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Abstract A well organized calix[4]arene derivative in
the cone configuration with carboxylic and phosphonic
acid groups positioned at distal pairs has been prepared in
order to investigate the extraction behavior of trivalent rare
earths together with selected divalent metals. This product
exhibited high extraction ability for the rare earths over the
divalent metals investigated due to the complementarity of
these trivalent ions with the above two functional groups
without chelation to the phenoxy oxygen atoms. The
extraction of the rare earths takes place by one of ion-
exchange, where three protons are replaced by one Ln(IIl)
cation. The stoichiometry of rare earth complexation was
also determined by slope analysis, loading test and the
continuous variation procedures. The extraction ability of
the above reagent towards the respective rare earth ions
was constant and their group separation over other metal
ions proved possible. It was concluded that the presence of
the two different functional groups on the calixarene
structure results in a favorable synergistic interaction with
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the lanthanides. The results of stripping experiments for the
loaded metals are also reported.
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Introduction

Calixarenes, cavity shaped macrocyclic phenolic oligo-
mers, provide platforms of defined size and shape for
binding guests. They have frequently been modified to
obtain derivatives for use as ligands for binding metal ions.
Several review articles have been published on calixarene
ionophores [1-4]. These macrocyclic systems are attractive
for use as host molecules because of their facile large-scale
preparation, their ease of modification and the availability
of different conformations and rim sizes. Their rigid cyclic
structures and multifunctionality can lead to size discrim-
ination behavior, a convergent effect reflecting their mul-
tiple (convergent) functional groups, as well as possible
complementary effect of functional groups and/or allosteric
effects [5]. The presence of a complementary group effect
will enhance metal ion binding as shown in our previous
works involving the extraction of rare earth [6] and sodium
[7] ions with a tetraacetic acid derivative or the extraction
of rare earth ions with phosphonic acid derivatives [8, 9]. It
was also supported by our reports that calix[4]arene
derivatives in their cone conformation incorporating two
functional groups such as two long chain carboxylic acid or
two acetic acid groups exhibited much less extraction
ability for sodium than with four acetic acid groups [10,
11] and the system with two acetic acids and two alkyl
branches also exhibited less extraction ability than that
with four acetic acid groups [12].
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In general, synergism is defined as two or more reagents
working together to significantly enhance a given effect
compared with the summation of their individual effects
and was proposed by Blake et al. [13]. The concept was
further discussed by Irving et al. [14]. Irving et al. pointed
out that for a system involving a primary ion-exchangeable
extraction reagent and a second neutral reagent, the first
reagent acts to neutralize the charge on the metal ion while
the second neutral reagent displaces the residual water
molecules, consequently extraction efficiency is enhanced.
Many examples of synergism in solvent extraction have
been investigated and a number of reviews on extraction
synergism have appeared [15-20]. Strzelbicki and Bartsch
[21-23] prepared a range of lariat crown ethers [24] with
ionizable groups on the arms. Subsequently, Umetani et al.
proposed a further concept termed “intramolecular syner-
gistic extraction” [25-28]. This involved multifunctional
ligands, each incorporating an ion-exchangeable group and
a crown ether ring. Since calixarenes are associated with
multiple functional groups, they are suitable frameworks
for use as intermolecular synergistic extraction reagents. In
fact, many studies have been reported in which bifunctional
calixarene compounds [29-34] (as well as calix crown
compounds) were investigated [35—41], however, most of
the former were not discussed in terms of intermolecular
synergism. Nevertheless, calixarene-based derivatives are
clearly promising compounds for investigating intermo-
lecular synergistic effects.

As mentioned already, homo-functional calixarenes
have been well demonstrated to show strong affinity for
particular guest metal ions due to their binding compli-
mentarily. Herein we report that the use of hetero-func-
tional calixarenes containing different ionizable groups
also lead to strong affinity with selected metal ions and, in
particular, with ions from the rare earth group. Although
the concept differs from that for conventional synergism,
intermolecular synergism involving different (hetero-)
binding groups also gives the prospect of yielding different
ion selectivities relative to the situation where only homo
binding groups are present. For example, tetrapropylene-
phosphonic acid derivatized calix[4]arene was shown to
exhibit small heavier rare earth selectivity, while the tet-
racarboxylic acid derivative exhibited light to middle rare
earth selectivity. Both reagents also exhibited high
extraction efficiency of the trivalent rare earth metals over
a selection of other metal ions. Thus, it was anticipated that
calix[4]arene with two such functional groups would also
exhibit separation efficiency for the rare earths over a range
of other metal ions.

