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A cationic vesicle interface exhibited a filter function for less
hydrophobic anions, and highly selective anion recognition
via hydrogen bonding was achieved by thiourea-based
chromoionophores (Cn-TU) located deep inside the vesicle.

Selective recognition and in situ sensing of biologically
important anions are of current interest in host-guest chem-
istry.1,2 Several synthetic neutral receptors possessing amide,3
urea4 and thiourea moieties5 as a binding site for anion
recognition have been reported, in which the binding takes place
exclusively via hydrogen bonding interaction. Recently we have
shown that thiourea-based chromoionophore (C1-TU) interacts
strongly with anions via formation of hydrogen bonds in non-
aqueous media (Fig. 1) and produces a readily observable color
change with a selectivity of MeCO2

2 > H2PO4
2 > Cl2 > >

ClO4
2, reflecting anion basicity.6 For anion sensing in aqueous

media, however, the hydrogen bonding interaction of the
binding site encounters significant interference from anion
hydration. In biological systems, hydrophobic microenviron-
ments produced by the supramolecular structure of receptors are
cleverly utilized for ion recognition.7 Thus, a simple strategy to
achieve anion recognition in water is to incorporate the
chromoionophore into hydrophobic regions, such as vesicle
media, to shield their binding site from water.8–10

To develop an anion sensing system in water using a
chromoionophore/vesicle complex as a mimic of a biological
system, two factors are important: (i) the positioning of the
thiourea binding site inside the vesicle, and (ii) the role of the
cationic vesicle interface in anion recognition. To elucidate
these factors, we have designed novel thiourea-based chromoio-
nophores having various length of alkyl chains (Cn-TU)11 and
examined their anion recognition function in cationic vesicle
solutions. We report here, the first positioning-dependent anion

recognition by Cn-TU chromoionophore/vesicle complexes in
water.

As a well known cationic amphiphile which forms single
lamellae vesicles in water, didodecyldimethylammonium bro-
mide (DDAB) was selected.12 Films of Cn-TU/DDAB (1+10
mol%) were prepared by evaporation of a chloroform solution
containing 1.0 3 1025 mol Cn-TU and 1.0 3 1024 mol DDAB
on the inside of 100 mL-round bottomed flask. The films were
left under vacuum for 1 day, followed by hydration with 10 mL
of pure water at 40 °C by vortex mixing. The solution
temperature was maintained at 40 °C while being probe-
sonicated for 3 min using a power of 30–40 W. The resultant
clear solution of Cn-TU/DDAB was diluted 203 with 0.01 M
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid buffer
(HEPES, pH 7.50) containing guest anions as sodium salts.

In acetonitrile, all Cn-TU show the same UV-VIS spectra
with lmax at 340 nm (e = 1.4 3 104 M21 cm21), which can be
assigned as an intramolecular charge transfer (CT) absorption
band, despite the difference in their alkyl chain lengths (n =
1–8). However in DDAB solution, the lmax of Cn-TU shifts
monotonously to higher wavelengths with an increase in alkyl
chain lengths from 338 nm (e = 1.1 x104 M21cm21) for C1-TU
to 361 nm (e = 1.5 x104 M21 cm21) for C8-TU (Fig. 2). The CT
absorption bands generally show a bathochromic shift when the
solvent polarity is increased.13 Thus the results in Fig. 2 clearly
reveal that the positioning of chromophore binding sites is
controlled by the alkyl chain length of Cn-TU; the binding site
of Cn-TU bearing a long alkyl chain is located on the surface of
the cationic vesicle (hydrophilic microenvironment), whereas
that of Cn-TU bearing a short alkyl chain is positioned deep
within the vesicle (hydrophobic microenvironment).

The thiourea proton associated with the p-nitrophenyl unit
dissociates under basic conditions and a new peak in the UV–
VIS spectrum appears at 450 nm. Thus the apparent pKa of Cn-
TU in DDAB solution can be assessed by pH titration
analysis.14 Observed pKa values are 9.9 ± 0.1 for C1-TU and 9.5
± 0.1 for C8-TU. The larger pKa value observed for C1-TU
supports the finding that the binding site of C1-TU is located in
the hydrophobic microenvironment. In DMSO-d6, the 1H NMR
spectra of the vicinal phenyl protons in all Cn-TU show the same
chemical shifts at d 7.80/8.16. However in DDAB–D2O
solution, the chemical shifts of these phenyl protons are d
8.00/8.21 for C1-TU and d 8.22/8.39 for C8-TU. The chemical
shifts of C1-TU observed at higher magnetic fields are ascribed

† Electronic supplementary information (ESI) available: response profiles
of Cn-TU in DDAB upon addition of Cl2 and their equilibrium analysis. See
http://www.rsc.org/suppdata/cc/a9/a909758i/

Fig. 1 Anion recognition by thiourea-based chromoionophores.

