant groups. In order to enhance the density of the group, the introduction of
additional chiral pinanyl groups was attempted by the cross-coupling reaction of lithiateethyl
group of (+)-poly(DPSP) with chiral pinanyldimethylchlorosilanes but was unsuccessful. Therefore,
(+)-poly(DPSP) has no extra space enough to introduce additional chiral pinanyl groups. Consequently,
chiral pinanyl groups in {)-poly(DPSP) were packed densely to a maximum degree, and the
small spaces between these densely packed bulky chiral pendant groups may be necessary for highly
enantioselective permeation.

1000 10000
> {1000
= L
= 100
—
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IS 1100 S
g )
& 17]
A& 10}
110
1 : 1
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Fig. 12. Dependence of the permeability coefficiéty) and the solution coefficien§{on > F of permeant in CP.Y F) is the
sum of hydrophobic fragmental constants.
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Fig. 13. Effect of DPSP unit % in copoly(DPSP/TMSP) on enantioselectivity in CP for Trp.

However, the permeation ratd3)(in CP were very lowP = 1-50) and especially? of hydrophilic
( =)-1,3-butanediol (1,3-BD) was nearly zero. In order to enhanc® treue, the permeations in vapor
state, i.e. evapomeation (EV) and pervaporation (PV), were tried [106]. By means of EV°&{ 108
BD permeated enantioselectively (42%ee at an initial period) with Ri¢fh5100). It is interesting that
enantioselective permeation occurred in the case of a vapor permea®vahes in EV and PV were
two orders of magnitude higher than those in CP. Since 1,3-BD is important as a chiral synthon and its
direct separation by chiral HPLC is impossible, the achievement of this separation is of great value. After
the initial period, the permeate with 17%ee with high(=9200) was also obtained. PV of 1,3-BD
showed higher enantioselectivity of 89%ee at the initial period anétvas high &£2200) and lower
than that of EV.

In the case of PV of racemic 1,3-BIR)-1,3-BD permeated preferentially through-g)¢poly(DPSP)
membrane, while§-1,3-BD permeated preferentially through a)¢{poly(DPSP) membrane. There-
fore, a desired enantiomer can be concentrated by selecting the chirality of poly(DPSP).

Fig. 14 is a plot of %ee of the permeates versus logarithrior various racemates through -
poly(DPSP) membranes by several methods. The %ee values increased with a decred?afieian
initial period (solid symbols). %ee values were higher in CP and lower in EV and PV, Rividues
were higher in EV and PV and lower in CP. In these permeations throtjfpdly(DPSP), a trade-off
relationship was observed.

4.3.1.2. Polynorbornadiene having bulky chiral groupge synthesized «)-poly{2-[dimethyl(10-
pinanyl)silyllnorbornadiene} [{)-poly(DPSN);19] which had the same optically active pendant groups
as that of ¢+)-poly(DPSP) and a more flexible main chain than that-ef-poly(DPSP), and measured
enantioselective permeability forRQ-propranolol (Prp) and R9-tryptophan (Trp) through this
polymeric membrane [107,108}-)-DPSN, synthesized from~)-B-pinene and 2,5-norbornadiene, was
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Fig. 14. A plot of %ee in the permeate versus Pfpr various racemates®( @), CP; (A, A), EV; (d, H), PV; (open symbol),
an initial period; (solid symbol), after the period (from Ref. [105]).

polymerized by using Wgls a catalyst and (G}4Sn as a co-catalyst as shown in Scheme 2.

:%\@/%:n
s_/CHS s 119
- 1

Fig. 15 shows the plots of quantity of permeated)-(and ©-Trp from aqueous racemic
solution versus permeation time through)(poly(DPSN) membrane together with the result of
(+)-poly(DPSP). The permeability coefficienP{= 45.4) of (+)-poly(DPSN) membrane for Trp
was much higher than that=@.72) of a {)-poly(DPSP) membrane having higher selectivity.
This may be because the main-chain of){poly(DPSN) is more flexible than that of ar}-
poly(DPSP).
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Scheme 2.
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Fig. 15. Plots of normalized quantit@f) of permeatedR)- (®, A) and §)- (O, A)-tryptophan (Trp) from aqueous racemic
solution (0.100 wt%) versus permeation time through)poly(DPSN) @, O) and (+ )-poly(DPSP) &, A) membrane (from
Ref. [107]).