In the present work, we focus on the use of a new
“cross” type calix[4]arene incorporating two propylene-
phosphonic and two acetic acid moieties for the group
separation of rare earths via solvent extraction.
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Experimental
Reagents

5,11,17,23-Tetrakis(1,1,3,3-tetramethylbutyl)calix[4]arene-
25,26,27,28-tetrol (1) was synthesized in a similar manner to
that described previously [6]. 25,27-Bis(ethoxycarbonyl-
propoxy)-26,28-dihydroxy-5,11,17,23-tetrakis-(1,1,3,3-tet-

ramethylbutyl)calix[4]arene (2) was synthesized from 1 in a
similar manner to that reported previously [10]. The reactant
dibutyl 3-bromopropylphosphonate (3) was also prepared in
a similar manner to that reported previously [8]. The present
extraction reagent was prepared from 2 by diphosphonation
with 3 at the remaining phenolic oxygen atoms and final
hydrolysis with base as shown in Scheme 1. The product was
identified as the desired one (in a cone conformation) by its
"H-NMR and IR spectra, TLC, and elemental analysis. For
correlation with their extraction properties, the structure of 5
together with those of the reagents previously prepared,
25,26,27,28-tetrakis[3-{hydroxy(butyl)phosphoryloxy } pro-
poxy]-5,11,17,23-tetrakis(1,1,3,3-tetramethylbutyl)calix[4]

arene (6) and 25,26,27,28-tetrakis(carboxymethoxy)-5,11,
17,23-tetrakis(1,1,3,3-tetramethylbutyl)calix[4]arene  (7),
are shown in Scheme 2.

25,27-Bis(ethoxycarbonylpropoxy)-26,28-bis{3-
(dibutylphosphoryloxy)propoxy }-tetrakis(1,1,3,3-
tatramethylbutyl)calix[4]arene (4)

The diesterified compound 2 (0.305 g, 0.284 mmol), then
sodium hydride (0.179 g, 62.7 % in oil, 4.68 mmol,
16 eq) were carefully added under a nitrogen stream to
dry DMF (30 cm®) cooled in an ice bath. The mixture
was stirred for an hour then the ice bath was removed and
the solution was heated at 313 K for 4 h. Reactant 3
(0.477 g, 1.68 mmol, 6 eq) was added to the mixture
which was then stirred for 24 h at room temperature. The
reaction was monitored by TLC, and upon completion,
the solvent was removed in vacuo. 1-Butanol (20 cm®)
was added to deactivate excess sodium hydride (cooled in
an ice bath). Solvent and excess 3 were removed using a
rotary evaporator. The desired compound was extracted
with chloroform from the residue and the organic solution
was washed twice with both 1M (M = mol dm73)
hydrochloric acid and distilled water. After drying over
anhydrous magnesium sulfate, the solution was filtered
and the solvent was then removed using a rotary evapo-
rator to obtain a pale yellow viscous oily liquid. This pale
yellow viscous liquid contained 3, together with some
impurities. TLC yielded the main component (SiO,,
chloroform:methanol = 20:1, R; = 0.53) and this crude
compound was then hydrolyzed by multiple treatments
with base in next step.
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25,27-Bis(ethoxycarbonylpropoxy)-26,28-bis[3-
{hydroxyl(butyl)phosphoryloxy }propoxy]-5,11,17,23-
tetrakis(1,1,3,3-tetramethyl)butyl)calix[4]arene (5)