Fig. 2 UV-VIS spectra of Cn-TU in DDAB; [Cn-TU] = 5.0 3 1025 M in 5.0
3 1024 M DDAB solution, pH = 5.5–6.0 at 25 °C.
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to the hydrophobic effect,15 which is additional evidence that
C1-TU is present deep within the vesicle.

The spectral responses of Cn-TU/DDAB complexes in water
upon addition of anions were examined at pH 7.5 (Fig. 3).
Increasing the anion concentration produced a bathochromic
shift in lmax with an enhanced molar absorptivity. These
spectral changes are ascribed to (i) complex formation of anions
with the thiourea moiety via hydrogen bonding as reported in
acetonitrile,6 and/or (ii) changes in the location of the
chromophore within the vesicle due to the hydrophilic nature of
the anion complexes. It is interesting that Cn-TU/DDAB
complexes in water exhibit no response for MeCO2

2, which
differs from the response selectivity recorded in acetonitrile.6
Since MeCO2

2 is strongly hydrated in water,16 the low binding
affinity of MeCO2

2 on the surface of DDAB vesicle may cause
this poor response. This is a unique filter function of the cationic
vesicle interface. The observed selectivity for C1-TU/DDAB
complex is Br2 > H2PO4

2 > Cl2 > > HCO3
2, MeCO2

2,
reflecting a Hofmeister series [Fig. 3(a)].16 On the other hand,
no distinct selectivity is recorded for the C8-TU/DDAB
complex [Fig. 3(b)]. The spectral change (DAbs) upon addition
of HCO3

2 is even larger for C8-TU than for C1-TU. This
indicates that the binding of fewer hydrophobic anions takes
place mainly on the vesicle surface. For Cn-TU with alkyl chain
lengths from n = 2 to 7, an intermediate response between those
of C1-TU and C8-TU is clearly observed.†

Thus it is apparent that the response selectivity is strongly
affected by the positioning of Cn-TU in DDAB vesicles (Fig. 4).

This is the first report that positioning dependent anion
recognition can be carried out in aqueous vesicle solution.

In summary, the shifts in lmax, pKa, and 1H NMR resonances
revealed that the positioning of chromophore binding sites in
DDAB was successfully controlled by the alkyl chain length of
Cn-TU. This first report of positioning-dependent anion recog-
nition via hydrogen bonding has been achieved by use of Cn-
TU/DDAB complexes in water. Based on the filter function of
the vesicle interface as well as the depth dependent distribution
of the chromoionophores, this molecular assembled system
should provide a new methodology for specific ion and
molecule recognition in aqueous solutions.

This work was supported by a Grant-in-Aid for Scientific
Research (No. 11304054) from the Ministry of Education,
Science, Sports, and Culture, Japan.

Notes and references
1 P. D. Beer and D. K. Smith, Prog. Inorg. Chem., 1997, 46, 1.
2 F. P. Schmidtchen and M. Berger, Chem. Rev., 1997, 97, 1609.
3 R. C. Jagessar and D. H. Burns, Chem. Commun., 1997, 1685; J. E.

Redman, P. D. Beer, S. W. Dent and M. G. B. Drew, Chem. Commun.,
1998, 231; S. Watanabe, O. Onogawa, Y. Komatsu and K. Yoshida,
J. Am. Chem. Soc., 1998, 120, 229.

4 T. R. Kelly and M. H. Kim, J. Am. Chem. Soc., 1994, 116, 7072; J.
Scheerder, J. P. M. Duynhouen, J. F. J. Engbersen and D. N. Reinhoudt,
Angew. Chem., Int. Ed. Engl., 1996, 35, 1090; R. C. Jagessar, M. Shang,
W. R. Scheidt and D. H. Burns, J. Am. Chem. Soc., 1998, 120,
11 684.

