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Abstract Solvent extraction of three alkali metal ions with
p-t-octylcalix[6]arene hexacarboxylic acid, p-t-octylca-
lix[4]arene tetracarboxylic acid, corresponding linear tri-
meric and monomeric analogs was investigated. Cyclic
tetramer selectively extracts sodium ion among alkali ions at
extremely low pH, while the corresponding cyclic hexamer,
the trimer, and the monomer exhibited only poor extraction
ability for all alkali metals examined. The detailed extractive
investigation of sodium ions with the cyclic tetramer was
carried out. It was found that two sodium ions are simulta-
neously extracted by a single molecule of calix[4]arene
derivative and that the second sodium extraction is facili-
tated by the uptake of the first sodium. The self-coextraction
mechanism of sodium ions proposed in the present paper
also strongly supports allosteric coextraction of sodium and
other metal ions. In the competitive extraction of four alkali
metal ions, potassium ion was slightly extracted as the sec-
ond ion at low pH region, whereas it was hardly extracted in
the individual extraction system. The result also supports the
coextraction mechanism and role of the first-extracted
sodium ion as an allosteric trigger. The extraction equilib-
rium constants of the cyclic tetramer and two sodium ions,
K., and K.,», were estimated.
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Introduction

Calixarenes and their derivatives have been attracting much
attention as novel types of interesting host compounds [1, 2].
Their ability to recognize and discriminate metal ions is one
of their remarkable features as specific receptors, on which
some review articles about these interesting ionophores have
been published [3-8]. A number of studies have been also
conducted on the solvent extraction of various metal ions
with calixarenes, especially alkali metal ions with neutral
calixarene derivative. These results have supported the “size
fitting effect” [9-17].

In our previous works, we reported that p-t-octylca-
lix[4]arene carboxylic acid selectively forms a complex with
sodium ions over lithium and potassium ions [18, 19]. The
extraction of trivalent rare earths [19] and copper ion [20]
with this calix[4]arene derivative in the presence of sodium
ion, was found to be drastically enhanced. These results were
expected due to coextraction of sodium and other metal ions.
The coextraction of sodium and lanthanide ions was firstly
proposed by Ludwig et al. [21] during his presentation. The
studies on coextraction of sodium and other metal ions with
calix[4]arene derivatives have been independently investi-
gated by Ludwig et al. [22-25], our group [18-20, 26, 27],
Kakoi et al. [28-30], Uezu et al. [31]. Neither the coextrac-
tion mechanism of sodium and other metal ions nor the role
of sodium on the enhanced metal extraction, however, have
been elucidated in detail.

In the present work, the solvent extraction of three alkali
metal ions with hexameric and tetrameric calixarene
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derivatives together with the corresponding linear trimeric
and monomeric analogs has been compared. In order to
elucidate the extraction mechanism, the extraction of
sodium ions with p-t-octylcalix[4]arene tetracarboxylic
acid has been mainly examined in detail. The study on 'H-
NMR peak shift of the extractant molecule during sodium
extraction has been also evaluated. The competitive
extraction of four alkali metal ions has been also investi-
gated. From the present data on sodium self-coextraction,
coextraction mechanism of sodium and other metal ions
has been strongly supported and successfully explained.

Experimental
Reagents

37,38,39,40,41,42-Hexakis(carboxymethoxy)-5,11,17,23,29,
35-hexakis(1,1,3,3-tetramethyl-butyl)calix[4]arene (1), 25,26,
27,28-Tetrakis(carboxymethoxy)-5,11,17,23-tetrakis(1,1,3,
3-tetramethylbutyl)calix[4]arene in cone conformation (2),
p-(1,1,3,3-tetramethylbutyl)phenoxy acetic acid (3), and
linear trimer, 2,6-bis[2-carboxymethoxy-5-(1,1,3,3-tetra-
methylbutyl)benzyl]-4-(1,1,3,3-tetramethylbutyl)phenoxy-
acetic acid (4) were synthesized in a similar manner to that
described in the previous paper [32]. The chemical structures
of the extractants are shown in Fig. 1.