Under a nitrogen stream, crude 4 was dissolved in ethanol
(10 ecm®) and potassium hydroxide (0.269 g, 4.81 mmol)
dissolved in water (0.900 g, 50.0 mmol) was mixed and
refluxed for 50 h. The reaction was monitored by TLC, and
upon completion, the solvent was removed on a rotary
evaporator. The desired compound was extracted from the
residue with chloroform. The chloroform solution was
washed with 1 M hydrochloric acid (x3) and distilled water
(x3). After drying over anhydrous magnesium sulfate, the
mixture was filtered and the solvent was again removed on a
rotary evaporator. The desired compound was recrystallized
from acetonitrile. White powder 0.175 g (yield 57.4 % from
2); TLC (SiO,, chloroform:methanol = 4:1, Ry = 0.00-
0.22); IR (KBr) { coo-n 2,500-3,300 cm™" (br), {p=0yo_n
2,690, 2,250, 1,650 cm™ " (br); "H-NMR (300 MHz, CDCl;,
TMS, 30 °C) 4 0.64 (18H, s, 2(CH3)3), 0.72 (18H, s,
2(CHj3)3), 0.95 (18H, t + s, 2P-O(CH,);CH; + 2(CHs),),
1.20 (12H, s, 2(CHj),), 1.40 (8H, m + s, 2P-O(CH,),.
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CH, + 2CH,C(CHj)3), 1.65 (8H, s + m, 2CH,C(CHs)3) +
2P-OCH,CH,), 1.88 (4H, m, 2CH,CH,COOH), 2.29 (8H,
t + m, 2CH,P + 2CH,CH,P), 2.67 (4H, t, 2CH,COOH),
3.12 (4H, d, 4exoCH,), 3.86 (8H, t + t, 4ArO-CH,), 4.06
(4H, t, 2POCH,), 4.30 (4H, d, 4endoCH,), 6.63 (4H, s,
2ArH(P)), 6.65 (4H, s(br), 2COOH + 2POOH), 6.85 (4H, s,
2ArH(C)). Found: C.70.70; H. 9.53 %, Calcd for Cg,H;30.
04P,:C, 70.26, H. 9.35 %.

Other chemicals were purchased and used without fur-
ther purification.

Distribution study

The extraction was performed in a similar manner to that
described previously [8, 9]. An organic solution was pre-
pared by diluting the extraction reagent 5 into analytical
grade chloroform to yield a 5 mM concentration. Three
aqueous solutions, each containing three rare earth ions,
were prepared by dissolving analytical grade rare earth
nitrates in 0.1 M hydrochloric acid or 0.1 M HEPES (2-[4-
(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid) to
yield metal ion concentrations of 0.1 mM. The first solu-
tion contained La, Pr, and Nd, the second was Sm, Eu, and
Gd, and the third Ho, Er and Y. The initial pH was adjusted
by mixing the above two stock solutions. Equal volumes of
the organic and aqueous phases were mixed and shaken
vigorously at 303 K for more than 3 h. The metal con-
centrations and pH values of the aqueous solutions before
and after shaking were measured by ICP-AES (Shimadzu
ICPS-8100) and a pH meter (TOA-DKK HM-30R),
respectively. The amount of the extracted metal ion was
calculated from the difference between the metal concen-
tration in the aqueous phase before and after shaking.

When using the continuous variation method (Job’s
method) in the case of europium, the total concentration of
the europium ion and the extraction reagent S was main-
tained at 1 mM. For the loading experiment, the europium
concentration was increased to 5 mM. Both experiments
were carried out in a similar manner to that described
above. In the case of stripping, the organic phase (for
which metal ions were quantitatively loaded in the forward
extraction) was treated with fresh aqueous hydrochloric
acid and the mixture shaken at 303 K for 12 h. After phase
separation, in each case the metal concentration in the
stripped aqueous solution was measured by ICP-AES.

For the extraction of divalent metal ions with 5, the
aqueous solutions were prepared by dissolving all the metal
nitrates in 0.1 M hydrochloric acid or 0.1 M HEPES buffer
solution to such that the concentration of the mixed solu-
tions was maintained at 0.1 mM. The procedures for the
other metal ion systems were similar to those for rare
earths.
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Results and discussion
Distribution study

The extraction time to reach equilibration was investigated.
The effect of shaking time on the extracted concentration
of samarium ion with 5§ is shown in Fig. 1. Although the
test samples were mildly shaken at 130 rpm, the extraction
rate was sufficiently rapid, with the extraction equilibration
being reached within an hour.

The pH dependence of the extraction of trivalent rare
earths by 5 was investigated. The effect of the equilibrium
pH on the distribution ratio D, of rare earth metals with § is
shown in Fig. 2. The distribution ratio of the metal ion,
D is the ratio of the extracted metal concentration in the
organic phase to the metal concentration remaining in the
aqueous phase at equilibrium, and is defined by Eq. (1),

[RE*"]

D= (1)
[RE3+]aq

where RE represents the trivalent rare earth metal.

