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Abstract

The equilibria of complex formation reactions between various kinds of cations and anionic calixarenes in an agueous
solution were analyzed by capillary zone electrophoresis on the basis of the change in electrophoretic mobility of the
calixarenes. The apparent electrophoretic mobility of the calixarenes decreased with increasing concentrations of akali metal
ions and quaternary ammonium ions. Equilibrium constants were determined by a non-liner least-squares analysis using the
changes in apparent electrophoretic mobility. The complex formation constants obtained with alkali metal ions were in the
order of 10>°~10*°, and those with quaternary ammonium ions were 10>°~10*?, providing less selectivity among them.
The selectivity of the calixarene toward alkali metal and quaternary ammonium ions in aqueous solution involves flexible
structure, and compensative interactions of electrostatic and hydrophobic interactions. From the results obtained in this work,
the electrophoretic method has proved to be useful for analyzing the reactivity of anionic calixarene in aqueous solution.
0 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

Calixarenes are cyclic oligomers which can be
synthesized by the condensation of p-akylphenol
and formaldehyde. Calixarenes possess an hydro-
phobic cavities, and can form a wide variety of
host—guest type of inclusion complexes; therefore,
calixarenes have attracted much attention as a third
inclusion compound next to crown ethers and cyclo-
dextrins [1]. In addition to the size selectivity of such
compounds, crown ethers can incorporate cations,
especialy akali and alkaline earth metal ions, based

*Corresponding author. Tel.: +81-86-251-7846; fax: +81-86-
251-7846.
E-mail address: motomizu@cc.okayama-u.ac.jp (S. Motomizu).

on the electrostatic interaction, whereas cyclodex-
trins can incorporate various guest molecules based
on the hydrophobic interaction. In the case of
calixarenes, various kinds of interaction would par-
ticipate in the molecular recognition; they are hydro-
gen bonding, coordination bonding, electrostatic
interaction, aromatic—aromatic interaction and cat-
ion—aromatic interaction [2]. Furthermore, phenaolic
hydroxyl groups of the calixarenes can be modified
to other functional groups, and therefore severa
kinds of interaction can be used for selectivity
enhancement.

Most of the calixarenes synthesized and investi-
gated so far are hydrophobic ones and dlightly
soluble in water, and therefore, the reactivity of
calixarenes has been studied mainly in hydrophobic
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media, such as in solvent extraction and in ion
elective electrodes [3]. Several water-soluble deriva-
tives of sulfonate-, amino-, nitro-, carboxyl- and
phosphonate-calixarenes have been synthesized [4].
In the research field of molecular recognition in
analytical chemistry, interest must be directed to-
wards reactions in aqueous media, because most of
the objectives in analytical chemistry involve such
aqueous media. In this study, the reactivity of some
water-soluble calixarenes has been investigated
through the mobility changes in capillary zone
electrophoresis (CZE) using p-sulfocalix[6]arene
(calix[6]-SO,) and p-sulfocalix[8]arene (Calix[8]—
SO,), where akali metal ions and quaternary am-
monium ions were examined as guest molecules.
Complex formation constants were determined by
using the change in electrophoretic mobility of the
calixarenes. The contribution of the cavity size of the
calixarenes as well as and other interactions affecting
the reactivity are discussed. The contribution of
functional groups was also investigated using car-
boxymethoxy-p-sulfocalix[6]arene  (Calix[6]-SO,-
CO,).

2. Experimental
2.1. Apparatus

An Applied Biosystems (Foster City, CA, USA)
270A capillary electrophoresis system equipped with
a UV detector was used. A fused-silica capillary (50
pm 1.D.) was purchased from GL Sciences, and was
used after being cut. The detection window was
made by burning the polyimide coating of the
capillary; the size of a capillary was 72 cm (50 cm
effective length) from the sample injection point to
the detection point. A Hitachi (Tokyo, Japan) D-
2000 Chromato-Integrator was used for recording the
electropherograms.