Fig. 16 shows the plot of quantity of permeatd®)-(and §)-Prp from racemic methanol solution
versus permeation time through Y-poly(DPSN) membrane. Th&)-(+)-isomer permeated preferen-
tially. The %ee andP, values were 45% and 2.80, respectively. This means thaRhisgmer perme-
ated 2.7 times faster than th&){isomer. This is the first example of optical resolution for Prp by
membrane permeation. Moreover, this enantioselective permeation was stable for 2000 h. Since Prf
is useful for medicine and one of hydrophobic compounds which were difficult to be separated by using a
(+)-poly(DPSP) membrane, this attainment is significant.

4.3.2. Membrane having an enantiomer recognition layer at the surface
In order to obtain a new type of an optical resolution solid membrane containing a surface layer which
can separate racemates enantioselectively, we prepared a new membrane consisting of a small amount

(R)-Isomer

501

(S)-Isomer

407

E" 3or ° 45%ee
o 20f
10} O/D/O/e
) Permeate
00 1000 2000
Permeation time (h) Elution time

Fig. 16. Left: plots of quantity@) of permeated)- (®) and ©)- (O)-propranolol (Prp) from methanol racemic solution
(0.500 wt%) versus permeation time through){poly(DPSN) membrane. Right: chromatogram of HPLC of Prp: (above)
racemic Prp in the feed; (below) Prp in the permeate during 650—1000 h. Column: CHIRALCELL -@ient: hexane/
isopropanol, 19/1 (v/v) (from Ref. [107]).
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Fig. 17. Enantioselective permeation(CP) of 1.0 wt% aqueadst)-mandelic acid solution through 10.7 wt% -OMPS/
PMMA membrane. Left: Plots of the quantity of permeated mandelic aQjghJ versus permeation time. Right: HPLC
chromatogram (column: CHIRALPAK WH) of the feed and the permeate (from Ref. [109]).

(—)-oligo{methyl(10-pinanyl)siloxane} {¢)-OMPS, 20} and poly(methyl methacrylate) (PMMA)
[109].
CH;

s
\&Si

(—)-OMPS was synthesized by hydrolysis-polycondensation of methyl(10-pinanyl)dichlorosilane
which had been prepared from dichlorosilane and-B-pinene by hydrosilation.«{)-OMPS had a
M., of 1.20x 10° corresponding to about 6-mer and could not form a self-supporting membrane because
it was a viscous solid. A PMMA membrane whose surface was modified- IYOMPS was prepared by
casting a 5% (w/v) THF solution of PMMA containing a small amount (10—-12 wt%)}-fQMPS on a
polytetrafluoroethylene sheet. Fig. 17 shows the results of the concentration-driven permeation of
1.0 wt% aqueousiL-Man solution through 10.7 wt%+)-OMPS/PMMA.L-Man predominantly perme-
ated through this membrane and the enantiomeric excess in the permeate was a high level of 85.4%ee.
The enantioselective permeation continued for more than 1800 h. The permeatid?) rates (7.31P
was enhanced by applying pressure (5 kg &nto 15.4 although the %ee dropped to 32.9% (Fig. 18).
The enantioselective permeation was stable for 200 h.

The mechanism for the enantioselective permeation was discussed by examining the enantioselective
adsorption obrL-Man and other racemic bodies to\-OMPS. Table 11 shows the enantioselectivities in
the adsorption to-{)-OMPS and in the permeation through)OMPS/PMMA. In all the three racemic
bodies, {+)-isomers were selectively adsorbed and predominantly permeated, i.e. the isomers selected
were identical in the adsorption and the permeation. Moreover, Man adsorbed with a high enantioselec-
tivity permeated with a high enantioselectivity. These findings indicate that the enantioselectivity in the
permeation was caused by the facilitated solution process at the membrane surfacetQfitivenger
which interacted more strongly with-)-OMPS.

