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Abstract In earlier studies, the interactions of isolated ionic
species with various solvents were investigated using ab initio
calculations. The ionic species investigated included cations
(proton, hydronium, ammonium, and metal cations) and
anions (single electron, hydroxide, and halide anions). How-
ever in the present study, we investigate the interactions of
these ionic species with the solvent in the presence of other
competing ionic species. We also elaborate on how the infor-
mation obtained from these extensive studies have been em-
ployed in designing and synthesizing various kinds of novel
ionophores and receptors.

1 Introduction

Interest in the interactions involving ionic species stems from
their importance in understanding ion solvation phenom-
ena, molecular recognition, ionophore and receptor design,
ion mediated self-assembly, and more recently nanomaterial
design [1–29]. Most of the existing theoretical investigations
have been devoted to the interactions of isolated ionic spe-
cies with various solvents and ligands [30–113]. While these
investigations have yielded valuable information on the inter-
action energies, thermodynamic and vibrational properties,
and location of ligand or solvent molecules around the ionic
species, little is known about the modulation of these proper-
ties in the presence of other counterions. Knowledge of this
modulation is an essential and important component in the
design of novel receptors and ionophores [114–123].

Apart from the interaction energies, one of the fundamen-
tal issues pertaining to receptor design and ion solvation is the
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location of the ligand or solvent molecules around the ionic
species [3,4]. The position of the ligand or solvent molecule
is governed by three important factors (1) size/shape of the
ion, (2) charge on the ion (cation or anion), and (3) nature of
the ion (metallic or organic). In the course of several studies
carried out by our group on cationic and anionic water clus-
ters, it emerges that cations are generally more symmetrically
hydrated and hence form internally solvated structures [30–
45]. On the other hand, the structure of anion–water cluster
seems to be dependent on the number of water molecules
hydrating it [34–45]. Surface solvated structures generally
seem to prevail for smaller sized anionic clusters, while inter-
nally solvated structures emerge only when the size of the
water cluster is very large [30–33].

The significant differences noted in the solvation of cat-
ionic and anionic species can be attributed to the fact that
these intermolecular interactions binding the ions to the sol-
vent are dominated by electrostatic and inductive energies
[3,4]. Electrostatic interactions involving anions are less effec-
tive because they have a lower ratio of charge to radius than
isoelectronic cations, while the polarization effect in anions
becomes significant. In particular, the non-valence type excess
electron around the anion (except for F− which has partially
valence-like excess electron) needs a large empty space to be
stabilized due simply to the uncertainty principle. Thus, the
anion needs an empty space on one side, while it interacts
with ligands on the other side. Furthermore, while cations
prefer to interact with heavy non-hydrogen atoms (such as
oxygen and nitrogen), anions interact with the smaller-sized
hydrogen atoms. As a consequence, the electron clouds of the
anion are anisotopically and directionally polarized toward
the electron acceptor sites (in most cases, hydrogen atoms).
Full coordination is therefore difficult to achieve in the case of
anion solvation, as the coulombic repulsion between hydro-
gen atoms of solvents or ligands prevents them to come to
close to each other.

It is therefore apparent that different strategies have to
be adopted to design tailor-made cation- or anion- specific
ionophores. Indeed, the large body of our work on cation-
specific (K+, NH+

4 , acetylcholine, etc.) and anion- specific
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(F−, Cl−, H2PO−
4 , acetate, ADP, ATP, GTP, etc.) receptors

which were initially designed and subsequently synthesized
and tested attests to the success of this strategy [114–123].
The strategy could be phrased as the optimization of the inter-
action between the ion and the receptor in the presence of
solvent molecules.

Hitherto, most of our work neglected the role of counteri-
ons in modulating the interaction of ion with solvent or recep-
tor molecules. However, most chemical or biological systems
are charge-neutral [11–16]. Therefore, it is of importance to
examine the solvation of ions in the presence of other compet-
ing ions. In particular, it would be interesting to delineate the
effect of a cation on the solvation of an anion or vice-versa.
In particular, it is important to study how ion dissociation
would be facilitated by the solvent molecules. It can readily
be noted that this work is relevant to the hydration of acids,
bases, and salts.