2.2. Reagents

Boric acid and alkali metal hydroxides, such as
LiOH, NaOH, KOH, RbOH or CsOH, were used for
preparing the migrating buffer solutions. Quaternary
ammonium chloride, such as tetramethylammonium
chloride (TMA"CI"), tetragthylammonium chloride

(TEA'CI), tetrapropylammonium chloride
(TPA'Cl) and tetrabutylammonium  chloride
(TBA'Cl "), were used for the reaction analysis with
the water-soluble calixarenes.

A series of migrating solutions containing certain
amounts of H,BO,—alkali metal hydroxide buffer
(M " —borate buffer) (pH 9.00) were used for the
equilibrium analysis of calixarenes with alkali metal
ions. The migrating buffer solutions were prepared
by adding akali metal hydroxide solution to boric
acid solution. The concentrations of alkali metal ion
in these buffer solutions were calculated from the
amount of alkali metal hydroxide added. A series of
certain concentrations of quaternary ammonium
chloride were added to the K " —borate buffer for the
equilibrium analysis of the organic cations. Com-
ponents of these buffer solutions are summarized in
Table 1.

The calixarenes examined are shown in Fig. 1.
p-Sulfocalix[6]arene (Calix[6]-SO,) and p-sulfo-
calix[8]arene (Calix[8]-SO,) were purchased from
Dojindo Laboratory (Kumamoto, Japan) and used as
received. Carboxymethoxy-p-sulfocalix[6]arene
(Cdlix[6]-SO,CO,) was synthesized according to
the literature in four steps, hexamization of tert.-
butylphenol, dealkylization, sulfonization and esteri-
fication with chloroacetic acid [5-8]. p-Phenolsul-
fonic acid (PS) was purchased from Tokyo Kasei
Kogyo (Tokyo, Japan) and used without further
purification.

2.3 Procedure for CE measurements

A solution containing 1-:10 ° M calixarene and
6:10 ° M PS was used as a sample solution, and 3%
(v/v) ethanol was added to monitor the electro-
osmotic flow (EOF). After the migrating solution
was filled into a cathodic and an anodic reservoir, as
well as into the capillary, the sample solution was
injected into the capillary from the anodic end
hydrodynamically for 3 s (injection volume: about 9
nl). Then a voltage of 20 kV was applied, and the
analytes, calixarenes, were detected photometrically
at 210 nm. Throughout the experiments, the capillary
was held in a thermostated compartment controlled
at 35.0°C. The apparent electrophoretic mobility of
calixarenes (—pu,,) is defined by Eq. (1):
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Table 1
Component of the buffers used to make the CE measurements
Species Concentration of species including buffer (mM)
Component of the buffer used for the equilibrium analysis of calixarenes with akali metal ions
M " —borate buffer (pH 9.00)* 1.00 2.00 4,00 6.00 8.00 10.0 12.0
Total borateion (H,BO,+H,BO; )* 1.00 2.00 4,00 6.00 8.00 10.0 12.0
Alkali metal ion” 0.365 0.730 1.46 219 2.92 3.65 4.38
Component of the buffer used for the equilibrium analysis of calixarenes with quaternary ammonium ions
K *—borate buffer (pH 9.00)* 1.00 1.00 1.00 1.00 1.00 1.00
Total borateion (H,BO,+H,BO;)* 1.00 1.00 1.00 1.00 1.00 1.00
Potassium ion” 0.365 0.365 0.365 0.365 0.365 0.365
Quaternary ammonium ion® 0.00 0.100 0.200 0.300 0.400 0.500

® Calculated from the amount of boric acid added on preparing the buffer.
® Calculated from the amount of alkali metal hydroxide added on preparing the buffer.
¢ Cdculated from the amount of quaternary ammonium chloride added on preparing the buffer.

1

By measuring the migration time of calixarenes and
ethanol as an EOF marker, — u, o4 (the apparent
mobility of calixarene) and u,, or (the velocity of
EOF, reduced to the mobility) were calculated, and
— Mg’ Was obtained using Eq. (1).

