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Homocalixpyridines: Ligands Exhibiting High Selectivity in Extraction and

Sensor Processes

Holger Stephan, Torsten Kriiger-Rambusch, Karsten Gloe,* Wolfgang Hasse, Benedikt
Ahlers, Karl Cammann, Kari Rissanen, Gisela Brodesser, and Fritz Vogtle*

Abstract: A series of differently functionalised all-homocalixpyridines I and their
open-chain analogues II were synthesised by use of the Miiller— Roscheisen reaction.
Their complexation properties were then investigated by extraction and liquid

membrane experiments. This new class of macrocycles composed of pyridine units
shows a pronounced selectivity towards soft metal ions, such as Ag', Pd", Hg" and
Au"™. The complexation behaviour can be easily modified by variation of the ring size
and substitution pattern. Molecular modelling studies of the ligands, as well as their
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silver(l) and mercury() complexes, were performed in order to understand the
principles of complex formation. Furthermore, the use of the new ligands as

ionophores in PVC-based membrane electrodes was studied.

Introduction

By developing homocalixarenes,['l which exhibit a stable
hydrocarbon host skeleton based on [2,Jmetacyclophanes and
which can have a variable ring size, we have paved the way for
a versatile host architecture. The introduction of additional
CH, groups in all the aliphatic bridges leads to a higher
flexibility of these hosts compared with calixarenes,? and
consequently stable conformations—which are unfavourable
for the complexation of any guests—are avoided. The
Miiller - Roscheisen synthesisP®! was the method chosen for
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the preparation, as it has the advantage of being able to
directly add heteroaromatic units to the framework. The use
of pyridine as a complexing unit in such systems offers
interesting coordination possibilities towards metal ions
owing to the polarity of the nitrogen donor atom and the
orientation of the lone electron pair.¥ Although pyridine
macrocycles with additional donor atoms, such as ether
oxygen, amine nitrogen and thioether sulfur, have been
developed as host compounds, this leads to rather poor
separation selectivity for metal ions due to the multifunctional
interactions of the macrocycles.?!

Hitherto, the macrocyclic pyridine oligomers 3 (trimer) and
5 (pentamer) were isolated as the main products of the OCH;-
substituted series.l In this work, we synthesised a series of
macroheterocyclic oligomers I containing unsubstituted (1, 2),
methoxy- (3—-6) and methoxyethoxy-substituted (7—-10) pyr-
idine building blocks. For comparison, we also prepared the
structurally analogous open-chain oligopyridines II (Fig-
ure 1).

Thus, we report on the tailoring of host molecules contain-
ing endobasic pyridine donor sites towards certain soft metal
ions. By synthesising complete series of ligands, we were able
to investigate the influence of the following parameters on the
complexation behaviour:

o The ring size and the number of identical binding sites.

@ Variation of the substituent in the 4-position of the pyridine
unit and the consequent alteration in the donating capacity
and lipophilicity of the homocalixpyridines L.

o Effect of the macrocyclic structure in comparison with the
corresponding open-chain oligopyridines IL
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Figure 1. Synthesized all-homocalixpyridines and open-chain pyridine
oligomers.

Solvent extraction and membrane studies were used as the
experimental techniques and the results were interpreted by
molecular modelling.

Results and Discussion

Complexation behaviour was studied by means of extraction
experiments in the system metal salt-buffer-H,O/homocalix-
pyridine-CHCI;.["! The extractabilities of different metal ions
with the all-homocalixpyridines 1, 3 and 7, which each contain
three pyridine units inside the ring skeleton, are presented in
Figure 2. In aqueous solutions containing nitrate, there was a
pronounced selectivity for silver compared to the other metal
ions investigated (Figure 2a). The extractabilities of Hg!' and

