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selective binding of very hydrophilic HPO,~ anion at the
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Abstract—Potential use of a surfactant-like receptor is demonstrated at the 1,2-dichloroethane-water interface for strong and
selective binding of H,PO,~ over Br~ and Cl~. The analysis by interfacial tensiometry reveals that the interfacial adsorption of a
thiourea—isothiouronium conjugate, BT-C;, is significantly stabilized by the binding of H,PO,~ with the adsorption constant of
1.7x10°M~! while the interfacial adsorptivity of this receptor is relatively moderate for Br~ (0.81x10°M~') and CI-
(0.63x 10° M~"). Such complexation-induced interfacial adsorption behaviors of BT-C; are discussed as a basis for the development

of receptor-based chemical sensors for phosphate anions.
© 2004 Elsevier Ltd. All rights reserved.

The development of phosphate-selective receptors is of
ongoing interest due to their potential applications in
biological researches.!” Whereas selective binding and
sensing of phosphates and their derivatives have been
successfully demonstrated by sophisticated receptors in
bulk solutions, use of such receptor molecules in
chemical sensors does not always result in phosphate
selectivity.’ Indeed, it is still highly challenging to
achieve useful selectivity for phosphates over hydro-
phobic anions by receptor-based chemical sensors such
as ion-selective electrodes (ISEs).*° This is due to the
high hydrophilicity of phosphate anions, which leads to
the difficult problem of compensating for the large dif-
ferences in Gibbs free energies of transfer between
phosphates and interfering anions by selective com-
plexation. Therefore, despite the originally designed
functions of receptors in bulk media, the anion selec-
tivity of two-phase distribution systems is significantly
affected by the order of the free energy of hydration
(—AGy) of anions: H,PO,~ >CI~ >Br~.
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To achieve phosphate selectivity in two-phase distribu-
tion systems, our particular interest has been directed at
complexation-induced interfacial adsorption behaviors
by surfactant-like receptors at the oil-water interface.”?
We have recently reported that,” at the 1,2-dichloro-
ethane (DCE)-water interface, thiourea-functionalized
benzo-15-crown-5 (TU-B15C5), present in the DCE
phase, does selectively recognize H,PO,~ over Cl-, Br™,
and CH;COO~ in the aqueous phase, and this is
accompanied by the interfacial adsorption of the
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complex. Our study suggests that the solvating envi-
ronment at the interface®! is inherently suitable for the
recognition of hydrophilic substrates: in contrast to bulk
two-phase distribution systems, it is likely that complete
dehydration of H,PO,4~ is not required for the inter-
facial binding event, which would make it possible to
selectively recognize H,PO,~ over hydrophobic
anions.'! It is therefore expected that use of surfactant-
like receptors offers a potential basis for the design of
receptor-based chemical sensors for phosphate anions.
In our previous system based on TU-B15C5,” however,
the complexation-induced interfacial adsorptivity was
only moderate: the adsorption constant of TU-B15C5
was 0.15x 10° M~ in the presence of 0.1 M H,PO,~ in
the aqueous phase.

We now show that strong and selective binding of
H,PO,~ can be achieved by a thiourea—isothiouronium
conjugate, BT-C,, at the DCE-water interface. It is
characteristic of BT-C; to have two types of hydrogen
bond forming sites, that is, thiourea'>!* and isothio-
uronium!'*"> groups, both of which are suitable for
phosphate binding, and these two binding sites are
linked by a m-xylene spacer'? so as to bind to target
phosphates through the formation of multiple hydrogen
bonds. The analysis by interfacial tensiometry reveals
that the adsorption constant of this receptor reaches
(1.7£0.06)x 10° M~ upon complexation with H,PO,~
at the interface. Comparison with interfacial binding
behaviors of mono-thiouronium MT-C; shows it is most
likely that both thiourea- and isothiouronium-binding
sites are involved in the anion binding, by which a highly
stable complex forms between BT-C; and H,PO,~ at the
DCE-water interface.

The synthesis of MT-C; was described previously.!®
BT-C; was synthesized in two steps starting from 1,3-
bis-(aminomethyl)benzene. As is shown in Scheme 1, the
reaction with methyl isothiocyanate gave o,o'-bis-(V'-
methylthioureylene)-m-xylene, which was then reacted
with 2-(bromomethyl)naphthalene. Purification by silica
gel column chromatography (CH;CI-CH;OH, 8:1) gave
the product as a bromide salt.'®

Firstly, we examined the effect of H,PO,~ anions on the
time course of the interfacial tension (dynamic interfa-
cial tension, y(¢)) at the DCE-water interface.!” As is
shown in Figure 1A, a steep decrease in the interfacial
tension is observed irrespective of the absence or pres-
ence of target H,PO,”, and the dynamic interfacial
tension reaches equilibrium within a short time range.
This indicates that BT-C, adsorbs at the interface even
in the absence of H,PO,”. However, compared to
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Scheme 1. Reagents and conditions: (i) CH;NCS, CH;Cl, 3 h, 88%; (ii)
2-(bromomethyl)naphthalene, EtOH, 80°C, 2h, 15% (yields not
optimized).
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Figure 1. (A) Dynamic interfacial tension at the 1,2-dichloroethane
(DCE)-water interface. Aqueous phase: (a) pure water or (b) 0.1 M
H,PO,~ (as Na* salt); DCE phase: 1.0x10~* M of BT-C;. (B) Rela-
tionship between y(¢) and ¢~/? analyzed for curve (b) in Figure 1A.