Distribution study

The individual extraction of three alkali ions, lithium,
sodium, and potassium ions, was carried out by a con-
ventional batchwise method. Aqueous solution was pre-
pared by dissolving alkali nitrate in 0.1 mol dm—> HEPES
(2-[4-(2-hydroxyethyl)-1-piperazinyl]ethane sulfonic acid)
buffer solution so as to maintain the alkali concentration
constant at 0.1 mol dm—. The pH was adjusted by add-
ing a small amount of nitric acid. Organic solution was
prepared by diluting the extractant in chloroform to
5 mmol dm . Equal volumes (5 cm?®) of both phases were
added to a test tube and the mixture was shaken at 303 K
for 2 h. The pH value of the aqueous solution was mea-
sured after the extraction. The equilibrated organic solution

CH, 4N
OCH,COOH

1:n=6

Fig. 1 Chemical structures of
the extractants

2 : n=4 (cone conformation)
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was diluted with 1,4-dioxane to directly measure the
extracted alkali concentration by atomic absorption spec-
trophotometer (abbreviated as AAS, Seiko Instruments
SAS-7500). Furthermore, the equilibrated organic solution
(1 cm®) was mixed again with fresh 1.2 mol dm ™ hydro-
chloric acid (5 cm?®) in a teflon-coated bottle. The mixture
was shaken at 303 K for 2 h to completely strip the
extracted sodium ion. After phase separation, the concen-
tration of sodium ion stripped into the aqueous phase was
measured by AAS.

The sodium extraction was also monitored by 'H-NMR
spectrophotometry. Experimental conditions were nearly
the same as those mentioned above except for the use of
deuterium solvent. After equilibrium, the peaks of the
extractant molecule in the organic phase were recorded by
proton nuclear magnetic resonance spectrometer (Jeol,
INM-GX270).

The competitive extraction of four alkali metal ions,
lithium, sodium, potassium, and cesium ions with 2 was
also investigated. Aqueous solution was prepared by dis-
solving together all alkali nitrates in 0.1 mol dm—> HEPES
solution so as that the concentration of each alkali ion was
kept at 0.1 mol dm . The rest procedures were similar
manner according to the individual extraction.

Results and discussion

Individual extraction of alkali metal ions with each
extractant

Neutral calix[4]arene podands in cone conformation such
as ester, ketone, and amide derivatives selectively form
complexes with sodium ion among alkali metal ions [9—
17]. In order to confirm that carboxylic acid derivative of
calix[4]arene shows high sodium selectivity based on “size
fitting effect”, the individual extraction of alkali metal ions
with four types of the extractants was carried out.

The effects of pH on the loaded percentage of alkali
metal ions on the extractants 1-4 are shown in Fig. 2a—d,
respectively, where the loaded percentage, % Loaded, is
defined as

0, Gl

OCH,COOH OCH,COOH OCH,COOH  OCH,COOH

3 4
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Fig. 2 Effect of pH on percentage loading of alkali metal ions on the extractants. (a) 1, (b) 2, (c) 3, and (d) 4. Open triangle: Li, open circle: Na,
filled square: K, [Metal] = 0.1 mol dm™>, [1] = [2] = [4] = 5 mmol dm >, [3] = 20 mmol dm™>

amount of sodium ion extracted 100

(1)

The extractant 1, 3, and 4 exhibit only poor extraction
abilities for all alkali ions as shown in Fig. 2a, c, and d,
respectively. They are not remarkable results, since the
present extractants are ion-exchangeable type ones and
picrate to enhance extraction efficiency was not used in the
present extraction media. On the other hand, the extractant
2, specifically extracts sodium ion at pH as low as 1 under
the present experimental conditions. It significantly shows
high sodium selectivity among alkali metal ions and
another derivatives show only poor extractability to all
alkali metal ions. The strong interaction of the calix[4]ar-
ene derivative with sodium ion is attributed to the “size
fitting effect”. The fact that tetramer can extract not only
sodium ion but also lithium and potassium ions nonetheless
at relatively higher pH region suggests that the high
extraction ability of the extractant 2 is attributed to the
structural effect of cone conformation as well as size fitting
effect, whereas they are hardly extracted with the other
extractants. (The extractant 1 resulted in the precipitation at
pH as high as 4.0.)

The fact that precipitation and emulsion were observed
at pH around 4-5 for the extractant 1, 3, and 4, while the
experiment with the extractant 2 was carried out at pH
region around 9 is notable. The amount of extracted

% Loading =

total amount of the extractant

sodium ion with the extractant 2 increases with increasing
pH at pH higher than 1 and approaches to a constant value
of a plateau region, which is not equal to 100%, but 200%.
It means that the amount of the extracted sodium ion is
equivalent to just twice that of the extractant. Further
extraction of sodium ion was observed at pH higher than 7.
It is notable that the percentage loading of sodium ion with
the extractant 2 increases beyond 100% of our expectation
and steeply attained to 200% without a decline of the plot,
because a sodium ion seemed to be sufficiently large to
occupy the coordination site of calix[4]arene derivative and
four pK, values seemed to discretely appear.