Abstract in German:  Mit Hilfe der Miiller— Roscheisen-
Synthese wurden eine Reihe unterschiedlich funktionalisierter
all-Homocalixpyridine I sowie strukturanaloger offenkettiger
Liganden II hergestellt und hinsichtlich ihrer Komplexbil-
dungseigenschaften gegeniiber Metallionen durch Fliissig—
Fliissig- Extraktions- sowie Fliissig— Membran-Untersuchun-
gen charakterisiert. Diese neue Verbindungsklasse makrocy-
clischer pyridinhaltiger Komplexbildner weist eine hohe Se-
lektivitiit fiir weiche Metallionen wie Ag', Pd", Hg'" and Au'"
auf. Die Komplexbildungseigenschaften konnen in einfacher
Weise durch Anderung der Ringgrofie sowie durch Variation
der Substituenten gedndert werden. Zur Interpretation von
Struktur— Wirkungsbeziehungen wurden Molecular Modeling-
Rechnungen an den all-Homocalixpyridinen sowie ihren Ag'-
und Hg"-Komplexen durchgefiihrt. Der Einsatz dieser neuen
Liganden als lonophore in PV C-Fliissig-Membran-Elektroden
wurde untersucht.
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Figure 2. Extractability of different metal ions with all-homocalixpyridines
1, 3 and 7 a) [M(NO;),]=1x10"*m; [KNO;]=0.1m; pH=6.3 (MES/
NaOH buffer); [all-homocalixpyridine] =1 x 10~ M in CHCl;. b) [MCl,] =
1x10~*M (M =Cu?*, Pd**); pH=5.2 (NaOAc/HCI buffer); [HAuCl] =
1x10~*m; [HNO;]=1x 1072 m; [all-homocalixpyridine]=1x 107 M in
CHCl;.

Cu! were remarkable lower than that of Ag'. The experiments
demonstrate that in all cases 1:1 complexes with these metal
cations dominate in organic solution.[’! There was negligible
extraction of other transition metal ions, such as Co', Zn" and
Cd". As expected, no interaction was found between the all-
homocalixpyridines and hard metal ions, such as those of
alkali and alkaline earth metals.

The extraction efficiency and selectivity of homocalixpyr-
idines depend strongly on the substitution pattern of the
pyridine rings. Thus, the unsubstituted all-homocalix[3]pyr-
idine 1 (R =H) exhibited a lower efficiency for Ag' and Hg"!
compared to the substituted ligands 3 and 7 with the same ring
size, but with an additional substituent (3: R=0OCH;, 7: R=
OCH,CH,OCH;).

Molecular modelling calculations of the ligand —metal ion
interactions for Ag' and Hg" in the extracted 1:1 complexes
allow the interpretation of this finding (Figure 3).) Thus, the
arrangement of both ions is clearly improved on going from
ligand 1 to 3 to 7. Retaining the partial cone conformation
found as the energy optimum of the free ligands, the metal —
pyridine nitrogen donor atom distances for the 1:1 complexes
calculated are significantly lowered for 3 and 7 compared with
1. This could be explained on the one hand by electronic
effects on the basicity of the nitrogen atom,['”! but also by the
participation of an ether oxygen atom from a side chain on the
formation of the complex (Figure 3, lower structures). Fur-
thermore, it is interesting that the binding distances for the
silver(i) complexes in all three examples are much shorter
than those of the corresponding mercury(l) complexes. As
shown in Figure 3, the silver ion is more deeply embedded in
the calix formed. This result correlates very well with the
experimentally observed order of graduated extractability
given in Figure 2a: the extractability of Ag'is greater than that
of Hg'.

Soft metal ions were also extracted from solutions contain-
ing chloride with high efficiency. An effective separation of
noble metal ions, such as Pd" and Au'", from such solutions
was possible (Figure 2b). The remarkable selectivity of Pd!
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Figure 3. Molecular modelling of the AgL* (left) and HgL?>* complexes (right) with 1, 3 and 7 (from the top

to the bottom) by DFT calculations.

and Au' over Cu' is interesting in view of a selective removal
of these noble metals from effluents.