5 C. S. Wilcox, E.-I. Kim, D. Romano, L. H. Kuo, A. L. Burt and D. D.
Corrain, Tetrahedron, 1995, 51, 621; S. Nishizawa, P. Bühlmann, M.
Iwao and Y. Umezawa, Tetrahedron Lett., 1995, 36, 6483; K. P. Xiao,
P. Bühlmann and Y. Umezawa, Anal. Chem., 1997, 69, 1038; S.
Nishizawa and N. Teramae, Anal. Sci., 1997, 13 (suppl.), 485; S.
Nishizawa, H. Kaneda, T. Uchida and N. Teramae, J. Chem. Soc.,
Perkin Trans. 2, 1998, 2, 2325; Y. Tobe, S. Sasaki, M. Mizuno and K.
Naemura, Chem. Lett., 1998, 835.

6 S. Nishizawa, R. Kato, T. Hayashita and N. Teramae, Anal. Sci., 1998,
14, 595.

7 See, for example: H. Luecke and F. A. Quiocho, Nature, 1990, 347,
402.

8 For micelle and vesicle systems, see: J. S. Nowick and J. C. Chen, J. Am.
Chem. Soc., 1992, 114, 1107; J. S. Nowick, J. S. Chen and G. Noronha,
J. Am. Chem. Soc., 1993, 115, 7636; M. Onda, K. Yoshihara, H.
Koyano, K. Ariga and T. Kunitake, J. Am. Chem. Soc., 1996, 118,
8524.

9 For monolayer/water system, see: K. Kurihara, K. Ohto, Y. Tanaka, Y.
Aoyama and T. Kunitake, J. Am. Chem. Soc., 1991, 113, 444; K.
Kurihara, K. Ohto, Y. Honda and T. Kunitake, J. Am. Chem. Soc., 1991,
113, 5077; D. Y. Sasaki, K. Kurihara and T. Kunitake, J. Am. Chem.
Soc., 1992, 114, 10 994.

10 For solvent extraction and transport, see: D. M. Rudkevich, J. D.
Mercer-Chalmers, W. Verboom, R. Ungaro, F. D. Jong and D. N.
Reinhoudt, J. Am. Chem. Soc., 1995, 117, 6124; P. D. Beer, P. K.
Hopkins and J. D. McKinney, Chem. Commun., 1999, 1253; M. M.
Murad, T. Hayashita, K. Shigemori, S. Nishizawa and N. Teramae,
Anal. Sci., 1999, 15, 1185.

11 The structures were fully characterized by 1H NMR spectroscopy and
elemental analyses.

12 T. Kunitake and Y. Okahata, J. Am. Chem. Soc., 1977, 99, 3860; T.
Kajiyama, A. Kumano, M. Takayanagi, Y. Okahata and T. Kunitake,
Chem. Lett., 1979, 645; Y. Okahata, R. Ando and T. Kunitake, Ber.
Bunsenges. Phys. Chem., 1981, 85, 789.

13 C. Reichardt, Solvents and Solvent Effects in Organic Chemistry, VCH,
Weinheim, 2nd edn., 1988; R. Helburn, Y. Dijiba, G. Mansour and J.
Maxka, Langmuir, 1998, 14, 7147.

14 T. Hayashita, K. Kunogi, H. Yamamoto and S. Shinkai, Anal. Sci., 1997,
13 (Suppl.), 161.

15 A. A. Ribeiro and E. A. Dennis, Biochemistry, 1975, 14, 3746; F. Podo,
A. Ray and G. Nemethy, J. Am. Chem. Soc., 1973, 95, 6164.

16 D. Wegmann, H. Weiss, D. Ammann, W. E. Morf, E. Pretsch, K.
Sugahara and W. Simon, Mikrochim. Acta, 1984, 3, 1; F. Hofmeister,
Arch. Exp. Pathol. Pharmakol., 1888, 24, 247.

Fig. 3 Effect of anion concentration upon the spectral response of (a) C1-TU
and (b) C8-TU in DDAB. (2) H2PO4

2, (Ω) Br2, (5) Cl2, (:) HCO3
2, (8)

MeCO2
2. [Cn-TU] = 5.0 3 1025 M in 5.0 3 1024 M DDAB solution. pH

= 7.5 (adjusted by HEPES buffer at 25 °C).

Fig. 4 Positioning-dependent anion recognition by Cn-TU in DDAB.
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