Therefore in the course of this paper, we examine the
characteristics of water clusters containing both cations and
anions. To facilitate the discussion, we briefly highlight our
earlier results obtained on water clusters of isolated cations
and anions. Since the ultimate aim of the present work is to
design novel ionophores and receptors, we also examine the
relevance of the current results in the context of new strate-
gies for ionophore and receptor design.

2 Computational methods

Given the fact that we have to take care of both compact
cations and the diffuse nature of the anions, most of the
calculations in the study were carried out at the second-
order Möller–Plesset (MP2) level of theory using the aug-
mented correlation consistent (aug-cc-pVDZ) basis set for
water [124,125]. In the case of metal ions, we employed the
correlation consistent (cc-pVDZ) basis sets. In the case of
larger cations, we used the energy-adjusted Stuttgart ECPs,
and added the appropriate d exponents to the valence bases
[126–130]. In calculations involving anions (F−, Cl−, OH−),
the heavy atoms were represented using an aug-cc-pVDZ ba-
sis set augmented with a diffuse (2s2p/2s) shell [34–38]. In
the case of calculations involving ionic clusters, the interac-
tion energies were corrected for basis set superposition error
(BSSE), using the median value of the fully corrected and
uncorrected interaction energies [131]. Since for mid-size ba-
sis sets, full BSSE correction often underestimates the bind-
ing energies due to the underestimation of dispersion energy,
the 50% BSSE correction has often been quite successful
in predicting binding energies of various molecular systems.
In calculations involving dissociation phenomena of acids,
bases, and salts, the BSSE correction could be somewhat
ambiguous because the corrections for the dissociated and
undissociated cases would not be equivalently taken into ac-
count. Thus, here the BSSE-uncorrected energies were used
to compare the energies of various conformers. For more de-
tails on the BSSE and its use in various kinds of clusters,
the reader is directed to some of our earlier references. The

calculations involved full geometry optimizations and the
evaluation of vibrational frequencies on the optimized geom-
etries. The zero-point vibrational energy (ZPE) and ther-
modynamic corrections were carried out using the evalu-
ated frequencies. Some of the starting structures were ob-
tained from density functional calculations carried out at the
B3LYP (Becke’s three-parameter hybrid method using the
Lee–Yang–Parr correlation functional) level [132,133].

3 Results and discussion

The optimized structures of the M+ · (H2O)1–6 complexes
(M = Li, Na, K, Rb, Cs, NH4, H3O) in Fig. 1 indicate that
the smaller cations tend to be spherically and symmetrically
coordinated by the water molecules [30], and so these ions
favor the internal state in structure. Thus, in the case of the
larger cations like Rb+ and Cs+, the clusters exhibit asym-
metrical structures because the water–water interactions are
energetically more important than water–cation interactions
[30–33,134].

Though electrostatic interactions are also responsible for
the binding of mono-cations of noble metals like Cu, Ag,
and Au, to water clusters, we do not discuss it here, because
the presence of d orbitals and relativistic effects markedly
modulate the nature of interaction [46–48].

In sharp contrast to the cation–water complexes, surface
states are the norm in the anion water cluster complexes
shown in Fig. 2 [34–45]. The water cluster complexes of
F− (to which the excess electron is strongly bound as if
it were a partially valence-like electron) are partly internal
state as in Cs+ . However, the surface state is still favored
unless the water cluster size is very large. All other anions
(e−, Cl−, Br−, I−, OH−) favor surface structures [34–45].
The excess electron, which is not strongly bound to the an-
ion, tends to be stabilized in a large vacant space around
the anion. In particular, the oxygen atom in OH− is four-
coordinated while the hydrogen atom behaves almost like a
hydrophobic site [45].

With this information, it is of interest to examine the
hydration of acids and bases. HF, a weak acid, does not dis-
sociate even when it is hydrated by up to six water molecules
(Fig. 3). On the other hand, only four water molecules initiate
the dissociation of strong acids like HCl, HBr, and HI [49,
50]. In the case of bases, six water molecules are needed to
observe the full dissociation of bases like NaOH (while dis-
sociated and undissociated structures are energetically com-
peting in the presence of four and five water molecules), but
only four water molecules are needed for the full dissociation
of CsOH (Fig. 4) [51,52]. Though structures containing only
four/five or three water molecules can induce dissociation
of NaOH and CsOH, they are either isoenergetic or ener-
getically less favored than the corresponding undissociated
structures (Table 1).