The interpretation of the extraction data for cyclic and
open-chain derivatives with a varying number of pyridine
units is more complicated than the influence of substitution.
Generally, the counteranion and the pH of the aqueous phase
strongly influenced the extraction properties.['!]

The results of Ag!, Hg!' and Cu!! extraction differ depending
on both the ligand and the aqueous system used (Figure 4).
For Ag!, the extractabilities of 4- 6 are high and there is only a
small difference on changing the number of pyridine units in
the molecule. For Hg" and Cu', the highest extractability
from nitrate solution was achieved with 6, the macrocycle with
six pyridine units, whereas 4 and 5, in particular, extracted
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Hg! from chloride solution with
high efficiency and selectivity over
Cu'l. The reasons for this behav-
iour are not yet clear. Probably
differences in the structure of the
extracted complexes play an im-
portant role. Obviously, an opti-
mum arrangement of the linear
HgCl, species, which is extracted
from chloride solution, is only
possible in the case of compounds
4 and 5.

The benefit of the cyclisation
step on complex formation is ex-
pressed by the differences be-
tween the extractabilities of the
homocalixpyridines I and the
open-chain oligopyridines II. As
shown in Figures2 and 4, the
comparison of extraction behav-
iour in the nitrate system for the
compounds 1, 3 and 11 with three
pyridine units and 5 and 12 with
five pyridine units reveals that the
open-chain ligands are less effi-
cient for Ag! extraction (1: 42%;
3:88%:;11: 26% and 5: 99 %; 12:
44%), and less selective for Ag!/
Hg"" separation than the macro-
cyclic compounds (1: Ag' 42%,
Hg" 9%; 3: Ag! 88%, Hg" 29 %;
11: Ag'26%, Hg'' 20% and 5: Ag!
99%, Hg"" 39%; 12: Ag' 44%,
Hg" 59%). The most favourable
separation selectivity for the mac-
rocycles is achieved by the trimer
3, which is the main product of the
Miiller— Roscheisen synthesis.
Nevertheless, the open-chain bis-
pyridine derivative 13 also gave a
significant preference of Ag! over
Hg'".

It is interesting to note that the
results for Hg" are slightly modi-
fied in comparison to Ag!, al-
though size and coordination behaviour of both are similar.
Thus, a remarkable extraction power for Hg!! was observed
with the open-chain compounds 12 (59 %) from nitrate- and
13 (63 %) from chloride-containing solutions. In particular,
the results for Hg!' extraction with the open-chain pyridine
compounds in a nitrate solution are quite different from those
in a chloride medium. While the order of increasing extract-
ability from nitrate solutions (13 <11 <12) correlates with
Ag', the order for chloride solutions is different (11 < 12 < 13).
In this last case the bidentate ligand 13 obviously allows the
favourable coordination number 4 for Hg!"! by forming a 1:1
complex with HgCl,. This observation is in good agreement
with solvent extraction data of various open-chain ligands
containing N, S and O.['

»
\\‘ ey
Hg-N1: 257A‘ﬁ~
Hg-N2: 2.58 A

Hg-N3: 2.62 A
Hg-O1: 2.68 A
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decreasing the pH. In our experiments, the pH

extractability [%] ‘ \ values were different for the nitrate and
! chloride media, and were controlled by various

} | ‘ buffer solutions.
100 ‘ ‘ | In contrast to the results for Ag' in solution,
. which indicated the formation of a 1:1 complex,
80 1 - ‘ ‘ a solid multinuclear silver complex of trimer 3
0 A 1l i was isolated from a dichloromethane/acetoni-
trile mixture. The complex was identified as a
40 trinuclear silver tetrafluoroborate containing
( MR AR Agt  the [(Ag");(CH;CN);(3)]** cation.'¥) The X-
20 A B I . I D AL ray structure analysis (Figure 6) revealed that
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Figure 4. Extractability of Cu**, Hg>* and Ag* with a/l-homocalixpyridines 3-6 and pyridine

oligomers 11-13 (experimental conditions are the same as in Figure 2).

