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the chain—chain correlation hole. Nor has the model yet
been extended to treat other solution transport proper-
ties, such as probe diffusion, sedimentation, or the pla-
teau modulus. A rigorous justification of the self-simi-
larity approximation—one capable of predicting correc-
tion terms in a systematic way—is presently lacking.

References and Notes

(1) Wheeler, L. M.; Lodge, T. P. Macromolecules 1989, 22, 3399,

(2) Lodge, T. P.; Markland, P.; Wheeler, L. M. Macromolecules
1989, 22, 3409.

(3) de Gennes, P.-G. Scaling Concepts in Polymer Physics; Cor-
nell University Press: Ithaca, NY, 1979,

(4) Hess, W. Macromolecules 1986, 19, 1395.

(5) Hess, W. Macromolecules 1987, 20, 2587.

(6) Skolnick, J.; Yaris, Y.; Kolinski, A. J. Chem. Phys. 1987, 88,
1407.

(7) Skolnick, J.; Yaris, Y. J. Chem. Phys. 1987, 88, 1418.

(8) Phillies, G. D. J. Macromolecules 1986, 19, 2367.
(9) Phillies, G. D. J. Macromolecules 1987, 20, 558.

(10) Phillies, G. D. J. Macromolecules 1988, 21, 3101.

(11) Phillies, G. D. J. J. Phys. Chem. 1989, 93, 5029.

(12) Fujita, H.; Einaga, Y. Polym. J. (Tokyo) 1985, 17, 1131.

(13) Onogi, S.; Kimura, S.; Kato, T.; Masuda, T.; Miyanaga, N. cited
in ref 14 as J. Polym. Sci., Part C 1966, 381.

(14) Doi, M.; Edwards, S. F. The Theory of Polymer Dynamics;
Clarendon Press: Oxford, 1986.

(15) Grest, G. S.; Kremer, K. Springer Proceedings in Physics.
Computer Simulation Studies in Compressed Matter Phys-
ics; Springer-Verlag: Berlin, 1988; Vol. 33, p 76.

(16) Daoud, M.; Cotton, J. P.; Farnoux, B.; Jannink, G.; Sarma, G.;
Benoit, H.; Duplessix, R.; Picot, C.; de Gennes, P.-G. Macro-
molecules 1975, 8, 804.

(17) Wheeler, L. M.; Lodge, T. P.; Hanley, B.; Tirrell, M. macro-
molecules 1987, 20, 1120.

(18) Phillies, G. D. J.; Gong, J.; Li, L.; Rau, A.; Zhang, K.; Rollings,
J.; Yu, L-P., J. Phys. Chem. 1989, 93, 6219.

=

Enantioselective Permeation of a-Amino Acid Isomers through
Poly(amino acid)-Derived Membranes

Atsushi Maruyama,® Noriyuki Adachi, Takehisa Takatsuki, Masanori Torii,
Kohei Sanui, and Naoya Ogata

Department of Chemistry, Faculty of Science and Technology, Sophia University,
7-1 Kioi-cho, Chiyoda-ku, Tokyo 102, Japan

Received September 7, 1989; Revised Manuscript Received December 1, 1989

ABSTRACT: Poly(L-glutamates) having amphiphilic side chains of (n-nonylphenoxy)oligo(oxyethylene)
{NONx-PLG) were observed to possess potential properties as membrane materials for resolving optical
isomers of a-amino acids. Permeation rate ratios of >8.0 for the p isomer to L isomer of tyrosine and tryp-
tophan were achieved. Permeation of amino acids for times >500 h did not cause any drop in selectivity.
Operating temperature considerably affected the permselectivity of the isomers. Since NONx-PLG adopted
mainly an a-helical structure in its cast film and formed a liquid crystalline (nematic) type mesophase, this
ordered structure of poly(amino acid) derivatives was considered to be the reason for the enantioselectiv-

ity of the membrane.

Introduction

With the rapid production of novel specialty (highly
functional) materials such as pharmaceutics, bioactive sub-
stances, and liquid crystals, improvement of preparative
separation methods for geometrical isomers including opti-
cal isomers is currently demanded. Although the mem-
brane separation process has marked advantages in pro-
duction such as ease of handling, instrumental simplic-
ity, and efficiency in energy as compared to the
chromatographic separation process, a practical mem-
brane having the capability of separating optical iso-
mers has not yet appeared except in the form of liquid
membranes. These are triphasic systems composed of
aqueous-organic-aqueous solutions utilizing optically active
crown ethers, originally demonstrated by Cram et al.!