All plots shown in Fig. 2 are fitted by straight lines with
a slope of 3, which corresponds to the charge on the
respective rare earth metals. This result indicates that all
trivalent metal ions had undergone ion exchange with three
protons from the extraction reagent 5, even though the
extraction took place in a low pH region. The selectivity
order for 5 approximately favored the heavier to the lighter
rare earths, which corresponds to the selectivity of con-
ventional organophosphorus acid extractants, but not to
carboxylic type extractants.
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Fig. 1 Effect of shaking time on the extracted concentration of
samarium ion with 5. [§] =5 mM, [Sm**] = 0.1 mM, initial
pH = 1.60, 303 K
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Fig. 2 Effect of equilibrium pH 100 T T T T T T T T T = 100
on the distribution ratio of - ] O Er
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(Data of Er and La were taken - E
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shaking time = 6 h, 303 K : 3 ® i
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The pH dependence of selected metals with 5 was also
investigated. The effect of equilibrium pH on the distri-
bution ratio, D, for divalent metals with 5 is shown in
Fig. 3. For comparison with the divalent ion data, data
from Fig. 2 for trivalent erbium and lanthanum are also
included; thus the extraction region between the plots for
both these ions corresponds to that for all nine rare earths
examined excluding the plots for the two trivalent ions, all
plots shown in Fig. 3 are fitted by straight lines with a slope
of 2, which also corresponds to the charge of the divalent
metals. Reagent S appears useful not only for the separa-
tion of divalent metals, but also for group separation of rare

earths over divalent metals, since the extraction pH region
for the divalent metals is sufficiently higher than that for
the rare earths. The selectivity order of 5 is rare earth-
s >Pb >7Zn > Cu > Ni. The metal selectivity for car-
boxylic acid functionalized extraction reagents is normally
Pb(II) > Cu(II) > Zn(II) > rare earths > Ni(II) while for
phosphonic acid derivatized extraction reagents the
expected order is rare earths > Zn(Il) > Pb(Il) > Cu(Il) >
Ni(I). Thus, the selectivity of § for the rare earths and
Zn(Il) was attributed to the presence of phosphonic acid
functionality and for Pb(Il) and Cu(Il) to the presence of
carboxylic acid functionality.
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Fig. 4 Loading experiment of Eu(Ill) on 5. [S]ipiia = 5 mM, initial
pH = 2.63 (0.1 M HCI - 0.1 M HEPES), shaking time = 6 h, 303 K
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Fig. 5 Job’s plots for Eu(Ill) with 5. [5]iniiat + [Eu* finia = 1 mM,
initial pH = 2.63 (0.1 M HCI - 0.1 M HEPES), shaking time = 6 h,
303 K

Loading experiments were carried out in order to con-
firm the stoichiometry of the interaction between the rare
earth ions and 5, A typical result for the loading of Eu(III)
by 5 is shown in Fig. 4. The ratio of the initial concen-
tration of 5 to the loaded Eu(IIl) ion became close to two
with increasing europium concentration. This result
revealed that the stoichiometry of the rare earth ion com-
plex of 5 was 1:2. Since the spacers attached to both
functional group types are too long to promote chelate
formation with phenoxy oxygen atoms for uptake of the
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rare earth ion, two pairs of different functional groups may
not be sufficient to saturate the coordination number of the
rare earth ion if the stoichiometry is 1:1. The phosphonic
acid groups are preferable for complexing (by ion-
exchange) rare earths rather than the carboxylic acid
groups, however the coordination sphere will be unsatu-
rated even by the presence of four phosphonic acid groups
under 1:2 stoichiometry. This means that carboxylic acid
groups will likely be employed for coordination at the
unsaturated sites either by neutral carbonyl oxygen atoms
or charged carboxylate groups.

The continuous variation method was employed to
obtain further confirmation of the interaction stoichiome-
try. A typical result is shown in Fig. 5 for the europium
system. The extracted metal concentration in the organic
phase reached a maximum at a mole fraction ratio
between 0.6 and 0.7. The result supports a stoichiometry
of 1:2. Three ion-exchangeable groups from among the
four phosphonic and four carboxylic acid groups appear to
act to extract this rare earth ion via the loss of three
protons.

The proposed extraction reaction is represented by

Eq. (2),

. (2)
RE3 +2H,L &5 RE - (H,L)(HsL) + 3H*

where RE and HyL represent the rare earth metal and the
extraction reagent 5, respectively, and K.y is the extraction
equilibrium constant as represented by Eq. (3),

[RE - (HoL)(H5L)][H*]
2

RE[H.L] G)

ex —

Since the distribution ratio was defined in Eq. (1),
Eq. (3), this can be rewritten as Eq. (4),

HtP?