The protonation of the pyridine nitrogen, which would
cause the blocking of the donor sites, must also be considered
in the discussion of the experimental results. Thus, the
efficiency of metal extraction with pyridine-containing ligands
is considerably influenced by a change of pH. A typical trend
of Ag! extraction with the macrocycle 5 as a function of pH in
nitrate solution is shown in Figure 5. As expected, the

Log Dag

pH

Figure 5. Extraction of Ag™ with 5 as a function of pH. [AgNO;] =1 x
10~*M, [KNO;] =1.1M, pH =3.3-6.3 (variation by HNOj),

distribution ratios increased with rising pH due to the
deprotonation of the pyridine nitrogen. Above pH 6, the
distribution ratio is constant because the ligand is mainly
deprotonated (pK,pyridine) =.25). Therefore, the extraction
efficiency and separation selectivity for different metal ions
can be governed by a defined protonation of the ligands. On
the other hand, the back extraction of metal ions is possible by
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ligand® is preserved and each pyridine nitro-
gen binds one Ag" cation to form a trinuclear
complex, the second binding site of the linearly
coordinated silver is occupied by an acetonitrile
molecule.'! To our knowledge, such a nearly
linear arrangement Py-Ag-CH;CN was unknown until now.[]
The Agl — Ag2 distance is 390.8 pm, which is shorter than the
sum of the van der Waals radii.l'®]

Figure 6. X-ray crystal structure of the trinuclear complex ion
[(Ag")s(CH;CN)3(3)].

In order to test the ionophore properties of the novel
homocalixpyridines, PVC-based membrane electrodes and
transport experiments were performed. The results obtained
show that the compounds are suitable as ionophores for liquid
membrane electrodes and as carriers mediating the transport
of silver ions through bulk liquid membranes.>! The
selective interaction of silver ions with compounds 1-7 was
confirmed by potentiometric measurements carried out after
the addition of an anion blocker into the membrane. Thus, the
anion interference was suppressed and the permselectivity for
silver ions was measured. The response times of the electrodes
with 1-7 are in the range of few seconds, the detection limits

0947-6539/98/0403-0437 $ 17.50+.25/0 — 437



FULL PAPER

K. Gloe, F. Vogtle et al.

(10-4°-10>3m) are very low, and the slope with 56—
59 mV decade™! is almost optimal. Figure 7 shows the selec-
tivity coefficients for PVC membrane electrodes given as log
KF*" of Ag* and TI* for 3 and 7. The preference for silver is not
influenced by the ring size of the macrocycles. In contrast to
this, the introduction of side arms (3 —7) leads to a change in
the selectivity from Ag' to TI%.
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Figure 7. Selectivity coefficients for membrane electrodes containing
carrier 3 and 7.

The transport properties of selected homocalixpyridines 3,
5 and 7 for a variety of ions have been proved using a liquid
membrane system source phase (5x1072M Ag*, 5x 1072m
M+, nitrate)/membrane (5x 10™#m in CHCl;)/receiving
phase (H,O). A high selectivity for Ag' over Na!, K!, TI!, Pb",
Cu" and Hg"" was observed for the carriers investigated. The
ion flux for Ag" in single ion-transport experiments was
determined as  32x10molm—2h~! 3), 78x
103 molm~=2h-! (5) and 7.7 x 103> molm=2h~! (7). Thus, the
ion flux is improved by both the introduction of side arms
(3—7) and the increase of binding sites (3 —5). The results
obtained for transport experiments are in good agreement
with the liquid - liquid extraction data.

Experimental Section

General: '"H NMR spectra were recorded on a Varian EM 360 (60 MHz)
and Bruker AC200 (200 MHz), WM 250 (250 MHz), AM 400 (400 MHz)
spectrometers. C NMR spectra were recorded on Brucker AC200
(200 MHz) and AM 400 (400 MHz) spectrometers. FAB mass spectra were
obtained with a Kratos Concept 1H (3-nitrobenzyl alcohol as a matrix).