In order to investigate the effectiveness of the surface modified membrane; :@MPS/PMMA,
the permeation obL-Man through another blend membrane which was not surface-modified, i.e.
(—)-OMPS/polydimethylsiloxane (PDMS) was measuree)-OMPS/PDMS showed almost no
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Fig. 18. Enantioselective permeation (PP) of 0.10 wt% aqueot(s-)-mandelic acid solution through 11.4 wt% J-OMPS/
PMMA membrane by applying 5 kg cri pressure. Plots of the quantity of permeated mandelic &g} versus permeation
time (from Ref. [109]).

enantioselectivity. Therefore, it was found that){OMPS is necessary to be present at the surface to
realize the enantioselective permeation. In additiern)-:PDPSP/PMMA of which ¢)-PDPSP may be
accumulated at the surface showed almost no enantioselectivity either. SIRGDPSP was hardly
enantioselective in adsorption, the enantioselective adsorptior-OMPS was found to play an
important role for the enantioselective permeation throughQMPS/PMMA.

Since this membrane was able to separate other racemates, and several other surface-modifie
membranes were also found to have an enantioselectivity, and, in addition, these membranes nee
small amounts of expensive optically active compounds, this type of surface-modified membranes are
good for optical resolution [110].

In the (—)-OMPS/PMMA membrane, since-)-OMPS can bleed out from the membrane during
permeation, its durability may be low. Moreover, the content 6j-OMPS which can form an
(—)-OMPS/PMMA membrane was low. In order to improve these defects, a graft copolymer
((—)-OMPS-graft-poly(PA),21) consisting of a polyphenylacetylene main chain arg-OMPS
grafts was synthesized [111]. The membranes from the graft copolymer were tough and showed good
permselectivity similar to the-)-OMPS/PMMA membrane.

CH  GHs  CHy
Si-0¥—65i-095SiCH; 21
CH, CH;

*

4.3.3. Membrane from polymer having chiral main chain

4.3.3.1. Chiral poly(amino acidPoly(L-glutamate)s having amphiphilic side chains eipnylphen-
oxy)oligo(oxyethylene) (NON-PL&2) possessed enantioselective permeability [100,112]. An almost
complete optical resolution was attained. The permselectivity did not drop for more than 500 h as shown
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in Fig. 19. Since the polymer having-helix structure formed a liquid crystal, the reason for the
enantioselectivity was considered to be the ordered structure.

H

¢ N—C*Cc-
\ } | “m
H 0]
GHe
GHe

G-0-(CH,CH;0)s

:22

In order to obtain a more highly permeable and enantioselective membrane we synthesizefi3oly[
(pentamethyldisiloxanyl)propyl-glutamate] (PSiZ23) containing a chiral backbone and flexible short
side chains which can be easily affected by the backbone [113].1Pglytamic acid ester)s with 3-
(pentamethyldisiloxanyl)propyl group (PSi2) were prepared by the ester exchange reaction of poly(
methylL-glutamate) (PMLG) with the corresponding alcohol (ROH) ugiagluenesulfonic acid as a

catalyst.

Table 11

Enantioselective adsorption of racemic bodies-t9-OMPS (Man, mandelic acid; Val, valine; Phe, phenylalanine)

Racemate Adsorption Permeatfon
Adsorbed compound/ Selectivity %ee Selectivity %ee
(—=)-OMPS (mol%)

Man 0.676 + 32.1 + 32.9

Val 0.215 + 2.6 + 0.5

Phe 0.253 + 5.9 + 4.0

2 Pressure-driven permeation through 10-12 wt% OMPS/PMMA membrane.
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Fig. 20. Plots of quantity@y,) of (+)- and (—)-tryptophan permeated through PSi2(44) membrane versus permeation time
(from Ref. [113]).
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Fig. 20 is a plot of permeated-)- and (—)-tryptophan versus permeation time through PSi2(44) (44%
substitution degree) when racemic tryptophan was fed. This membrane showed enantioselective perme
ability for ( = )-tryptophan. By this membrane permeation %ee of J-tryptophan was enhanced to
16%ee in the permeate from 0%ee in the feed. This enantioselective permeation was stable and contin
ued for more than 160 h. This enantioselective permeability was also observed in another membrane;
PSi2(64) (64% substitution degree). The two membranes had a similar permeation behavior, i.e. these
regions of substitution degree hardly affected the behavior. However, PSi2 membranes having lower
substitution degree than 44% showed lower permeation rates. Fig. 21 shows the effect of the substitutior
degree on the permeation behavior. With an increase in the degree from 12 to 44%, the permeation rate
increased with retention of enantioselectivity (13—15%ee). This may be because the siloxane region