ro_ o
T Mep T Mep, calix — Mep, EOF

3. Results and discussion

3.1. Equilibrium analysis of reactions of water-
soluble calixarenes with alkali metal ions

Calixarenes are reactive with various types of

SO,H

OH
pKa1on)=3.45
pKa2(0H)=5.02

Calix[6]-SO3

SO,H

OH

pKa1(om)=7.70
PKa2(0m)=9.10

Calix[8]-SO3

guest molecules. The water-soluble calixarenes used
in this work possess sulfonate groups and are highly
charged; therefore, suspected interacting substances
must be removed from the migrating solutions. First,
the reaction with alkali metal ions was investigated;
migrating solutions containing an akali metal ion
with the buffer components were used. As a counter
anion, borate was selected due to its lesser reactivity
with anionic and cationic species. The electropho-
retic mobility of calixarenes was measured using a
series of the migrating buffers, where the pH of the
migrating solution was well controlled and the
concentration of alkali metal ion was varied. As
much as 1 mM concentration of the buffer was
alowed from the viewpoint of the stability of the
EOF. Based on the experimental conditions of the

SO,H

8 0]

3
CO,H

Calix[6]-SO3CO2

Fig. 1. Structures of p-sulfocalix[6]arene (Calix[6]-SO,), p-sulfocalix[8]arene (Calix[8]-SO,) and carboxymethoxy-p-sulfocalixarene

(Calix[6]-S0,CO,).
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equilibrium analysis, the concentrations of interact-
ing ions should be in large excess to that of an
analyte, a calixarene. Therefore, the migrating solu-
tion adopted in this study was prepared to satisfy
these conditions.

Changes in apparent electrophoretic mobility of
the calixarenes with increasing concentrations of
alkali metal ions are shown in Fig. 2. The electro-
phoretic mobility of PS was amost constant at
—4.4-10"* cm® V' s " in the buffer concentration
ranges examined, which indicates that PS did not
interact with the cations existing in the migrating
solution, and that the measurement of the electro-
phoretic mobility was satisfactorily carried out.

The complex formation reaction and its equilib-
rium constant between alkali metal ion, M ", and

@) (b)

K. Oshita et al. / J. Chromatogr. A 934 (2001) 113-122

anionic calixarene, Calix" ", are shown in Egs. (2)
and (3), respectively:
M* +Caix" =2 M"-Caix"" (2
[M™-Calix"]
i ———— (3
[MT][Calix" ]
where K. is a complex formation constant. The
apparent electrophoretic mobility of the calixarene,
— Kep'» IS given in Eq. (4):

L [CAlX" 1~ e cain) + M+ CalX" (= g carina)
Her [Calix" ] +[M" - Calix" ]
(~ Hep catin) T KM 1= ep catinom)

- (4)

1+K[M']
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Fig. 2. Changes in electrophoretic mobility of water-soluble calixarenes with increasing concentrations of alkali metal ions. Migrating
solution: 1-12 mM H,BO,~MOH (pH 9.00). Sample solution: 1-10° water-soluble calixarenes+6-10~° M p-phenolsufonate+3% (v/v)
ethanol. CE conditions: applied voltage 20 kV; detection wavelength, 210 nm; capillary temperature, 35.0°C; injection period, 3 s.
Cadlixarenes: (a) Calix[6]-SO;; (b) Calix[8]-SO,; (c) Calix[6]-SO,CO,.
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Table 2
Complex formation constants (K.) of calixarenes and crown ether and thermodynamic equilibrium constant (K?) of calixarenes
Alkali metal ions or log K. (log K2)*
quaternary ammonium ions Calix[6]-SO, Calix[8]-SO, Calix[6]-S0,CO, 18-Crown-6°
Li* 2.71+0.03 (2.71%0.03) 2.83+0.03 (2.83+0.03) 2.83+0.02 (2.84+0.02) -
Na" 2.72+0.07 (2.73+0.06) 3.00+0.04 (3.010.04) 2.98+0.05 (2.99+0.05) 0.80
K* 2.5520.05 (2.55+0.05) 2.56+0.03 (2.560.03) 2.57+0.05 (2.57+0.05) 2.03
Rb* 2.29+0.04 (2.28+0.04) 2.78+0.05 (2.76x0.06) 2.73+0.05 (2.73+0.05) 1.56
Cs' 2.64+0.05 (2.64+0.05) 2.72+0.03 (2.72+0.03) 2.73+0.04 (2.73+0.04) 0.99
TMA* 4.01+0.25 (4.02+0.22) 4.23+0.30 (4.30+0.21) 2.94+0.12 (2.94+0.13) -
TEA" 3.79+0.13 (3.79%0.12) 3.95+0.12 (4.04+0.16) 3.10+0.11 (3.10+0.11) -
TRA" 3.64+0.11 (3.64=0.09) 3.960.15 (4.000.22) 3.30+0.10 (3.30+0.11) -
TBA* 3.59+0.11 (3.59+0.10) 3.72+0.08 (3.72+0.13) 2.92+0.08 (2.93+0.08) -

#Values in parentheses are thermodynamic complex formation constants; Error: 3o.