results in the absence of H,PO,~ (curve a), the decrease
in y(¢) is significantly larger in the presence of H,PO,~
(curve b). Obviously, the interfacial adsorptivity of BT-
C, is enhanced in the presence of H,PO,~, indicating the
complex formation between BT-C; and H,PO,~ does
take place at the interface, which is accompanied by the
interfacial adsorption of the complex. When the
adsorption kinetics is controlled by the diffusion of BT-
C, from the bulk DCE phase to the interface, y(¢) is

given by the following equation:'®"

7(t) = 7. + (RTT?/[BT — Cy]) x (n/4Dt)'* (1)

where 7y, is the equilibrium interfacial tension (mN m™!),
I’ is the equilibrium interfacial concentration of BT-C;
(molm™2), and D is the diffusion coefficient of BT-C; in
the DCE phase (m?s~!). Since the plot of y(¢) against
=172 gives a linear relationship (Fig. 1B), the diffusion of
BT-C,; from the bulk to the interface is characterized as
a rate-determining process for the interfacial adsorption
and binding event.

The thermodynamics of adsorption behaviors of BT-C,
was then analyzed on the basis of Gibbs adsorption
isotherms. For comparison, the adsorption behaviors of
MT-C, were also examined. Figure 2 shows a typical
Gibbs plot for BT-C, (a) in the absence or (b) presence
of 0.1 M H,PO,~, where the change in the equilibrium
interfacial tension Ay is plotted as a function of the
receptor concentration in the organic phase. The
adsorption parameters can be evaluated by nonlinear
fitting with the following Szyszkowski equation:*

Ay =7e — 79 = —T'waRT In(1 + Kyq[receptor])  (2)
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Figure 2. Gibbs plot. Aqueous phase: (a) pure water or (b) 0.1 M
H,PO,~ (as Na* salt); DCE phase: 1.0x1078-1.0x10~*M of BT-C;.

where 7, is the equilibrium interfacial tension without
receptors (mNm™!), I,y is the saturated interfacial
concentration of receptor (molm=2), and K,4 is the
adsorption constant (M™!). The effect of several anions
on K,g and Iy of both receptors is summarized in
Table 1.2

As can be seen from Table 1, BT-C; shows clear selec-
tivity for H,PO,~ over Br~ and Cl~ at the DCE-water
interface. While the adsorption constants K,q (10° M)
for Br~ (0.81+0.23) and Cl~ (0.63%£0.22) are almost
equal within the experimental errors, the K,y for
H,PO,~ (1.7£0.06) is significantly larger than that in
the absence of these anions (0.54 £0.24). By contrast,
such a phosphate selectivity is not obtained by mono-
isothiouronium MT-C,, where the strongest adsorption
is observed not for H,PO,~ (0.30%0.07), but for Br~
(0.56 £0.11). It is therefore most likely that BT-C; binds
to H,PO,~ cooperatively by two binding sites (Fig. 3),

Table 1. Effect of anions on the adsorption parameters of MT-C, and
BT-C, at the 1,2-dichloroethane-water interface

Anion? K. 10°M1)° I (1070 molm=2)°
MT-C, No guest 0.056 £ 0.033 0.78 £0.28
Br~ 0.56+0.11 0.62+0.07
Cl- 0.25+0.18 0.82£0.37
H,PO4~ 0.30£0.07 0.70£0.06
BT-C, No guest 0.54+0.24 0.96£0.22
Br~ 0.81+£0.23 3.0£0.45
Cl~ 0.63+£0.22 4.0£0.72
H,PO,~ 1.7+0.06 2.240.03
#0.1 M solution of Na™ salts.
®The adsorption constant.
°The saturated interfacial concentration.
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Figure 3. A possible binding structure of the BT-C,/H,PO,~ complex.

as has been suggested for the H,PO,~ binding by
structurally similar bis-(thio)urea receptors in bulk
DMSO-dy.'*

Table 1 also shows that anion binding causes a signifi-
cant change in the saturated interfacial concentration
(I'saq) of BT-C;. In the absence of target anions, I'gq of
BT-C; is (0.96%0.22)x 10~ *molm™2, and increases to
(2.2£0.03)x10°*molm™ upon complexation with
H,PO,~ anions.?? This corresponds to the change in the
apparent molecular occupied area of BT-C, from 180 to
76 A2. The BT-C,/H,PO,~ complex is therefore able to
be adsorbed at the interface in a highly packed fashion
since the molecular area of the complex is estimated to
be ca. 60-140 A? from the CPK model by assuming that
this receptor adsorbs vertically at the interface (Fig. 3).

In summary, we have demonstrated complexation-
induced interfacial adsorption of BT-C; at the DCE-
water interface. This surfactant-like receptor, BT-C,,
showed the strongest adsorptivity for H,PO,~ over Br~
and Cl-, and the cooperative binding by two types of
hydrogen bond forming sites seemed to be responsible
for strong and selective binding of H,PO,~. From the
results presented here and in our previous work, it is
highly likely that the solvating environment at the
interface is suitable for the recognition of hydrophilic
anions, and the use of well-designed receptors at the
interface is expected to provide a potential basis for the
development of phosphate-selective chemical sensors.
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