Detailed study of sodium extraction with calix[4]arene
derivative

The extraction behavior that two sodium ions are loaded on
a single molecule of calix[4]arene carboxylic acid is
noteworthy, although incomprehensible. In order to eluci-
date such specific behavior, the detailed investigation is
necessary. In advance of the reinvestigation for the loading
of sodium ion, stripping of sodium ion loaded on the
extractant 2 with acidic solution was carried out. The
stripped percentages of sodium ion from the loaded
extractant, 2 with dilute hydrochloric acid solution,
0.6 mol dm™, 0.12 mol dm >, pH = 1.10, 2.11, 3.00 are
100, 100, 100, 97, 77, respectively. The result shows that
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dilute hydrochloric acid is effective to completely strip
loaded sodium ion even at pH 2, while the forward
extraction of sodium starts from pH around 1. Slight
inconsistency of pH values between starting points of
the extraction and the stripping is attributed to different
sodium concentrations between forward (containing
0.1 mol dm~?) and back (free) extractions. That is, aque-
ous solution for the extraction, while that for stripping is
free from sodium ion.

Next, the loaded percentage of sodium ion on the
extractant 2 was evaluated by measurement of sodium
concentration in aqueous solution stripped from the
sodium-loaded extractant. The effect of pH on the loaded
percentage of sodium ion on the extractant 2, evaluated by
the stripping is shown in Fig. 3, together with the result
from Fig. 2b as the forward extraction. Since both plots are
in good agreement, the justification of the data that the
loaded percentage of sodium ion reaches to 200% was
confirmed.

In Fig. 3, plateau region of the loaded percentage at
100% was not observed under the present condition. It
means that the extraction of sodium ion is not stepwise but
continuous and simultaneous. The facts that the loaded
percentage of sodium ion steeply reaches 200% as well as
that the extraction of sodium ion not stepwise but contin-
uously takes place suggest that a single molecule of the
extractant molecule extracts two sodium ions at once as
follows:

RH, + 2Na* & RH,Na, + 2H™. (2)

In order to confirm the stoichiometric relation in Eq. 1,
the experiments were carried out wherein the sodium
concentration was varied at pH 4-5. The Eqgs. 3 and 4 are
derived from the Eq. 1.

OO0
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%Loading
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Fig. 3 Effect of pH on percentage loading of sodium ion on the
extractant 2. Open circle: data from forward extraction, filled circle:
data from stripping
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K, = RENw]HT ()
RH,[Na
log% — 2 pH = 2 log[Na*] + log K. (4)

The dependency of sodium concentration from Eq. 4 is
shown in Fig. 4. As expected from Eq. 4, the plots lie on a
straight line with a slope of 2. This result supports the
concept that under the present extraction condition, two
sodium ions are simultaneously extracted with a single
molecule of the extractant as shown in Fig. 2b. The
extraction equilibrium constant, K., based from Eq. 2 is
estimated to be 1.58 x 1072

Now, how are two sodium ions extracted with a single
molecule of the extractant? Although the coordination site
of calix[4]arene compounds in cone conformation and the
diameter of sodium ion are just fit, calix[4]arene com-
pounds should not have sufficient space to simultaneously
uptake two sodium ions in the coordination site made by
phenoxy oxygens, carbonyl oxygens, and carboxyl groups.
In order to clarify the extraction mechanism, the extraction
of sodium ion was also examined in terms of the peak shift
change of the extractant molecule by using 'H-NMR
spectrophotometry. The 'H-NMR spectra for aryl peaks of
the extractant 2 after the complexation with sodium ion are
shown in Fig. 5. The original peak at 6.90 ppm becomes
lower and a new peak appears at 7.05 ppm. The extent of
the shift increased with the increase of pH. As described
above, the complexation of both two sodium ions inside the
site may be impossible. If two sodium ions are complexed
inside the site, the second new peak shift should be
observed as structural change of the extractant takes place.
Although the extent of the shift increased with increasing
pH, the second shift was not observed. Arduini et al. [33]
and Arimura et al. [34] reported that the peak shift change
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Fig. 4 Dependency of sodium ion concentration based from Eq. 4
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Fig. 5 Partial '"H-NMR spectra of the extractant 2 in the complex-
ation with sodium ion

of p-t-butylcalix[4]arene tetraester was observed in the
complexation with sodium ion due to the structural change
caused by surrounding the sodium ion by phenoxy oxygens
and carbonyl groups. The present peak shift is quite similar
to that reported by Arduini et al. and Arimura et al. It
suggests that only single structural change of cyclic tetra-
mer takes place during the extraction of two sodium ions.