® Cited from Ref. [15].

where — pe, caix @A = Uy caix v € the electro-
phoretic mobilities of free calixarenes and of the
complex, respectively. The formation constants were
determined by a non-linear least-squares anaysis
using the mobility change in a similar manner to our
previous study [9]. The formation constants and
electrophoretic mobility obtained are summarized in
Tables 2 and 3, respectively. The curves shown in
Fig. 2 are the smulated results obtained by using the
values obtained, K; and — g, caixm- The ex-
perimental and simulated results agreed well with
each other, however, the trends in variations of

Table 3
Electrophoretic mobility of calixarenes and their complexes

~ Mepcaix—m 1N Table 3 are only slightly consistent
with alkali metal ions, because, — g, caix—m VAlUES
do not decrease significantly with the large increase
in volumes and the masses of the alkali metal ion.
Under the present experimental conditions, ionic
strength is not always constant, and the activity of
the analytes and the measurement of the mobility
must be reconfirmed. The electrophoretic maobility of
the monomer unit, PS, is constant, and therefore, the
measurements in these conditions are regarded as
correct ones. Further, the formation constants were
also determined by using the activities of alkali metal

Interacting — Hepeaix (107* cm? V71 s7h)?

reagent Calix[6]-SO, Calix[8]-SO, Calix[6]-S0,CO,

None 953 (9.54) 9.83 (9.94) 9.58 (9.59)

Alkali metal ions
Li* 5.61+0.12 (5.53+0.11) 5.70:0.09 (5.62=0.10) 5.73+0.07 (5.66=0.07)
Na* 5.84+0.25 (5.77+0.25) 6.19+0.12 (6.14+0.12) 6.19+0.14 (6.14=0.14)
K* 5.64+0.22 (5.52+0.23) 5.32+0.20 (5.17+0.15) 5.52+0.20 (5.40+0.21)
Rb* 4.90+0.25 (4.67+0.27) 5.79+0.20 (5.71=0.21) 5.76+0.18 (5.67=0.19)
cs' 5.37+0.25 (5.27+0.25) 5.68+0.11 (5.59+0.11) 5.94+0.13 (5.85+0.14)

Quaternary ammonium ions
TMA® 7.74+0.23 (7.73+0.23) 8.23+0.18 (8.23+0.29) 6.89+0.22 (6.78+0.23)
TEA" 6.62+0.28 (6.61+0.27) 7.49+0.15 (7.53+0.29) 6.13+0.26 (6.12+0.28)
TRPA® 5.89+0.32 (5.86+0.31) 7.08+0.25 (7.09+0.36) 5.48+0.25 (5.33+£0.33)
TBA™" 5.68+0.38 (5.66+0.38) 6.12+0.24 (6.05x0.40) 4.80+2.62 (4.80+0.16)

*Values refer 0 — ey cair — Mepeaixom OF — Mepcain_or ETON: 3. Values in parentheses are the electrophoretic mobility of the

calixarenes and their complexes determined with activity of alkali metal ions and/or quaternary ammonium ions.
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ions in a similar manner, where the activities were
calculated by the Debye—Huckel equation. Egs. (3)
and (4) are rewritten as Egs. (5) and (6), respective-
ly, by using the activities:

- I
KO — M ™ -Calix 5
©ay+ - Acaixn- ®)
(— Hepcaine) T K2+ (= ep catinm)
r_ ‘ep,calix Cc*M ‘ep,calix—M
T Mep T (6)