438 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Chromatography separations were performed on silica gel 60 (SiO,,
Merck, particle size: 0.040—0.063 mm). HPLC separations were carried
out on a Abimed-Gilson pump 305/306 with a lichrosorb Si-60-5 (250 x
8 mm) column, Chromatographie Service GmbH and a Gilson holochrome
detector.

General procedure for the preparation of all-homocalix[r](2,6)pyridines:
Powdered sodium (400 mmol) and tetraphenylethene (TPE, 9 mmol) were
stirred under Ar in dry THF (1 L) for 3 h at room temperature, whereby the
reaction mixture turned deep red. After stirring at — 90 °C, a solution of the
corresponding bis(bromomethyl) compound (40 mmol) in dry THF
(250 mL) was added dropwise through a perfusor over a period of 12d
and the solution remained red. The mixture was treated with methanol
(1 mL) and the colour changed from red to yellow. After warming to RT,
excess sodium was filtered off and the residue carefully washed with THF.
The reaction mixture was treated once more with methanol to be sure all
the sodium had been removed, and the solvent then evaporated. The
residue was taken up with trichloromethane (250 mL) and refluxed for 1 h.
The inorganic solid was filtered off and the solvent evaporated. The crude
product was subjected to column chromatography (silica gel, CH,Cl,) to
remove the unreacted TPE and the reaction products then completely
eluted with methanol. Separation of homocalixpyridines was performed by
column chromatography with CH,Cl,/MeOH/conc NH; as the eluent
[100:5:1 (13), 100:7.5:1 (7), 100:10:1 (1, 2, 4, 6, 11, 12), 100:15:1 (8, 9, 10)].
Final purification was achieved by HPLC with CH,Cl,/MeOH/conc NH;
[82.5:175:0.5 (4, 6), 90:10:1 (8, 9, 10) ].