The ratio of the integral ratios between the original and
the shifted peaks would be related to the loaded percentage
of sodium ion on the extractant. The ratio was expressed as
shifted percentage for aryl protons in the extractant, where
the shifted percentage is defined by Eq. 5:

shifted integral ratio of aryl protons

100.
(5)

The shifted percentage of aryl proton is correlated with
the loaded percentage of sodium ion on the extractant. The
effects of pH on the shifted percentage and the loaded
percentage are shown in Fig. 6. The data of the loaded
percentage were obtained from Fig. 2b. As described
above, the loaded percentage increases monotonously
with increasing pH at low pH without any inflection
points and reaches 200% at pH around 2. It means that the
stoichiometry of the extractant and sodium ion is 1:2. On
the contrary, the peak shift change was observed only once
(from 6.90 to 7.05 ppm) and consequently the shifted
percentage reaches up to only 100%. It is also notable that
the shapes of both plots are analogous. Giving careful
consideration to them brings another interesting fact that

% Shifted = - -
total integral ratio of aryl protons
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Fig. 6 Effect of pH on percentage loading of sodium ion and
chemically shifted percentage for aryl protons of the extractant 2.
Open circle: percentage loading of sodium ion measured by AAS,
filled square: shifted percentage of the extractant measured by 'H-
NMR

the loaded percentage is nearly twice as much as the shifted
percentage at whole pH region including the shoulders
(pH 1-2) of both plots. Here, there are two conceivable
mechanisms that two sodium ions are extracted with a
single molecule of the extractant as shown in Fig. 7.

If the plots of the shifted percentage completely corre-
sponds to that of the loaded percentage over the first half of
shoulder region, that is, if both percentages agree very
closely with each other up to 100% shown in Fig. 7a,
sodium extraction would be a stepwise process as shown in
Fig. 8a. That is, the second sodium extraction would take
place after the extractant is saturated with the first sodium
inside the calix[4]arene cavity, where the peak shift change
is observed. The shifted percentage, however, is nearly half
the value of the loaded percentage over the whole pH range
under the present condition as shown in Fig. 7b. It suggests
that the first and the second sodium ions are simultaneously
extracted with a single molecule of the extractant as shown
in Fig. 8b. Therefore, the coordination site and the
extraction mode for each sodium ion are different. That is,
for the coordination site, the first sodium ion is complexed
inside cavity with the peak shift change, while the second
is extracted outside cavity without the shift change. For the
extraction mode, the first sodium is extracted by sur-
rounding with four phenoxy oxygens, three carbonyl oxy-
gens, and a carboxyl oxygen so as to the sodium ion
dehydrated as eightfold coordination ion. (Strictly, four
carboxyl groups equivalently release one proton, because
only a single peak of aryl proton, but not three kinds peaks
was observed. It makes the extractant more stable.) On the
contrary, the second is just ion-exchanged with only a
single proton from one of the rest carboxyl group without
dehydrations.

@ Springer
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Fig. 8 Model of the
simultaneous and stepwise
extraction mechanisms of two
sodium ions with the extractant
under the present conditions

The first sodium is specifically extracted with calix[4]-
arene derivative due to the size effect and the complete
dehydration. We confidently propose the model, however,
why does the uptake of the first sodium ion facilitate that of
the second in spite of the steric repulsion between two
sodium ions? We have adduced four reasons as follows:

1. PFacilitation of acid dissociation attributed to the
electron outflow from the rest carbonyl oxygens (not
one carboxyl group for ion-exchange) during uptake of
the first sodium.

2. Deformation of the strong intra- or intermolecular
hydrogen bondings caused by the uptake of the first
sodium ion.

3. Aggregation effect of functional groups and preorga-
nization of coordination site.

4. Chelate effect caused by the decrease for the number
of membered ring in the complexation reported in the
previous paper [20].

@ Springer

(b) simultaneous extraction mechanism

Although a charge of the first sodium should be neu-
tralized by a carboxyl group, the rest of carbonyl groups
also coordinate it and electron densities of the carbonyl
oxygens should decrease, consequently next pK, value
would decrease. The first reason seems to be reasonable.
From the result of the extraction of lithium and potassium
ions with 2, both ions are also continuously extracted to
200%. The diameters of both ions are not fit for the coor-
dination site of calix[4]arene and the extractive pH regions
of both ions are not unusually low. The uptake of these ions
has not taken place by surrounding with phenoxy oxygens
and carbonyl oxygens, but by ion-exchange with carboxyl
groups [19]. Thus, the second reason is also supportable.
Since calix[4]arene is a kind of metacyclophane and is
connected by methylene groups, so it is still flexible,
although it is thought to be rigid. During uptake of the first
sodium, phenoxy oxygens and carbonyl oxygens and a
carboxyl group are tightly bound and the consequent



J Incl Phenom Macrocycl Chem (2009) 65:111-120

117

coordination site for the second ion would be more rigid
and preorganized as described in the third reason. Free
extractant gives rise to a sodium complex with a 14-
membered ring, while sodium-complexed extractant do
that with an eight-membered ring [20]. For the chelate
effect, the complex with five- or six-membered ring is
well-known to be stable, although the ligand forming the
complex with eight-membered ring seems to be less
effective, chelate effect offered by four-eight-membered
rings could possibly enhance complementarily. The
aggregation of weak affinities by the single molecule of the
extractant preorganized in cone conformation, however,
possibly affect the enhancement of the uptake. The forth
reason is also not improbable.