The replacement of the proton with Na+ in the acid leads
to very interesting consequences (Fig. 5). In sharp contrast
to what is observed in the case of HF, one observes the
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Fig. 1 Structures of the M+ · (H2O)1–6 complexes (M = Li, Na, Rb, Cs, NH4, H3O)

Fig. 2 Structures of the M− · (H2O)1–6 complexes (M = e, F, Cl, Br, I, OH)
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Fig. 3 Lowest-energy structures of hydrated hydrogen halides

Fig. 4 Structures of hydrated alkali metal hydroxides (NaOH, CsOH)

Fig. 5 Structures of the NaF (H2O)1–6 and NaCl (H2O)1–6 clusters
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Table 1 MP2/aug-cc-pVDZ+(2s2p/2s) interaction energies (kcal/mol)
of hydrated alkali hydroxides −�Ee and −�E0 are the binding ener-
gies without and with zero-point vibrational energy correction, respec-
tively

NaOH (H2O)n

n Conf −�Ee −�E0
1 1R3 23.24 21.25
2 2R33 43.56 39.27
3 3R333 62.05 55.08
4 4R334 75.47 66.35

4dR3334 75.39 66.51
5 5R344 88.81 76.96

5R344′ 88.84 76.55
5dR3344 88.50 76.86

6 6R445 101.85 88.01
6dCube 104.48 88.75
CsOH (H2O)n

n Conf −�Ee −�E0
1 1R3 20.73 19.33
2 2R33 39.98 36.39
3 3dR333 56.79 51.50

3R34 53.69 48.18
4 4dR334 69.17 61.39

4R44 66.29 58.36

dissociation of NaF in the presence of six water molecules
(though the dissociated and undissociated conformers are
nearly isoenergetic). Again, in sharp contrast to the case of
HCl, the dissociation of NaCl is not favorable even when
it is hydrated by six water molecules (since the dissociated
Cube structure is less stable than the undissociated 6R3444
structure). Clearly, the nature of the cation bound to an anion
seems to have a considerable role in modulating the hydration
characteristics of the anion. It can be seen from the ZPE-cor-
rected interaction energies listed in Table 2 that the 6R3444
structure is energetically more favored than the correspond-
ing cube structure. The major difference in the 6R3444 and
6Cube structures is that the former harbors a strong ionic
bond between the cation and the anion. Though the pres-
ence of the ionic bond can be attributed to the strong elec-
trostatic interaction between the ions, the observation has
important implications in the design of ionophores and recep-
tors. Thus in the absence of destabilizing steric interactions,
structures which have a cation or anion in close proximity
would be energetically favored. The predominance of elec-
trostatic interactions implies that the dielectric of the solvent
molecules would play a major role in determining the local
structure and efficacy of the receptor or ionophore toward the
ion.

While a detailed description of all the conformers of
these hydrated NaX (X=F/Cl/Br/I) clusters would be pre-
sented elsewhere, it is useful to compare their structures and
vibrational frequencies to the corresponding cationic (Na+ )
and anionic (F−, Cl− ) water clusters.

It can be seen from the lowest energy structures of both
the hydrated NaF and NaCl clusters, that the local structure
of the water cluster around the cation or anion has a strong
semblance to the lowest energy structure of the correspond-
ing cation or anion. Thus in case of the 6R3444 structure
of NaCl (H2O)6, the Na+ cation is hydrated by four water

Table 2 MP2/aug-cc-pVDZ+[2s2p/2s] interaction energies (kcal/mol)
of NaF (H2O)1−6and NaCl (H2O)1−6 clusters

NaF (H2O)1−6

n Conf −�Ee −�E0
1 1R3 21.92 19.98
2 2R33 41.54 37.44
3 3R333 59.53 52.74
4 4R334 73.59 64.57
5 5R344 87.22 75.86
6 6R444 100.47 86.56

6Cube 102.28 86.46
NaCl (H2O)1−6

n Conf −�Ee −�E0
1 1R3 17.52 15.67
2 2R3 34.38 30.72
3 3R3 50.30 44.48
4 4R334 63.72 55.74
5 5R344 76.69 66.48
6 6R3444 90.59 77.34

6Cube 89.97 75.05

molecules. The anion, which is hydrated by three water mol-
ecules, exhibits a structure similar to that observed in case
of the hydration of a bare anion by three water molecules.
On the other hand, the energetically higher but dissociated
6Cube structure of NaCl (H2O)6 is hydrated by three water
molecules for the cation and three water molecules for the
anion.