all-Homocalix[3](2,6)pyridine (1): Yield: 1 %; yellow solidified oil; TLC
(Si0,): R;=0.65 (CH,Cl,/MeOH/conc NH; 100:10:1); '"H NMR (250 MHz,
CDCl;, 25°C): 6 =2.98 (s, 12H; CH,), 6.8 (d, 3/ =77 Hz, 6H; Ar-H), 7.33
(t,3/=77Hz, 3H; Ar-H); BC NMR (62.9 MHz, CDCl;, 25°C): d =159.65
(C), 135.58 (CH), 120.15 (CH), 37.96 (CH,).
all-Homocalix[6](2,6)pyridine (2): Yield: 0.15%; yellow solidified oil;
TLC (SiO,): R;=0.3 (CH,Cl/MeOH/conc NH; 100:10:1); 'H NMR
(250 MHz, CDCl;, 25°C): 6=3.15 (s, 12H; CH,), 6.69 (d, 3/ =77 Hz,
6H; Ar-H), 725 (t, 3/ =7.7 Hz, 3H; Ar-H).
6,13,20,27-Tetramethoxy-all-homocalix[4](2,6)pyridine (4): Yield: 0.4%;
m.p. 195°C; TLC (SiO,): R;=0.4 (CH,Cl,/MeOH/conc NH; 100:10:1); 'H
NMR (250 MHz, CDCl;, 25°C): 6=2.97 (s, 16H; CH,), 3.68 (s, 12H;
OCH,), 6.32 (s, 8H; Ar-H); MS (FAB): m/z (%) =541.3 (100) [M™+H].
6,13,20,27,34,41-Hexamethoxy-all-homocalix[6](2,6)pyridine (6): Yield:
0.4%; m.p. 117°C; TLC (SiO,): R;=0.2 (CH,Cl,/MeOH/conc NH;
100:10:1); '"H NMR (250 MHz, CDCl;, 25°C): d =3.07 (s, 24H; CH,),
3.70 (s, 18H; OCHj;), 6.46 (s, 12H; Ar-H); 3C NMR (22.63 MHz, CDCl,,
25°C): 0=167.17 (C), 161.21 (C), 107.11 (CH), 55.48 (CHs;), 36.98 (CH,);
MS (FAB): m/z (%) =811.4 (100) [M*+H].
6,13,20-Tris(2-methoxyethoxy)-all-homocalix[3](2,6)pyridine (7): Yield:
7% colourless solidified oil; TLC (SiO,): R;=0.4 (CH,Cl,/MeOH/conc
NH; 100:15:1); 'H NMR (200 MHz, CDCl;, 25°C): 6 =2.99 (s, 12H; CH,),
3.41 (s, 9H; OCH;), 3.69 (m, 6 H; CH,), 4.10 (m, 6 H; CH,), 6.41 (s, 6 H; Ar-
H); C NMR (100.61 MHz, CDCl,;, 25°C): 6 =164.93 (C), 161.16 (C),
106.73 (CH), 70.75 (CH,), 66.70 (CH,), 59.28 (CH,), 37.78 (CH,); MS
(FAB): m/z (%) =538.3 (100) [M*+H].
6,13,20,27-Tetrakis(2-methoxyethoxy)-all-homocalix[4](2,6)pyridine (8):
Yield: 0.3%; colourless solidified oil; TLC (SiO,): R;=0.6 (CH,CL/
MeOH/conc NH; 100:15:1); '"H NMR (400 MHz, CDCl;, 25°C): 6 =3.12
(s,16H; CH,), 3.41 (s, 12H; OCH,), 3.74 (m, 8H; CH,), 4.25 (m, 8H; CH,),
6.82 (s, 8H; Ar-H); C NMR (100.61 MHz, CDCl;, 25°C):  =167.51 (C),
160.34 (C), 108.2 (CH), 70.42 (CH,), 67.94 (CH,), 59.14 (CH;), 36.94 (CH,);
MS (FAB): m/z (%) =717.3 (100) [M™+H].
6,13,20,27,34-Pentakis(2-methoxyethoxy)-all-homocalix[5](2,6)pyridine
(9): Yield: 0.4 %; colourless solidified oil; TLC (SiO,): R;=0.55 (CH,Cl,/
MeOH/conc NH; 100:15:1); 'H NMR (400 MHz, CDCl;, 25°C): 6 =3.1 (s,
20H; CH,), 3.4 (s, 15H; OCHs;), 3.74 (m, 10H; CH,), 425 (m, 10H; CH,),
6.77 (s, 10H; Ar-H); *C NMR (100.61 MHz, CDCl;, 25°C): 6 =166.96 (C),
160.74 (C), 107.89 (CH), 70.47 (CH,), 67.74 (CH,), 59.16 (CHj;), 37.2 (CH,);
MS (FAB): m/z (%) =896.5 (100) [M*+H].
6,13,20,27,34,41-Hexakis(2-methoxyethoxy)-al/l-homocalix[6](2,6)pyridine
(10): Yield: 0.03 %; colourless solidified oil; TLC (SiO,): R;=0.5 (CH,ClL,/
MeOH/conc NH; 100:15:1); '"H NMR (200 MHz, CDCl;, 25°C): 6 =3.03
(s, 24H; CH,), 3.41 (s, 18H; OCH;), 3.68 (m, 12H; CH,), 4.06 (m, 12H;
CH,), 6.49 (s, 12H; Ar-H); MS (FAB): m/z (%) =1075.6 (100) [M*+H].
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2,6-Bis[2-(6'-methyl-2"-pyridyl)ethyl]pyridine (11): Yield: 0.8%; yellow
solidified oil; TLC (SiO,): R;=0.72 (CH,Cl/MeOH/conc NH; 100:10:1);
'H NMR (250 MHz, CDCl;, 25°C): 6 =2.54 (s, 6H; CHj;), 3.18 (s, 8H,
CH,), 6.89-70 (m, 6H; Ar-H), 7.38-746 (m, 3H; Ar-H); C NMR
(62.9 MHz, CDCl;, 25°C): 0 =160.76 (C), 160.67 (C), 157.83 (C), 136.55
(CH), 136.67 (CH), 120.67 (CH), 120.32 (CH), 119.89 (CH), 38.43 (CH,),
29.78 (CH,), 24.62 (CH,).
2,6-Bis[1-(6'-methyl-2-pyridyl)-2-(6'-ethyl-2'-pyridyl)ethyl |pyridine  (12):
Yield: 0.7%; m.p. 152-153°C; TLC (SiO,): R;=0.6 (CH,Cl,/MeOH/conc
NH, 100:10:1); '"H NMR (250 MHz, CDCl;, 25°C): 6 =2.54 (s, 6H; CHS,),
3.18,3.2 (s, 16 H, CH,), 6.9-7.0 (m, 10H; Ar-H), 7.38 - 7.46 (m, 5H; Ar-H);
BCNMR (62.9 MHz, CDCl;, 25°C): 6 =160.75 (C), 160.64 (C), 157.82 (C),
136.60 (CH), 136.52 (CH), 120.70 (CH), 120.34 (CH), 119.91 (CH), 38.42
(CH,), 38.37 (CH,), 29.78 (CH,), 24.60 (CHs).
1,2-Bis(4-methoxy-6-methyl-2-pyridyl)ethane (13): Yield: 3 %; m.p. 125°C;
TLC (SiO,): R;=0.7 (CH,Cl/MeOH/conc NH; 100:5:1); 'H NMR
(60 MHz, CDCl;, 25°C, TMS): 6 =2.46 (s, 6H; CH,), 3.10 (s, 4H; CH,),
3.76 (s, 6H; OCHj,), 6.50 (s, 4H; Ar-H); MS (FAB): m/z (%) =273.2 (100)
[Mt+H].