The extraction of the second sodium ion with carboxylic
acid derivative of calix[4]arene loading the first sodium ion
is regarded as “self-coextraction of sodium ions with the
extractant”. The “self-coextraction of sodium ions”
strongly and successfully supports “coextraction behavior
of sodium and various other metal ions with the extractant”
reported in our previous works and the works by Ludwig
et al., Kakoi et al. and Uezu et al. [19-30]. The extraction
of other ions is enhanced by coexistence of sodium ion
compared with that in sodium-free system. The coextrac-
tion of sodium and other ions was supported. As described
above, the interaction between the extractant and the first
sodium is specific and strong and serves as an allosteric
trigger causing coextraction with the second ion, while that
between the extractant and the second caused by simple
ion-exchange is not specific. Nevertheless, the second
sodium ion is extracted at unusually low pH with the
extractant loading the first sodium ion under the present
condition. The second sodium must be easily substituted by
other multivalent metal ions having higher affinity to the
rest carboxyl groups as shown in Fig. 9.

W\ L)
Lend
OJ {o (O ¥0

OHOHY, HO

First sodium ion : Trigger for coextraction caused by specific uptake
due to size fitting and complete dehydration

Second sodium ion : Normal sodium ion simply ion-exchanged
by powerful sodium-loaded extractant

1} easily exchanged

Other metal ion with higher affinity to carboxylic acid
such as multivalent metal ions

Fig. 9 Role of the first sodium ions as a trigger for enhanced
extraction and ion-exchange of the second sodium ion with other
metal ions

Competitive extraction of four kinds of alkali ions
with calix[4]arene derivative

Explanation of two sodium ions extracted was given. There
is an interesting result to support the above interpretation.
The individual extraction of alkali metal ions with the
extractant, 2, exhibits high selectivity to sodium among
three alkali ions. In the competitive system consisting four
alkali ions, Li, Na, K, and Cs, it is expected that sodium ion
is still preferably extracted and that it should be extracted
up to 100% as the first ion inside the coordination site.
Now, why is the second ion extracted outside it? The effect
of pH on the loaded percentage of four alkali ions in
competitive system is shown in Fig. 10. Sodium ion was
extracted up to the percentage higher than 100% as
expected, which is owing to further extraction of sodium
ion as the second ion, while only small amount of potas-
sium was also extracted. In the individual extraction,
potassium was extracted from pH 3.0. In the competitive
extraction, however, potassium was extracted even at a pH
value as low as 1.4, although its loaded percentage is still
low. The rest, lithium and cesium ions were hardly
extracted. In general, for the competitive extraction system
of alkali metal ions with conventional carboxylic acid type
of the extractant, all ions are extracted as a mixture. In the
present work, since the extraction of the second ion with
the extractant loading the first sodium is facilitated, the
selectivity is expected to be not specific but poor for
the second extraction. Contrary to our expectation, the
extractant loading the first sodium ion also selectively
extracts sodium ion as the second ion, though small amount
of potassium is also extracted. The result means that
sodium-loaded calix[4]arene tetracarboxylic acid acts as a
newly preorganized ionophore with high extraction ability
and with relatively high sodium selectivity. That is, the

200 . ; :
“ 150: Oo © ©
£ o
E
g 100 -
2 sl h
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0 2 . ¢ o 3
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Fig. 10 Effect of pH on percentage loading in the competitive
extraction of alkali metal ions with the extractant 2. Open triangle: Li,
open circle: Na, filled square: K, filled diamond: Cs, [Metal] = 0.1 -
mol dm 3, [Extractant] = 5 mmol dm >
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extraction ability of the extractant complexed with sodium
is enhanced compared with the original sodium-free
extractant, though the specific sodium selectivity observed
in the individual extraction system is lowered to some
extent in the competitive system. This extraction behavior
as well would be attributed to the different coordination
sites based on the extraction mechanism between the first
and the second sodium ions. Therefore, the inference that
the first sodium is complexed inside of the cavity as giving
rise to the peak shift change and the second is formed
complex outside the cavity as giving rise to no peak shift
change is reasonable. Since complexation with the first
sodium ion enhances the extraction ability of the extractant
and the sodium concentration is kept as high as
0.1 mol dm™> under the present conditions, the second
sodium was easily complexed with the extractant preor-
ganized by the first sodium ion, consequently causing
simultaneous extraction of two sodium ions as shown in
Fig. 8b. Therefore, a mono-sodium complex as the inter-
mediate shown in Fig. 8a would not exist at all under
the present condition where sodium concentration is
0.1 mol dm™>. It was found that p-t-octylcalix[4]arene
tetracarboxylic acid complexed with sodium ion coextracts
not only other metal ions such as lanthanides and copper
but also even sodium ion itself and that the first-extracted
sodium ion act as a very important allosteric trigger for the
coextraction with the second metal ions.