K= D1 }2 (4)
[HsL]

After taking logarithms, Eq. (4) becomes Eq. (5),

log D = 3pH + 2log[H4L] + log K. (5)

Here the initial concentration of 5 is very much higher
than the initial metal concentration while the difference in
the extractant concentration before and after the extraction
is negligible. Consequently, the latter two terms in Eq. (5)
become essentially constant and the value of log D is
proportional to the pH values. The result shown in Fig. 2
are in accord with Eq. (5), because the plots of log D ver-
sus pH lay on the straight lines with slopes of 3. Although
stoichiometric data for the divalent metals were not
obtained, since the plots of log D versus pH lie on straight
lines with slopes of 2, clearly the extraction also took place
by a simple two proton ion-exchange mechanism.



J Incl Phenom Macrocycl Chem (2015) 81:301-310

307

Complementarity of the phosphonic and carboxylic
acid bifunctionality

In order to estimate the extraction ability and separation
efficiency of 5 for the rare earth ions, half pH values, pH;,,
for the respective lanthanide ion systems were determined
and the difference between the values for individual light
and heavy metals obtained. The extraction equilibrium
constants, K., and the separation factors, [ for the
extraction of individual rare earths with 5§ were estimated.
The values are listed in Table 1. The half pH value, pHy,
is defined as the pH value that corresponds half metal
extraction under the present experimental condition. The
difference in half pH values, —ApH;,; is calculated from
the difference in the pH,,, values for specific heavier and
lighter metal ions (the negative ApH,,, value indicates that
the heavier metal ions are more easily extracted compared
to the lighter metal ions). The separation factor, f, is
defined by Eq. (6),

o DHeavier metal Kex.Heavier metal (6)

DLighter metal Kexﬁ Lighter metal

Here the extraction behavior for all the rare earths with §
was the same and pH;,, values obtained for the present and
the previously reported extraction reagents were employed
to compare the extraction ability and separation efficiency,
together with the role of the two different functional groups
on the rare earth extraction. For simple visual comparison,

Table 1 Half pH values, pH;,, difference of half pH values, -ApH; 5,
extraction equilibrium constants, Ky, separation factors, f for extrac-
tion of rare earths with 5§

Stoichiometry 1:2 (RE:5)
Rare earths pHi —ApH,» Koy p
La 1.70 0.080

0.24 5.25
Pr 1.66 0.419

0.02 1.15
Nd 1.64 0.481

0.09 1.86
Sm 1.55 0.895

0.01 1.07
Eu 1.54 0.960

-0.05 0.71

Gd 1.59 0.679

0.17 3.24
Ho 1.42 2.198

0.06 1.51
Y 1.36 3.327

0.02 1.15
Er 1.34 3.820

the relationship between pH,, and the reciprocal of the
jonic radii (r™') for trivalent six-coordinate rare earth
metals is shown in Fig. 6 together with previous results for
the tetrapropylenephosphonic acid derivative 6 [8] and the
tetraacetic acid derivative 7 [6]. The y-axis is inverted so
that the plots exhibiting high extraction ability appear
upside down. The x-axis shows a lighter to heavier
sequence of rare earths. As expected, the plots for 5 lie
between those for the tetraphosphonic acid 6 and the tet-
racarboxylic acid 7 reagents, in accord with 5§ containing
both functional group types. That is, the extraction ability
of 5 is weaker than that of 6 but is stronger than that of 7.
Although 5 shows selectivity for heavier rare earths, the
slope of the plot is almost flat, indicating that the separation
efficiency of 5 is very poor. As discussed above, a single
molecule of 5 is unable to saturate the coordination number
of a rare earth ion, while the phosphonic acid functionality
exhibits higher affinity than the carboxylic acid for heavier
rare earth selectivity. Although the actual coordination
number of rare earth ions was not clarified in this work, it is
readily proposed that three of the functional groups are
involved in ion-exchange while the others also coordinate
via their carbonyl oxygen atoms. That is, three phosphonic
acid groups from the four available were used for ion-
exchange, with some or all of the remaining phosphonic/
carboxylic acid groups also coordinating. This is in keeping
with the extraction ability of 5 being closer to that of 6
rather than to that of 7. It is also noted that 5 and 6 with
longer spacers and which cannot chelate, exhibited very
high extraction compared to 7 (which incorporates shorter
spacers that will allow chelation). The high extraction of 5

T I T I T I T I T I T I T
La PrNd SmEuGd HoY Er
o F
1 O OOO
i AA
. 9 AA A4,
T 2
(="
3 | DDD
| O 20
A F
L I L I L I L I L I L I L

8.4 8.6 8.8 9 9.2 94 9.6 9.8
r!'/nm!

