
A hydrogen bond-forming bis-thiourea 3 can effectively
facilitate the transfer of various hydrophilic anions, such as Cl–,
CH3COO–, H2PO4

–, HPO4
2– and SO4

2–, across the nitroben-
zene–water interface, suggesting possible use of 3 for multiana-
lyte detection with an amperometric sensing mode.

The design and synthesis of hydrogen-bonding ionophores
for biologically and/or chemically important anions are of cur-
rent interest in host–guest chemistry.1 Successful applications
of hydrogen-bonding ionophores in transport and potentiomet-
ric ion-selective electrodes (ISEs) have been reported.2

We have recently used ion transfer polarography to study
anion transfer across the liquid–liquid interface facilitated by
bis-thioureas, 1 or 2,3 as a hydrogen-bonding ionophore.4

When 2 is present in the organic phase, a clear wave due to the
facilitated transfer of a very hydrophilic anion, SO4

2–, is
observed whereas only positive shifts are observed for Cl– and
CH3COO–.4 The analysis of ion transfer polarograms shows
that the sulfate transfer process is reversible and controlled by
diffusion of 2 in the organic phase.4 This is the first observa-
tion of the hydrogen-bonding ionophore-assisted anion transfer
across the interface between two immiscible electrolyte solu-
tions (ITIES), suggesting possible use of hydrogen-bonding
ionophores in amperometric ISEs.5 Although there have been
only a few attempts6 to develop ionophore-based amperometric
sensors for sensing of anions, recent progress5 has suggested
that a voltammetric or pulsed amperometric sensing mode may
offer distinct advantages over traditional potentiometry with
plasticized PVC membranes containing ionophores.  Thus,
studies on the electrochemistry of facilitated anion transfer by
various types of hydrogen-bonding ionophores would provide
further insight into their unique functions when used in an
amperometric sensing mode.

In this study, facilitated transfer of hydrophilic anions
across the liquid–liquid interface by bis-thiourea 33a is studied
by ion transfer polarography.7 A previous binding study3a in
DMSO-d6 by 1H NMR spectroscopy shows that among bis-
thioureas 1 to 3, ionophore 3 forms the strongest complexes
with anions that may act as hydrogen bond acceptors, such as
H2PO4

–, CH3COO– or Cl–.  Umezawa and co-workers showed
that a potentiometric ISE with 3 gives a high selectivity for
Cl–,8a while an ion channel sensor based on monolayers of the

same ionophore is HPO4
2– selective.8b In contrast to these elec-

trochemical application studies, our attention in the present
work is devoted to the possible use of 3 for multianalyte detec-
tion of hydrophilic anions if 3 is used in amperometric sensing
modes.  While both theoretical and experimental treatments on
the multianalyte detection capability of cation-selective amper-
ometric sensors have been described,5 no experiments have so
far been reported to address the issue of this capability of
hydrogen-bonding ionophores for anion sensing.

The ion transfer polarograms were recorded by potential-
scan polarography7a,7d,7e with an electrolyte solution dropping
electrode.7a,7b,7d,7e The following electrochemical cell was used
to study the transfer of anions across the nitrobenzene
(NB)–water interface:

where x was 0.5 or 1.0. Potential difference between the aque-
ous and organic phases, ∆φ(= φw – φo), was controlled at a scan
rate of 2.5 mV s–1 by a conventional four-electrode potentiostat,
and the values of the potentials (∆φ) were standardized by
measuring the half-wave potential ∆φ1/2 of ClO4

– (used as Na+

salt, ∆φClO4°: –0.091 V)9 as a reference ion with the same refer-
ence electrode system.  Negative current flows when anions are
transferred from the aqueous phase to the organic phase.  All
experiments were carried out at 298 ± 0.5 K.

Ion transfer polarograms for Cl– are shown in Figure 1.  While
only a background wave due to the direct Cl– transfer is observed
in the absence of 3 (Figure 1a), a well-defined wave appears in its
presence (Figure 1b).  Obviously, the Cl– transfer across the inter-
face is facilitated by 3 via formation of hydrogen bonds.

Facilitated Cl– transfer across the NB–water interface was
analyzed according to theory.7 There is a linear relationship
between ∆φ and log{i/(il – i)} with a slope of –60 mV (inset in
Figure 1), revealing the transfer of monovalent anionic species
through 1:1 complexation between 3 and Cl–.7c,7d The limiting
current il is proportional to the square root of the flow rate of
the aqueous solution, and also to the concentration of 3 in the
NB phase (not shown).  These results indicate that the transfer
process of Cl– across the interface is reversible and diffusion-
controlled by 3 from the bulk NB phase to the interface.7c,7d

The half-wave potential ∆φ1/2 for the Cl– transfer facilitated by
3 is evaluated as –0.140 V from the intercept of the linear
regression curve in the inset of Figure 1.  The reversible half-
wave potential for the transfer reaction is given by7c,7d 

where ∆φCl°′ is the ion transfer formal potential for Cl–, and K11
is the association constant in the NB phase.  DI and DIA are the
diffusion coefficients of the ionophore and the chloride com-
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plex, respectively.  On the assumption that DI is nearly equal to
DIA, the association constant K11 of the 1:1 complex between 3
and Cl– can be calculated as (4.1 ± 0.2) × 104 M–1 from the above
equation.  Comparison with the case in the absence of ionophores
(cf. ∆φCl°: –0.395 V; ∆Gtr°: 38 ± 2 kJ mol–1)6a,9 shows the Cl–

transfer across the NB–water interface is indeed stabilized by 26
kJ mol–1 through the binding with 3 in the NB phase.

Other hydrophilic anions, CH3COO–, H2PO4
–, HPO4

2– and
SO4

2–, were also examined.  Well-defined waves due to the ion
transfer facilitated by 3 are clearly observed for all cases despite
the high free energy of hydration of these anions (cf. Figure 2).
This result shows a high stability of the complex between 3 and
these anions in the NB phase.10 Except for HPO4

2–,11 the trans-
fer of these anions is assisted by the formation of 1:1 complex.
Significantly, as shown in Figure 2, the half-wave potentials for
the facilitated transfer depend on anions, and some of them are
reasonably separated (∆φ1/2 (V): Cl–: –0.140; CH3COO–: –0.248;
SO4

2–: –0.319; H2PO4
–: –0.345).  Thus, the possibility exists,

that analogous to crown ether-based amperometric ISE for
simultaneous determination of Na+ and K+,5a,5b the difference in
half-wave potentials can be used for the identification of the
analyte anions,12 making it possible to detect various anions by
the same ionophore.  Although such a difference should be
observed without ionophores, use of well-designed ionophores is
essential to facilitate transfer of very hydrophilic anions from the
aqueous phase to the organic phase.

In summary, we have shown the multianalyte detection
capability of hydrogen-bonding ionophore 3 when used in
amperometric sensing modes.  This distinct feature of hydrogen-
bonding ionophores is made possible by their use in amperomet-
ric sensing modes rather than potentiometric sensing modes,
especially by observing the current response due to facilitated
anion transfer across the interface between two immiscible elec-
trolyte solutions.  Further examination of various types of
thiourea derivatives3,13 as a hydrogen bond-forming ionophore
may lead to a new design of novel amperometric anion sensors;
this work is now in progress in our laboratory.
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