0 20 40 60
100 (x/p)

Fig. 21. Plots ofPr, and %ee versus the content of the siloxane short side chain in PSi2 membrane (from Ref. [113]).
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Fig. 22. Enantioselective permeation of various racemates through various optical resolution membranes. Descriptions in the
figure indicate “solute (method, solvent, concentratio®;.(+)-Poly(DPSP) 18); A, (—)-poly(PNBD) (19); O, (—)-OMPS
(20/PMMA; A, (—)-OMPS-graft-poly(PA) 21); O: (+)-poly(Si2LG) 3); ¢, (—)-poly(MtCPA) (24); CP, concentration-

driven permeation; PP, pressure-driven permeation; PV, pervaporation; EV, evapomeation.

affords an important permeation route. All PSi2 membranes showed higher enantioselectivity than
PMLG. This reason is not clear at present, but perhaps its flexible siloxane side chains may eliminate
microsized defects in PMLG membrane.

The enantioselectivities of PSi2 membranes were lower than those of NON-PLG, but the permeation
rates were 1Dhigher than that of NON-PLG. The high permeability of PSi2 membrane was due to the
applied pressure, and this membrane could resist a 10 k§ pressure difference. On the other hand,
NON-PLG does not seem to have strength enough to resist the pressure difference nor does it seem to
improve the low permeation rate. However, NON-PLG showed a very high enantioselective perme-
ability (about 100%ee). It was reported that this high enantioselective permeability was attributed to a
highly ordered structure of the rigid side chains induced by its chiral helical main chain. On the other
hand, the flexible side chains of PSi2 do not seem to have a highly ordered structure. This may be the



988 T. Aoki / Prog. Polym. Sci. 24 (1999) 951-993

reason why PSi2 membranes had a lower permselectivity. PSi2 membranes had a stable enantioselectiy
permeation for more than 160 h. This may be owing to the soft property of the siloxane side chains.

In order to obtain information on the mechanism of the enantioselective permeation, adsorption of
(%)-tryptophan or £)-mandelic acid to PSi2 was examined. As a result, PSi2 exhibited enantioselective
adsorption for tryptophan and mandelic acid, arg-{somer was enantioselectively adsorbed. This
selectivity was opposite to that of the permeation. Therefore, the permeation-afdmer was thought
to be suppressed by the relatively higher interaction with PSi2 resulting in the selective permeation of
(—)-isomer.

As described above, PSi2 membrane hadxdrelix when it was cast by using 1,2-dichloroethane
similar to PMLG, and amx-helix along with a small amount of random structure when it was cast by
using trifluoroacetic acid. In order to investigate if this high-order structure is effective for the enantio-
selective permeation, permeation through two kinds of PSi2 membranes, which contained a different
high-order structure, were measured. A membrane prepared using 1,2-dichloroethane and one usin
trifluoroacetic acid had almost the same permeation performance. This finding suggestsdHaglike
content does not significantly affect the permeation performance. Therefore, the high-order structure was
not found to affect the enantioselective permeation. The enantioselectivity may be ascribed to the
asymmetric carbons and not to thehelix.

As shown in Fig. 21, with an increase in the substitution degree of the siloxane side chain, the
permeation rate of tryptophan increased. This is clearly because the siloxane region constituted highly
continuous domains and became an important permeation route. Therefore, the aqueous tryptophal
solution mainly permeated this siloxane domain, which had no asymmetric centers. Nevertheless, (
)-tryptophan was separated enantioselectively in the permeation. This finding suggests that this siloxane
region had an ability for enantioselective recognition, i.e. this region was influenced more or less by its
chiral backbone structure. If this region had no ability for enantioselective recognition and only the
backbone region had the ability, the permeation rate would increase but the enantioselectivity would
decrease with an increase in the siloxane side chain content. However, the permeation rate increased ar
the selectivity did not drop.