The permeation of substances through a membrane is
determined by the partitioning behavior of the sub-
stances with respect to the membrane and their diffus-
ibility (or mobility) in the membrane. Thus, to improve
enantioselectivity of a membrane, considerable effort
should be made to optimize these two factors. The par-
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titioning behavior of optical isomers is largely influ-
enced by the structure and number of recognition sites
in the membrane. However, diffusibility is difficult to
control because optical isomers have identical molecular
sizes.

To refine the selectivity of polymeric membranes, we
paid particular attention to the microenvironmental nature
in the vicinity of the recognition sites as well as the dis-
tribution (or assembling) mode of the recognition sites.

Aqueous liquid membranes with amphiphilic sub-
stances such as surfactants were reported to discrimi-
nate geometric isomers of amphiphilic substances or of
hydrocarbons in terms of their permeation or partition-
ing behavior based on the differential solubilizing effect.2
In this case, the hydrophilic-hydrophobic balance of
amphiphilic substances was considered to play a signifi-
cant role. Colonna et al.3 reported the successful asym-
metric oxidation of electron-poor olefins such as chal-
cones to optically active oxiranes in the triphase system
(water/organic solvent-poly(amino acid)). In this case,
the poly(amino acid), which provides the stereoselectiv-
ity of the reaction, was placed at the interface of an emul-
sion of the organic phase in the aqueous phase. The hydro-
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Figure 1. Structural formula of NON6-PLG. The number aver-
age of repeating units of oligo(oxyethylene) was 6.0.

philic-hydrophobic environmental nature around the poly-
(amino acid) was considered to play a complementary
role in the stereoselectivity of the reaction. Addition-
ally, highly enantioselective reactions in micelles* or bilayer
membranes® have been reported. Thus, we expected that
the resolving power of recognition moieties (or sites) fixed
in a membrane would be improved by regulating the hydro-
philic-hydrophobic nature around the moieties (sites).
In other words, membranes having optically active rec-
ognition moieties placed in a controlled hydrophilic-hy-
drophobic microenvironment would discriminate opti-
cally active substances with high selectivity in terms of
their partitioning or permeation behavior.

In addition to the microenvironment, the distribution
and assembling modes of recognition sites in a mem-
brane may be another influential factor on both the resolv-
ing power of recognition sites and the diffusibility of sub-
stances.

According to this concept, we designed poly(amino acid)
derivatives having amphiphilic side chains, consisting of
oligo(oxyethylene) and long alkyl chains, as membrane
materials. The hydrophilic-hydrophobic balance in the
membrane could be feasibly regulated by changing the
number of constituting repeating units of oligo(oxyeth-
ylene) or by changing the length of the alkyl chain. More-
over, since rodlike rigid polymers such as a-helical poly-
(amino acids) are known to orient along their long axes
in their cast films or in concentrated solution, chiral fields
formed around the helical structure must be orderly sit-
uated in the membrane.

In this paper, we report the preparation and struc-
tural characterization of poly(amino acids) with
amphiphilic side chains as well as their permselectivity
to a-amino acjd isomers.

Experimental Section

Materials. Poly(y-methyl L-glutamate) (PMLG: MW = 105)
was kindly supplied by Ajinomoto Co. Inc. (n-Nonylphenoxy)-
oligo(oxyethylene) (NON6: number average of constituting
repeating units of oligo(oxyethylene) = 6.0 with molecular weight
distribution (M./M;) = 1.2) was obtained from Sanyo Chemi-
cal Industries, Ltd. pL-Tryptophan (Trp) and pL-tyrosine (Tyr)
were purchased from Wako Pure Chemical Industries, Ltd., and
used without further purification.

Synthesis of Poly(L-glutamate) with Amphiphilic Side
Chains (NON6-PLG). The structural formula of NON6-PLG
is shown in Figure 1. NON6-PLG was prepared as follows: 3 g
of p-toluenesulfonic acid monohydrate was dissolved in an eth-
ylene dichloride (EDC) solution (5.54 wt %, 244 g) of PMLG. To
the PMLG solution, an EDC solution (50 wt %, 400 g) of NON6
was added dropwise over more than 2 h. The mixture was allowed
to stand at 70 °C. To promote ester-exchange reaction, MeOH
formed during the reaction was removed from the reaction mix-
ture with EDC by evaporation. Another 220 g of NON6 was
gradually added to the reaction mixture during the course of
the reaction. After a 20-day reaction, a large excess of AcCN
was poured into the reaction mixture, and the polymer that
precipitated was collected. The resulting polymer was repeat-
edly washed with AcCN, followed by drying in vacuo. 'H NMR,
FT-IR, CD, DSC, and a polarized microscope were used to char-
acterize the structure of the polymer.