1+K2a,,+

where Kg is a thermodynamic equilibrium constant;
the values obtained are also summarized in Table 2.
The equilibrium constants obtained on the basis of
activity of alkali metal ions agreed well with those
obtained on the basis of the concentration of alkali
metal ions. The results indicate that the analysis of
the complex formation reaction on the basis of the
concentration of alkali metal ions is reasonable.
Fig. 3 shows the plot of — g, qixw @ganst the
crystal ionic diameter of alkali metal ions. In spite of
the large difference in the volume and the mass of
akali metal ions, the variation of — wg, caixom
values with the type of akali metal ion is dight or
amost non-existent. Therefore, it is difficult to
consider that the reaction of calixarenes with alkali
metal ions is a simple complexing reaction. In
general, the mohility is effected by the charge, mass,
and volume of the species. The values should
decrease with increasing apparent mass of calixarene
complex with alkali metal ions. However, the ob-
served results do not agree with the expectations
SINCE  — Mg caix_v  ShOUID  become smaller with
heavier alkali metal ions. In this case, it is expected
that — ey caix_m Of Calixarene is mainly concerned
with the mass and the volume of complex, because
alkali metal ions would be included in the cavity of
calixarene. In agueous solutions, lithium and sodium
ions are highly hydrated among akali meta ions,
and therefore, the differences in the mass and the
ionic diameter among akali metal ions becomes
smaller by the hydration. In addition to these effects
of the mass and the volume of alkali metal ions, it is
also expected that the structure of the complex of
caixarene with akali meta ions affects
~ Mep.caix—m- SNinkai et al. synthesized many kinds
of calixarene derivatives and analyzed their con-

a
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8
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Fig. 3. Plots of —u, caixm @gaiNst crystal ionic diameter of
alkali metal ions. O, Calix[6]-SO, O, Cdix[8]-SO,; A,
Calix[6]-SO,CO,.

formations [10]. Calixarene made up of phenol and
methylene units, having a flexible structure, which
confirmed that calixarene forms various complex
conformations such as Cone, Pinched cone, Partia
Cone, and Alternate with each alkali metal ions. By
forming such flexible and convertible structures, the
volume of the calixarene complex formed with akali
metal ions is not rigid. Therefore values of
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= Mep,calix—Mm do not seem to be related to the ionic
diameter.

3.2, Equilibrium analysis of the reaction of water-
soluble calixarenes with quaternary ammonium
ions

When the solutions of H,BO, partly neutralized
with quaternary ammonium (Q") hydroxide were
used as the migrating buffers with the total borate
concentration of 1 mM, the mobility of the calix-
arenes changed with increasing concentrations of
Q. The result indicates that some parts of the
calixarene can form a complex with quaternary
ammonium ions even at such low concentrations.
Therefore, in the equilibrium analysis of the reaction

of calixarenes with Q", the solutions containing 1
mM H,BO,-KOH buffer (pH 9.00) with various
amounts of Q" -Cl~ were adopted, because of a
similar reactivity of potassium ion with the respec-
tive calixarene derivatives and simple comparison of
contribution of quaternary ammonium ion being
easily achieved.

Changes in apparent electrophoretic mobility of
calixarenes with increasing concentrations of quater-
nary ammonium ions are shown in Fig. 4. The
electrophoretic mobility decreased significantly in
the concentration range of quaternary ammonium ion
at sub-mM level, while the electrophoretic mobility
of PS was amost identical in the concentration
ranges examined.

The complex formation reaction and its equilib-
rium constant between quaternary ammonium ion,

(a) (b) (c)
10 Q=TMA 10 Q=TMA 10 Q=TMA
8 8 8
6 1 1 1 L L 6 L 1 1 L 6 1 1 1 1 1
0 01 02 03 04 05 06 0 o1 03 04 05 06 0 01 02 03 04 05 06
10 - Q=TEA 10 - Q=TEA 10 Q=TEA
,:_” 8| ,f_” 8| ,:_/’ 8|
> > >
N 6 ! L L 1 1 N 6 1 1 1 1 N 6 1 1 1 1 !
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Fig. 4. Changes in electrophoretic mobility of water-soluble calixarenes with increasing concentrations of quaternary ammonium ions.
Migrating solution: 1 mM H,BO,—KOH buffer (pH 9.00) +0-0.5 mM quaternary ammonium salt. Sample solution and CE conditions asin
Fig. 2. Cdixarene: (a) Calix[6]-SO,; (b) Caix[8]-SO,; (c) Calix[6]-SO,CO,.
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Q", and anionic calixarene, Calix" ", are written as
in Egs. (7) and (8), respectively:

Q" +Caix" = Q" -caix" @)
_[Q"-cCalix" ]

© [Q']ICAiX"]
The complex formation constants of quaternary
ammonium ions were also determined using the

apparent electrophoretic mobility by applying a non-
linear least-sguares analysis represented in Eq. (9):

(8)

'
T Mep

_ [CAIX" 1~ g can) + [K "+ CaliX" 1(~ ptep i) + [Q "~ CAIX" Tt catin-)

[Calix" ] +[K* - Calix" "] +[Q" - Calix""]

(= Hep,caiix) T Kex[K +](7:u’ep,calix—K) + KC[Q+](7ﬂep.calix—Q)

- (9)

1+Kek[KT+K[Q']

where the equilibrium constant, obtained between
K™ and the corresponding calixarene, Kek: the
concentration of K, and (— Mep calix—k ) Value were
handled as known values, [Q"] and — u,,’ were as
input variables, and the values of K. and
(= Mep caix_q) Were optimized. The formation con-
stants thus obtained are also summarized in Tables 2
and 3. The curves in Fig. 4 are the results simulated
using the experimentally obtained values. The ex-
perimental and the simulated results agreed well with
each other, which indicates that the anaysis of
complex formation reaction is reasonable.

The equilibrium constants were also evaluated on
the basis of the activities, in a similar manner as the
alkali metal ions. By using the activities, Egs. (8)
and (9) are rewritten as in Egs. (10) and (11),
respectively:

Ao+, alixn—
KQ =222 (10)
8q+ " Acalixn-

0
lu“ep
o o
(_luep,calix) + KC,KaK+(_/'Lep,caJix—K) + KCaQ+(_/'l’ep,caJix—Q)
o o
1+ Kgyar +Kgags

(11)

The formation constants, K2, and the electrophoretic
mobility obtained are also summarized in Tables 2
and 3, respectively. The values obtained with the
concentration or the activities of quaternary am-
monium ions and potassium ion agreed well with the

values obtained with their concentrations. The results
indicate that the analysis of the complex formation
reaction with concentration of quaternary ammonium
ions and potassium ion is reasonable.

3.3 Comparison of the reactivity of alkali metal
ions with quaternary ammonium ions

The reactivity of the water-soluble calixarenes can
be considered from the formation constants deter-
mined in this work. Acid dissociation constants of
the calixarenes were reported as pK,, =3.45 and
pK,,=5.02 for the hydroxy groups of Calix[6]—
SO,, and pK_=7.70 and pK,,=9.10 for the hy-
droxyl groups of Calix[8] — SO, [11-13]. These pK,
values are smaller than the pK, value for hydroxyl
group of the monomer ( p-phenolsulfonic acid). Such
smaller pK, values for calixarenes are due to stabili-
zation through intramolecular hydrogen bond be-
tween hydroxyl groups of calixarene, which pro-
motes the acid dissociation reaction. From these
constants, the average charges of the calixarenes are
calculated to be —8 and —9.5 a pH 9.00 for
Calix[6]-SO, and Calix[8]-SO,, respectively. Simi-
larly, the average charge of Calix[6]-SO,CO, is
considered to be —12 a pH 9.00, whereas the
average charge of PS is calculated to be about —1.5
under the experimental conditions [14]. The ex-
perimental results show that the electrophoretic
mobility of the calixarenes was larger than that of
their monomer unit, PS. These results can be attribu-
ted to the condensed charge density and the con-
densed molecular volume of the calixarene as a
cyclical structure.