Fig. 6 Relationship between pH;,, values and the reciprocal of ionic
radii for trivalent rare earth metals, . Closed triangle S, open circle
tetrapropylenephosphonic acid derivative, open square tetraacetic
acid derivative of calix[4]arene
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Fig. 7 Different tendencies for the extraction of rare earths with §
broken line, 6 plain line, 7 bold line

and 6 is attributed to the complementarity of the different
functional groups with the same spacer length. The same
concept can be extended to the complementarity exhibited
by the different extractants shown in Fig. 7. That is, the
extraction ability of § lies between the extraction abilities
of 6 and 7, although it is closer to that of 6, because the
phosphonic acid groups were primary to ion-exchange.
(Strictly speaking, for a valid comparison the tetracarb-
oxylic acid functionalized 7 should not be a tetraacetic acid
derivative, but rather a tetrabutylic acid derivative, so that
the space lengths would be the same.) The uptake of hea-
vier lanthanide ions, which interact more weakly with the

Fig. 8 Effect of hydrochloric

carboxylic acid groups, seem to be compensated by the
interaction with the phosphonic acid groups. This proposal
is also strongly supported by the selectivity pattern for the
divalent metals shown in Fig. 3 as described above. That is,
the selectivity of 5 for Zn(I) was attributed to the presence
of phosphonic acid functionality and for Pb(Il) and Cu(Il)
to the presence of carboxylic acid functionality. Reagent §
is associated with hetero-functionality and yielded different
metal selectivity to that obtained for the homo-functional 6
and 7, with total separation efficiency also suppressed due
to the complementarily enhanced extraction efficiency by
the different functional groups, e.g. the lead selectivity of §
was remarkably suppressed compared with 7 [42]. For this
reason, the intramolecular synergism with the different
functionality enhances the complementarity by the differ-
ent selectivity to balance the extraction ability, but offset
respective selectivity of two functionalities for metals.
Consequently although the extraction reagent 5 with bi-
functionality of phosphonic and carboxylic acids exhibited
poor selectivity to rare earth, it provided the possibility for
group separation of rare earths over other metal ions.

Stripping experiments

In a hydrometallurgical process, stripping is important for
recovery of the desired metals and for regeneration of the
extraction reagent. Since 5 exhibited similar extractability
for all rare earths investigated, there is an advantage to
simultaneously strip all of them in a single treatment. The
effect of hydrochloric acid concentration on the percentage
stripping of the rare earth metal ions loaded on 5 was
investigated. La, Sm and Ho were selected as representa-
tives of the light, middle and heavy rare earths. Since the

acid concentration on

percentage stripping of rare 100
earth metal ions loaded on the

extraction reagent §

80

D
]

%Stripping
N
(e)

[\
(o]
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extraction ability of 5 is high; 0.1 M hydrochloric acid was
not sufficient to completely strip these loaded rare earths,
while 0.5 M acid was effective for for stripping them.
However, hydrochloric acid of the concentration higher
0.5 M led to lower stripping efficiency. A similar result
was observed in our previous study on the stripping of the
rare earths loaded on the tetracarboxylic acid derivative 7
[6]. It was also attributed to a different extraction mecha-
nism; namely, not ion-exchange behavior by the phos-
phonic acid groups but rather coordination with phosphoryl
oxygen atoms since the chloride concentration was very
high and this ion acted as the counter anion (Fig. 8).

Conclusions

A bifunctional cross-type of calix[4]arene derivative in a
cone conformation has been prepared in order to investi-
gate the extraction behavior of trivalent rare earths. Two
different functionalities, phosphonic acid and carboxylic
acid, on the calixarene acted in a complementary manner
for the uptake of rare earth ions, although the ability to
effect individual separation of rare earths was poor. How-
ever, the extraction ability of all the rare earths investigated
with the new extraction reagent was effectively constant
and their group separation over other (divalent) metal ions
was demonstrated. Such complementarity based on metal
ions interaction with different functional groups, each of
which shows different selectivity provides intramolecular
synergism to average the total affinity of a group of the
guests with host.
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