Membrane Preparation. As NON6-PLG did not offer self-
standing membranes, an anisotropic ultrafilter (cutoff molecu-
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Figure 2. FT-IR spectrum of NON6-PLG film. NON&6-PLG
film cast on a KBr plate from EDC solution was measured.

lar weight = 2 X 104, Advantec Toyo Co.) made of poly(m-phe-
nyleneisophthalamide) was used as a membrane support. An
EDC solution (ca. 1.0 wt %) of NON6-PLG was placed on the
dense side of the ultrafilter and dried under a nitrogen atmo-
sphere. This coating process was repeated several times (nor-
mally 5 times) to avoid pinhole formation. The polymer-
coated membrane (polymer thickness: ca. 1 um) was further
dried at 40 °C for 24 h, followed by thorough drying at 40 °C
in vacuo for 48 h.

Permeation Experiment. A disproportionate two-
chamber cell whose chamber volumes on the donor side and
acceptor side, respectively, were 100 and 4 cm3 was used for
permeation experiments. The polymer-coated membrane (8.0
cm?) after equilibration in distilled water for more than 7 days
was attached between the chambers with silicone-rubber pack-
ings. An aqueous solution (Trp: 4.9 mmol/L; Tyr: 2.0 mmol/L)
of racemic amino acids and water, respectively, were placed in
the donor- and acceptor-side chambers. The permeation exper-
iment was carried out at various temperatures (1-40 °C) with
stirring. To observe the permeation behavior of the amino acid
isomers in a steady state, the solution in the acceptor-side cham-
ber was exchanged with pure water at each sampling time. The
amount of amino acid that permeated through the membrane
was determined at 277 nm by a UV spectrometer, and the com-
position of p and L isomers was measured by means of a liquid
chromatograph equipped with a Chiralpak-WH column (Dai-
cel Chemical Industries, Ltd.), an optical resolution column, and
a UV spectrometer.

Results and Discussion

Synthesis and Characterization of NON6-PLG. The
FT-IR spectrum of the resulting polymer (NON6-PLG)
is shown in Figure 2. The characteristic peaks of NONG6
and polyglutamate moieties were observed in the IR spec-
trum of NON6-PLG. Furthermore, the absence of absorp-
tion at 3500 cm™! in the spectrum of the resulting copol-
ymer corresponded to the disappearance of hydroxyl groups
of NONG6 due to the exchange reaction with PMLG to
form ester linkages.

Peaks due to both polyglutamate and NON6 moieties
were observed in the 'H NMR spectrum of the resulting
polymer in CF3COOD. Ninety-five percent of the pen-
dant methyl groups of PMLG were found to be exchanged
with NONG6 after a 20-day reaction as determined from
the ratio of the peak areas between the ether methyl-
enes in the pendant chains and the a- and -methylenes
of the polyglutamate main chains.

The elemental analysis for NON6-PLG was also in agree-
ment with the values calculated for the structure shown
in Figure 1 (%C, 64.0 (caled 64.9); %H, 9.1 (calcd 8.9);
%N, 2.4 (caled 2.8)).

The second-order structure of NON6-PLG film cast
on a KBr cell from EDC solution was evaluated by FT-IR
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Figure 3. Microphotograph of NON6-PLG film between crossed
polarizers at room temperature.

analysis. As seen from Figure 2, characteristic absorp-
tions of the a-helix appeared at 1654 cm™! (amide I) and
1551 ecm™! (amide II). The peaks deconvoluted from the
amide I band were assigned as those of the a-helical,
B-sheet, and random structures, respectively, according
to Byler’s report.” The calculated o-helix contents of
NONG6-PLG and PMLG films, respectively, were ca. 60%
and ca. 70%, showing a slight drop in a-helix content
upon introduction of NON6 pendant chains. The decon-
voluted spectrum also revealed negligible amount of
B-structure of NON6-PLG film.