Liquid - liquid extraction: The extraction studies were performed at 25+
1°C in 2 mL micro-reaction vials by means of mechanical shaking. The
phase ratio V)V, was 1:1 (0.5 mL each); the shaking time was 30 min.
The extraction equilibrium was attained within a few minutes, except for
Pd** which required 2 h. The determination of the metal concentration in
both phases was carried out radiometrically with the y-radiation measure-
ment of 2?Na, ®Co, #Cu, $Zn, ¥Sr, 1¥Pd, 1""mAg 13Cs, Au and **Hg in a
Nal(Tl) scintillation counter (Cobrall, Canberra-Packard), and the fS-
radiation of ""™Cd andI ?*Tl in a liquid scintillation counter (Tricarb 2500,
Canberra-Packard). The radioisotopes were supplied by Medgenix Diag-
nostics GmbH, Ratingen.

Liquid-membrane experiments:

Membranes: The ion-selective membranes consisted of almost 1% (wt/wt)
of carrier dissolved in 33% (wt/wt), 66 % (wt/wt) plasticiser dibutylseba-
cate and 0.6 % (wt/wt) potassium tetrakis(chlorophenyl)borate as the anion
blocker.

Potentiometric measurements: All measurements were carried out in cells
of the following type: Ag; AgCl; KCI (3m); LiOAc (0.1m)/sample solution//
membrane//internal electrolyte KCI (102m), AgCl; Ag. Potentiometric
selectivity coefficients K; were determined by the separate solution
method with 1072m solutions of metal nitrates.

Transport experiments: Carrier-mediated transport of cations was studied
in a coaxial cell in which two aqueous phases (source/receiving) are
separated by a stirred chloroform membrane containing the carrier (5 x
10-*m). The aqueous source phase consisted of metal nitrates (5 x 10-2m);
the receiving phase was deionised water. Transport without a carrier was
carried out as a reference experiment (blank).

Molecular modelling: The molecular modelling studies were performed by
DFT and ab initio calculations using Gaussian 94.1'1 All calculations were
carried out on a DEC3000 AXP/800 workstation. CERIUS? 1.6.2 was used
for computer graphics and the initial building of the molecular models.
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