Determination of extraction equilibrium constants
of sodium ions with calix[4]arene derivative

As described above, the intermediate complex should not
exist under the condition of high sodium concentration.
Strictly speaking, however, the extraction of the first and
the second sodium ions should be independently evaluated.
That is, stepwise extraction equilibrium constants for both
sodium ions should be estimated. If the sodium concen-
tration is low, the sodium extraction region would shift to
higher pH one and the extraction would also change from
pseudo-simultaneous to ordinary and original stepwise
mechanism. The elementary extraction reactions of each
sodium ion are represented as Eqs. 6 and 7:

Kexi

RH, + Nat &' RH;Na + H*. (6)
RH;Na + Na* 5 RH,Na, + H. (7)

From Eqgs. 6 and 7, each stepwise extraction equilibrium
constants are obtained as shown to be Eqgs. 8 and 9:

[RH;Na][H']

o T RN

(8)
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K

“2 ~ [RH;Na][Na']

Furthermore, total concentrations of the extractant,
[HsR]r, and sodium ion, [Na']; are represented as
Eqgs. 10 and 11, respectively.

[RH4]T = [RH4] + [RH3Na] + [RHzNaz] (10)
[Na*]; = [Na'] + [RH3Na] + 2[RH,Nay]. (11)

The theoretical plots calculated by the substitution of
appropriate values to the stepwise extraction equilibrium
constants, K.x; and K., is fitted from the experimental
plots of the loaded percentage of sodium versus pH under
the condition of sodium concentration to be 0.1, 0.04, and
0.01 mol dm™>. The effect of pH on the loaded percentage
of sodium ion with 2 from the solution containing various
concentration of sodium ion together with the theoretical
lines are shown in Fig. 11. The theoretical line deviated
from the experimental plots to high pH region under the
lower sodium concentration. It is attributed that the sodium
concentration after the extraction decrease as it cannot be
neglected. Even than, both appropriately correspond. The
stepwise extraction equilibrium constants, K.,; and K., by
fitting were estimated to be 0.316 and 0.791.

Conclusion
Solvent extraction of three alkali metal ions with p-t-oc-

tylcalix[6]arene hexacarboxylic acid, p-t-octylcalix[4]arene
tetracarboxylic acid, corresponding linear trimeric and
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Fig. 11 Effect of pH on percentage loading of sodium ion with the
extractant 2 from the solution containing various concentration
of sodium ion together with the fitted lines. [Na™] filled circle:
0.1 mol dm 3, open triangle: 0.04 mol dm™3, filled square:
0.01 mol dm™3, lines represent theoretical ones
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monomeric analogs was investigated. Cyclic tetramer
selectively extracts sodium ion among alkali ions at extre-
mely low pH. The detailed extractive investigation of
sodium ions with the cyclic tetramer, 2, showed that two
sodium ions are simultaneously extracted by a single mole-
cule of calix[4]arene derivative and that the second sodium
extraction is facilitated by the uptake of the first sodium. The
self-coextraction mechanism of sodium ions proposed in the
present paper also strongly supports allosteric coextraction
of sodium and other metal ions. In the competitive extraction
of four alkali metal ions, potassium ion was slightly extracted
as the second ion at low pH region, whereas it was hardly
extracted in the individual extraction system. The result also
supports the coextraction mechanism and role of the first-
extracted sodium ion as an allosteric trigger. The extraction
equilibrium constants of the cyclic tetramer and two sodium
ions, K., and K.,, were estimated. The elucidation of self-
coextraction mechanism of sodium ions leads to the eluci-
dation of coextraction mechanism of sodium and other metal
ions. Furthermore, extractability and separation efficiency
would be controlled for the present medium by addition of
sodium ion.