A polarized microscope was used to evaluate the ordered
structure in NON6-PLG films. As shown in Figure 3, a
schliering nematic texture was observed in NON6-PLG
film under crossed polarizers. This result indicates that
NONS6-PLG aligned along its helical long axis and adopted
a well-ordered structure in its cast film. However, no
remarkable structural change in texture was observed when
temperature was varied from room temperature to 200
°C. A similar schliering texture was also observed in EDC
solution with high concentration (>20 wt %); thus, the
ordered structure of NON6-PLG film is constructed from
the ordered structure formed in its solution stage. The
ordered structure of NON6-PLG films changed slightly
when the films were immersed in water. Thus, NON6-
PLG was expected to hold its ordered structure during
the course of subsequent permeation experiments car-
ried out under aqueous conditions.

The DSC curve of NON6-PLG is shown in Figure 4.
The shoulder peak at -29.5 °C was due to the relaxation
of polymer pendant chains. An endothermic peak was
observed at 49.8 °C, at which NON6-PLG gained fluid-
ity. Since the ordered structure of the NON6-PLG mem-
brane was slightly changed at this temperature as shown
by polarized microscopic observation, the endothermic
peak was presumably related to the change in structure
or molecular motion of the pendant NON6 moieties in
the polymer film. This consideration was further proved
by the temperature dependence of the CD spectrum.

It is significant to note that CD signals due to the phe-
noxy groups in the pendant chains were observed for
NONB6-PLG films cast on a quartz plate, as shown in Fig-
ure 5, curve a. Induced CD signals of achiral chro-
mophore dopes in chiral matrices, such as cholesteric lig-
uid crystals, were reported by several researchers.® How-
ever, it has been pointed out that samples with a
macroscopic anisotropy which caused linear dichroism
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Figure 4. DSC curve of NON6-PLG under a heating rate of
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Figure 5. CD signals of NON6-PLG films cast on quartz plates
at various temperatures. Curve a: the polymer film surface
was directed to the light source. Curve b: the quartz surface
was directed to the light source. Curve ¢: UV spectrum.
(LD) and linear birefringence (LB) showed apparent (arti-
fact) CD signals.? To gain further information on the
observed CD signals, we measured the angular depen-
dency of the signals. As shown in Figure 5, curve b, the
CD signal was considerably changed when the film-cast
quartz plate was turned over. The result clearly showed
that the CD signal was influenced by LB and LD, which
could have resulted from the anisotropy of the phenoxy
groups in the film, although we cannot completely dis-
miss the possibility of an induced CD.

The temperature dependence of the CD signal is
depicted in Figure 6, where the differential peak inten-
sity between the 277- and 295-nm peaks is plotted to reduce
the base-line shift caused probably by the LB of the sam-
ple. The peak intensity gradually decreased with increas-
ing temperature until 40 °C, followed by a steep decrease.
Finally, the CD peaks completely disappeared at 55 °C.
CD peaks appeared again when the sample film was cooled,
indicating reversibility of the anisotropic structure of the
phenoxy groups. The results indicated that the aniso-
tropic structure of the phenoxy groups was significant at
alower temperature. As temperature increased, the phe-
noxy groups became more free. Eventually, the phe-
noxy groups were suddenly free from the anisotropic struc-
ture over 50 °C, indicating a steep increase in its molec-
ular motion over 50 °C. The change in structure of the
side-chain moieties in NON6-PLG probably induced the
endothermic peak apeparing in Figure 4. A plausible struc-
ture that can explain the macroscopic anisotropy of phe-
noxy groups is a laminar assembly (such as a monolayer
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Figure 6. Temperature dependence of the peak intensity for
the CD signal due to the phenoxy groups.
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Figure 7. Permeation behavior of p- and L-Trp from a race-
mic mixture through NON6-PLG membrane at 40 °C. Initial
concentration of pL-Trp on the donor side was 4.9 mmol/L.

of amphiphilic substances) of pendant chains along the
backbone’s long axis caused by phase separation between
hydrophilic and hydrophobic portions. Further study on
the microstructure of NON6-PLG is now in progress.

Permeation Behavior of Amino Acid Isomers
through NON6-PLG Membrane. The permeation
behavior of optical isomers from racemic Trp and Tyr
through NON6-PLG membranes at 40 °C was evalu-
ated. As shown in Figure 7, rather low selectivity and
faster permeations of b and L isomers were observed dur-
ing the initial 50 h than after 50 h. After 50 h, the per-
meation rates of the p and L isomers became steady. While
the reason for the change in permeation rate and selec-
tivity on time course of permeation has not been estab-
lished, a similar behavior was also observed in the per-
meations of Trp at different temperatures and the per-
meation of Tyr, as will be mentioned later in this article.