Fig. 5 shows the plots of the logarithmic values of
K. against the crystal ionic diameters of alkali metal
ions. The complex formation constants of calixarenes
with akali metal ions are in the order of 10*°-10%°
(Table 2). Crown ethers are well known to incorpo-
rate alkali metal ions in their cavity in an aqueous
solution [15], and the equilibrium constants of 18-
crown-6 are 10'-10% as is listed in Table 2.
Therefore, the calixarenes are proved to be more
reactive than the crown ether in the magnitude of
10°°-10°. Such high reactivity in the caixarenes
can be attributed to the large number of the charge
which enhances the electrostatic interaction, in addi-
tion to the incorporation ability of alkali metal ions
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Fig. 5. Plots of K_ against crystal ionic diameter of alkali metal
ions. [J, Calix[6]-S0O,; O, Cdix[8]-SO,; A, Cdix[6]-SO,CO,;
<, 18-Crown-6.

into the cavity of calixarenes. From the comparison
of the formation constants between alkali metal ions
and calixarenes, it is noticed that the differences in
the formation constants are small, and show less
selectivity towards alkali metal ions. Shinkai et al.
synthesized flexible calixarene, methoxy-p-tert.-
butylcalix[4]arene, and determined the complex for-
mation constants with alkali metal ions [16]. The
flexible calixarene was less selective toward alkali
metal ions, while the rigid ones reacted with alkali
metal ions selectively, as synthesized by Shinka et
a. [17]. For instance, calix[4]arene crown ether
possessing a short crown loop such as
—(CH,CH,0),CH,CH,— on the narrower rim (hy-
droxyl side of calixarene), a rigid one, showed Na"
selectivity with respect to K. Therefore, the trend
of less selectivity obtained in this work is affected by
a smaller difference in both ionic diameter of alkali
metal ions and the very flexible structure of the
calixarenes.

The reactivity of the calixarenes with quaternary
ammonium ions is much higher than with akali
metal ions (Table 2). The results suggest that the
quaternary ammonium ions can interact with the
hydrophobic moiety of the calixarenes through hy-

5
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-5 1 I 1 1
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Carbon number of quaternary ammonium ion

Fig. 6. Plots of log K. against carbon number of quaternary
ammonium ions. O, Caix[6]-SO,; O, Caix[8-SO,; A,
Calix[6]-S0,CO,.

drophobic interactions, in addition to the electrostatic
interactions. Fig. 6 shows the plots of log K values
against the carbon number of quaternary ammonium
ions. The formation constants of Calix[6]-SO,CO,
are smaller than those of Calix[6]-SO, and
Calix[8]-SO,. In the case of Calix[6]-SO,CO,,
carboxyl groups are attached to the narrower rim
(hydroxyl side of the calixarene), and the ring size of
narrower rim should be larger, because the carboxyl
groups show steric hindrance and electrostatic repul-
sion. Therefore, the ring size of wider rim (sulfonate
side of the calixarene), the opposite side of the
narrower rim, should become smaller, and therefore,
the ring size of Calix[6]-SO,CO, should be smaller
than those of Calix[6]-SO, and Calix[8]-SO,. The
smaller the ring size, the smaler the complex
formation constant, therefore it is difficult to in-
corporate quaternary ammonium ion into Calix[6]—
SO,CO,. Furthermore, from a comparison of the
formation constants, it is found that the difference in
the formation constants is small among the quater-
nary ammonium ions, and the selectivity toward
them is small.

Small quaternary ammonium ions would be easy
to incorporate into calixarene. Therefore, the effect
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of the electrostatics can be accepted, because the
distance between the negative charge and the posi-
tive charge is shortened by the incorporation. In
contrast, the bulky quaternary ammonium ion is
difficult to incorporate, and a non-incorporated com-
plex of simple ion associate is expected in the
aqueous solution; the reaction in this case is effected
by hydrophaobicity. Less selectivity among quater-
nary ammonium ions should be attributed to such
compensating effects of electrostatics and hydro-
phobicity.

In conclusion, we have succeeded in analyzing the
equilibrium reaction between anionic calixarene and
pairing cations. However, the calixarenes did not
show any significant selectivity among the akali
metal ions or the quaternary ammonium ions in
aqueous solution. Less selectivity toward alkali metal
ions can be explained by the flexible conformation of
the calixarene, and that toward quaternary ammo-
nium ions is attributed to the complicated interac-
tions such as the compensation of electrostatic and
hydrophobic interactions.
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