References

1. Gutsche, C.D. (ed.): Calixarenes Revisited. Royal Society of
Chemistry, Cambridge (1996)

2. Asfari, Z., Boehmer, V., Harrowfield, J.M., Vicens, J. (eds.):
Calixarenes 2001. Kluwer, Netherlands (2001)

3. Agrawal, Y.K., Kunji, S., Menon, S.K.: Analytical applications of
calixarenes. Rev. Anal. Chem. 17(2), 69-139 (1998)

4. Izatt, R.M., Pawlak, K., Bradshaw, J.M.: Thermodynamic and
kinetic data for macrocycle interactions with cations and anions.
Chem. Rev. 91(8), 1721-1785 (1991)

5. Arnaud-Neu, F.: Solution chemistry of lanthanide macrocyclic
complexes. Chem. Soc. Rev. 23(4), 235-241 (1994)

6. Roundhill, D.M.: Metal complexes of calixarenes. Prog. Inorg.
Chem. 43, 533-592 (1995)

7. Ludwig, R.: Calixarenes in analytical and separation chemistry.
Fresenius J. Anal. Chem. 367(2), 103128 (2000)

8. Menon, S.K., Sewani, M.: Chemical modifications of calixarenes
and their analytical applications. Rev. Anal. Chem. 25(1), 49-82
(2006)

9. Izatt, RM., Lamb, J.D., Hawkins, R.T., Brown, P.R., Izatt, S.R.,
Christensen, J.J.: Cation fluxes from binary Ag"'—Mn+ mixtures in
a water-trichloromethane-water liquid membrane system con-
taining a series of macrocyclic ligand carriers. J. Am. Chem. Soc.
105(7), 1785-1790 (1983)

10. Chang, S.-K., Cho, I.: New metal cation-selective ionophores
derived from calixarenes. Chem. Lett. 477-478 (1984)

11. Mckervey, M.A., Seward, E.M., Ferguson, G., Ruhl, B., Harris,
S.J.: Synthesis, x-ray crystal structures, and cation transfer
properties of alkyl calixaryl acetates, a new series of molecular
receptors. J. Chem. Soc. Chem. Commun. 388-390 (1985)

12. Chang, S.-K., Cho, I.: New metal cation-selective ionophores
derived from calixarenes: their syntheses and ion-binding prop-
erties. J. Chem. Soc. Perkin Trans. 1, 211-214 (1986)

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Ferguson, G., Kaitner, B., Mckervey, M.A., Seward, E.M.: Syn-
thesis, x-ray crystal structure, and cation transfer properties of a
calix[4]arene tetraketone. A new versatile molecular receptor.
J. Chem. Soc. Chem. Commun. 584-585 (1987)

Seward, M.-J., Arnaud-Neu, F., Marques, E.: Cation binding
properties of alkyl calixaryl derivatives. A new family of
molecular receptors. Pure Appl. Chem. 61(9), 1597-1603 (1989)
Arnaud-Neu, F., Collins, E.M., Deasy, M., Ferguson, G., Harris,
S.J., Kaitner, B., Lough, A.J., Mckervey, M.A., Marques, E.,
Ruhl, B.L., Weill, M.J.S., Seward, E.M.: Synthesis, x-ray crystal
structures, and cation-binding properties of alkyl calixaryl esters
and ketones, a new family of macrocyclic molecular receptors.
J. Am. Chem. Soc. 111(23), 8681-8691 (1989)

Arnaud-Neu, F., Barrett, G., Cremin, S., Deasy, M., Ferguson, G.,
Harris, S.J., Lough, A.J., Guerra, L., Mckervey, M.A., Weill,
M.J.S., Schwinte, P.: Selective alkali-metal cation complexation
by chemically modified calixarenes. Part 4. Effect of substituent
variation on the sodium ion/potassium ion selectivity in the ester
series and x-ray crystal structure of the trifluoroethyl ester.
J. Chem. Soc. Perkin Trans. 2, 1119-1125 (1992)

Soedarsono, J., Burgard, M., Asfari, Z., Vicens, J.: Liquid-liquid
extraction of sodium and potassium using 25,27-dicarboxy-26,
28-dimethoxy-5,11,17,23-tetra-tert-butylcalix[4]arene. New J.
Chem. 17(8-9), 601-605 (1993)

Ohto, K., Ishibashi, H., Inoue, K.: Self-coextraction of sodium
ions with calix[4]arene tetracarboxylate. Chem. Lett. (7), 631—
632 (1998)

Ohto, K., Yano, M., Inoue, K., Nagasaki, T., Goto, M., Nakashio,
F., Shinkai, S.: Effect of coexisting alkaline metal ions on the
extraction selectivity of lanthanide ions with calixarene carbox-
ylate derivatives. Polyhedron 16(10), 1655-1661 (1997)

Ohto, K., Shiratsuchi, K., Inoue, K., Goto, M., Nakashio, F.,
Shinkai, S., Nagasaki, T.: Effect of coexisting alkaline metal ions
on the extraction selectivity of lanthanide ions with calixarene
carboxylate derivatives. Solvent Extr. Ion Exch. 14(3), 459-478
(1996)