In the steady state (after 50 h), preferential perme-
ation of p-Trp over L-Trp was observed. The ratio of
permeation constant of the p isomer to that of the L iso-
mer determined from the siope of the straight lines in
Figure 7 was calculated to be 1.5, indicating that b iso-
mers permeated 1.5 times faster than L. isomers. The pref-
erential permeation held for over 250 h. The perme-
ation behavior of p- and L-Tyr from a racemic mixture
at 40 °C is shown in Figure 8. As before, slightly faster
permeations of D and L isomers were also found during
the initial 100 h. Moreover, a considerable difference in
permeation rate between b and L isomers was observed.
The difference in permeation rate became even greater
after 100 h.

As seen from Figure 9, liquid chromatograms of Tyr
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Figure 8. Permeation behavior of p- and L-Tyr from a race-
mic mixture through NON6-PLG membrane at 40 °C. Initial
concentration of pL-Tyr on the donor side was 2.0 mmol/L.
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Figure 9. Liquid chromatogram of Tyr permeated through
NONG6-PLG membrane: (a) racemic Tyr: (b-e) Tyr collected
from the acceptor side during 49-75, 75-97, 122-144, and 144~
168 h, respectively. Column: Chiralpak-WH; eluent: 0.5 mmol/L
aqueous CuSQy; detector: UV at 275 nm.

on the acceptor side clearly revealed the change in the
permselectivity; i.e., the amount of L isomer on the accep-
tor side decreased after 100 h in comparison with that
before 100 h. Such changes in permeation rate and selec-
tivity observed in the permeation of Trp and Tyr iso-
mers seem related to some structural alterations of the
membrane induced by absorption of amino acids on the
membrane. The value of over 8.4 for the ratio of the
permeation rate of p isomer to that of L isomer obtained
demonstrates the marked excellence in permselectivity
of the NON6-PLG membrane to optical isomers of Tyr.
The differential permeation between b and L isomers held
for over 300 h without any change in selectivity and per-
meation rate.

The effect of temperature on permselectivity of the
NONG6-PLG membrane was evaluated by examining the
permeation behavior of Trp at a lower temperature (34
°C) (Figure 10). Surprisingly, in contrast to the result
(Figure 7) obtained at 40 °C, no permeation of L isomers
occurred at 34 °C during a time period of over 700 h,
resulting in a complete resolution of the optical isomers
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Figure 10. Permeation behavior of p- and L-Trp from a race-
mic mixture through NON6-PLG membrane at 34 °C. Initial
concentration of pL-Trp on the donor side was 4.9 mmol/L.

of Trp, even though the permeation rates of the isomers
markedly dropped at 34 °C compared with that at 40
o

C.

A complete optical resolution of Trp isomers was also
attained when the permeation temperature was lowered
to 1 °C. Increasing selectivity with decreasing tempera-
ture is often observed in various chemical processes, includ-
ing a variety of chemical reactions. However, the rise in
permselectivity at a lower temperature might involve other
important factors such as the change in side-chain con-
formation and in hydrophilic-hydrophobic balance in the
membrane with varying temperature. To our knowl-
edge, this is the first successful optical resolution by means
of a membrane separation process using synthetic poly-
meric membranes.

Conclusion

Enantioselective permeations of Trp and Tyr isomers
through membranes based on a-helical poly(amino acids)
having amphiphilic side chains were observed. Poly-
(amino acid) backbones were aligned along their long axes
and were well ordered in the film. Further, ami-
phiphilic pendant chains were shown to have anisot-
ropy, at least partly, in a membrane below 50 °C. This
result indicates that not only the a-helical backbone but
also the pendant chain structure are well ordered in the
film. Thus, it is considered that chiral recognition based
on helical poly(amino acid) for Tyr and Trp is aided by
such ordered structure of backbone and pendant chains,
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resulting in differential behavior of chiral amino acid iso-
mers through the membrane (partition or diffusion). The
temperature dependence of the permselectivity is prob-
ably related with the change in the ordered structure of
the pendant chain portion. Moreover, the change in hydro-
philic-hydrophobic balance, which modifies interaction
between amino acid and the membrane at varying tem-
peratures, is another influential factor on permselectiv-
ity to amino acid isomers. Thus, membranes based on
a-helical poly(amino acids) with amphiphilic pendant
chains are expected to have the capability of separating
a variety of optical isomers, not only Trp and Tyr, by
regulating environmental conditions such as tempera-
ture and/or regulating pendant chain structure. Fur-
ther, the performance of the membrane remained con-
stantly high for over 700 h, suggesting that NON6-PLG
is a durable membrane good for practical use.
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