4.3.3.2. Chiral polyphenylacetylen®olymerization ofp-(L-(—)-menthoxycarbonyl)phenylacetylene

{ []® = —688 (c 0.580, CHC}) } by using [Rh(norbornadiene)Gls a polymerization catalyst led

to (—)-poly[p-(L-(—)-4-menthoxycarbonyl)phenylacetylene]s, which exhibited a much higher optical
rotation { poly(MtCPA); 24, [a]3 = —605 (€ 1.0, CHC})} [114,115]. The CD spectrum showed a
Cotton effect with a high molar ellipticity’cm? dmol™) of — 71 000 (at 272 nm) and+ 37 000 (at

310 nm), which were one order of magnitude higher than that of known chiral polyacetylenes.

c-0

If
(o]

The important features of poly(MtCPA) having a high stereoregularity were its very high molecular
weight (M,, > 10°) and good solubility. Polyacetylenes having a high molecular weight and high
stereoregularity generally tend to be insoluble. However, poly(MtCPA)s were easily soluble in benzene,
toluene, xylene, carbon tetrachloride, 1,2-dichloroethane, chloroform and tetrahydrofuran. Therefore
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this polymer was easily fabricated to a tough membrane by a solvent-casting method. The CD spectrum
of the polymer in the membrane was similar to that in solution, indicating that the polymer had also a
helical conformation with an excess of one sense in a solid membrane.
When 0.5 wt%bpL-tryptophan aqueous solution was fed, the %ee of the permeate through the
membrane was 54-55%ee for 600—3000 h showing-(@-)-enantiomer selective permeability
(P, = 0.018), and when 0.05 wt%L-tryptophan methanol solution was used, %ee was 8—15%ee for
240-600 h . = 54). Since this polymeric membrane is very tough and flexible, the low permeability
will be improved by applying pressure and using a membrane with a larger area and a lesser thickness.
Fig. 22 summarizes the enantioselective permeation behavior through new membranes described
above. Trade-off relationship was observed in this case similar to the case of oxygen permselective
membranes. Other approaches have also been reported [116—118].

5. Membrane with permeability controlled by external stimulation
5.1. Membrane with controlled permeability

5.1.1. Liquid membranes and bimolecular membranes

Membranes whose permeabilty can be controlled by external stimulation were realized mainly in the
case of a liguid membrane. Shinkai et al. achieved a light controlled facilitated transport of potassium
ion and a light controlled active transport of alkaline earth metal ion by using liquid membranes
containing a photoresponsive crown ether [7,8]. Okahata et al. reported that reversibly controlled
transports of sodium chloride through a bimolecular membrane were observed by applying an electric
field or a temperature change [119]. The stabilization or fixation of these membranes were investigated
by using polymer—liquid crystal composite membranes or porous membranes [120,121].

5.1.2. Solid membranes

Kinoshita et al. reported a pH or photo-controlled permeation through poly(amino acid derivatives)
membranes. The pH control was based on swelling in the transiti@hefix to random coil of the main
chain, and the photo-control was caused by the formation of polyanions of rose groups introduced to the
side chain followed by swelling [122-124].

Ikada et al. found a water permeation reversibly controlled by a temperature change. This membrane
was a porous membrane with a polymer, showing transition phenomenon at a temperature, as grafts in
the pores. This change in permeation rate was thought to be caused by opening and closing of the pores
by shrinking and extending of the grafted polymer on the transition temperature [125]. Saito et al.
controlled the flux by using the change in swelling depending on temperature of a temperature-respon-
sive polymer gel membrane [126].

5.2. Membrane with controlled permselectivity

Most of permeability controlled membranes described in Section 5.1 were a water membrane
containing crown ether with responsive groups or a polymer membrane which can swell in water. In
these membranes, water played an important role. However, these membranes cannot control the
permselectivity.
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Fig. 23. Plots ofa " of PDMS-based blend membrane containing 5.3 wt% copoly (IPAA/@3)qr 5.8 wt% polyFA Q)
versus IT (from Ref. [127]).

We achieved temperature-controlled ethanol permselectivity through a blend membrane consisting of
5.3 wt% copolylN-isopropylacrylamide/1H,1H,2H,2H-perfluorododecyl acrylate) and polydimethylsi-
loxane as shown in Fig. 23. This behavior was due to the thermal transition of the copolymer being
accumulated at the membrane surface [127].
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