Ludwig, R., Inoue, K., Shinkai, S.: Solvent extraction of lantha-
nide ions using a calix[6]arene compound. In: Proceedings of
Symposium on Solvent Extraction 1991, Osaka, pp. 53-60 (1991)
Ludwig, R., Inoue, K., Yamato, T.: Solvent extraction behaviour
of calixarene-type cyclophanes towards trivalent lanthanum,
neodymium, europium, erbium, and ytterbium. Solvent Extr. Ion
Exch. 11(2), 311-330 (1991)

Ludwig, R., Inoue, K., Shinkai, S., Gloe, K.: Solvent extraction
behaviour of p-tert-butylcalix[n]arene carboxylic acid derivatives
towards trivalent lanthanides and sodium. In: Solvent Extraction
in the Process Industries, Proceedings of ISEC’93, York, pp. 273—
278 (1993)

Ludwig, R., Gauglitz, R.: Calixarene type extractants for metal
ions with improved properties. In: Value Adding Through Sol-
vent Extraction, Proceedings of ISEC’96, Melbourne, pp. 365—
369 (1996)

Ludwig, R., Kunogi, K., Dung, N., Tachimori, S.: A calixarene-
based extractant with selectivity for Am™ over Ln"™. Chem.
Commun. 1985-1986 (1997)

Ohto, K., Yano, M., Inoue, K., Yamamoto, T., Goto, M., Nak-
ashio, F., Nagasaki, T., Shinkai, S.: Extraction of rare earth
metals with new extractants of calixarene derivatives. In: Solvent
Extraction in the Process Industries, Proceedings of ISEC’93,
York, pp. 364-369 (1993)

Ohto, K., Shioya, A., Higuchi, H., Oshima, T., Inoue, K.: Effect
of coexisting sodium ion on extractive separation of metal ions
with calix[4]arene tetracarboxylic acid. Ars Sep. Acta 1, 61-70
(2002)

Kakoi, T., Nishiyori, T., Oshima, T., Kubota, F., Goto, M.,
Shinkai, S., Nakashio, F.: Extraction of rare-earth metals by

@ Springer



120

J Incl Phenom Macrocycl Chem (2009) 65:111-120

29.

30.

31.

liquid surfactant membranes containing a novel cyclic carrier.
J. Memb. Sci. 136(1-2), 261-271 (1997)

Kakoi, T., Toh, T., Kubota, F., Goto, M., Shinkai, S., Nakashio,
F.: Liquid-liquid extraction of metal ions with a cyclic ligand
calixarene carboxyl derivative. Anal. Sci. 14(3), 501-506 (1998)
Kakoi, T., Oshima, T., Nishiyori, T., Kubota, F., Goto, M.,
Shinkai, S., Nakashio, F.: Effect of sodium ions on the extraction
of rare earth metals by liquid surfactant membranes containing a
calix[4]arene carboxyl derivative. J. Memb. Sci. 143(1-2), 125-
135 (1998)

Uezu, K., Kubota, F., Goto, M.: Extraction behavior and com-
putational modeling of Na ions by a carboxylic calix[4]arene.
Nippon Kaisui Gakkaishi (Bull. Soc. Sea Water Sci. Jpn.) 59(5),
338-342 (2005)

@ Springer

32. Ohto, K., Yano, M., Inoue, K., Yamamoto, T., Goto, M., Nak-

34.

ashio, F., Shinkai, S., Nagasaki, T.: Solvent extraction of trivalent
rare earth metal ions with carboxylate derivatives of calixarenes.
Anal. Sci. 11(6), 893-902 (1995)

. Arduini, A., Pochini, A., Reverberi, S., Ungaro, R.: Molecular

inclusion in functionalized macrocycles. Part 13. The preparation
and properties of a new lipophilic sodium selective ether ester
ligand derived from p-tert-butycalix[4]arene. Tetrahedron 42(7),
2089-2100 (1986)

Arimura, T., Kubota, M., Matsuda, T., Manabe, O., Shinkai, S.:
Formation of solvent-separated ion pairs in calixarene ester-alkali
picrate complexes. Bull. Chem. Soc. Jpn 62(5), 1674-1676
(1989)



	Allosteric coextraction of sodium and metal ions �with calix[4]arene derivatives 1
	Abstract
	Introduction
	Experimental
	Reagents
	Distribution study

	Results and discussion
	Individual extraction of alkali metal ions with each extractant
	Detailed study of sodium extraction with calix[4]arene derivative
	Competitive extraction of four kinds of alkali ions �with calix[4]arene derivative
	Determination of extraction equilibrium constants �of sodium ions with calix[4]arene derivative

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