While the structures and energies are nearly similar, the
–OH vibrational spectra of these hydrated NaF and NaCl
exhibit marked differences from the corresponding clusters
of Na+, F−, and Cl−, as well as distinctive differences
between the dissociated and undissociated structures of the
hexa-hydrated systems (Fig. 6). While the magnitudes of the
frequency shifts are much larger than those of the correspond-
ing Na+-water clusters, they are smaller but much closer to
the shifts observed in the case of the corresponding F−-and
Cl−-water clusters.

Based on the above findings, it can be expected that
smaller cations and the F− anion can be ensconced in an
anionic specific ionophore/receptor, while larger cations and
most anions would prefer surface-bound states. This has been
demonstrated in our recent theoretical and experimental stud-
ies [114–123].

Our endeavors in ionophore and receptor design had its
origins in developing novel ionophores/receptors having
potential utilities in environmental and biological systems
[135–142]. The theoretical challenge is to describe the affin-
ity and selectivity of the synthetic ionophore/receptors to-
ward ions. The situation is complicated because the affin-
ity and selectivity have to be displayed in the presence of a
number of competing factors like counterions, solvents, etc.
However, in order to design receptors with high affinity for a
specific ion, we need to consider the enthalpy-driven interac-
tions. In this case, the binding enthalpy is highly correlated
with the binding internal energy, and so the ab initio charac-
terized interaction energies for an ion interacting with diverse
receptors are very useful. Since we have discussed the inter-
action of various ions with water molecules, it is possible to
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Fig. 6 Calculated MP2/aug-cc-pVDZ+(2s2p/2s) frequencies of the –OH stretching modes of NaF (H2O)6 and NaCl (H2O)6

replace the water molecules of the hydrated ion clusters by
energetically most favorable organic moieities as the binding
arms of the receptor. Indeed, we have investigated the inter-
action energies of various ions with diverse synthetic organic
receptors.

One of our initial endeavors in ionophore/receptor design
was to tackle one of the seemingly intractable problems of
contemporary biochemistry: the selective recognition of the
ammonium cation (NH+

4 ). Much of the problem is due to the
nearly equivalent sizes of NH+

4 and the potassium cation (K+
). The first step in the receptor design was that high selec-
tivity for NH+

4 could be achieved with cation–π interactions
[143–148], if the receptors have an optimal space to capture
NH+

4 and exhibit strong interactions toward NH+
4 . However,

the ionic radius of K+ is nearly similar to that of NH+
4 , so

spatial differentiation is not useful. On the other hand, the
difference in coordination numbers can be utilized. K+ favors
coordination number of six, while NH+

4 favors only four. Fur-
thermore, one has also to take into account the directional H-
bonds involving NH+

4 cations, to describe the higher selectiv-
ity for NH+

4 over K+ . Our initial calculations indicated that a
benzene-based tripodal system with dihydro-imidazole moi-
eties (Fig. 7a) possessed vacant sites for the interaction with
only one solvent molecule, while the K+ ion has three vacant
sites for three solvent molecules. In order to maximize the
affinity and selectivity of these receptors for NH+

4 , it becomes
important to maximize the π-electron density of the recep-
tor. Indeed, receptors with enhanced π-electron density by
trimethylated phenyl ring with the strong proton-withdraw-
ing subunits exhibit much higher affinities and selectivities
[114].

Given this background, an extended concept has been
applied to the receptor design for a biologically important
molecule, acetylcholine [115]. The receptor should have
higher affinity and selectivity for acetylcholine over NH+

4 .
This requires enhanced dispersion interactions and dimin-
ished ionic interactions, which is met by replacing the imid-
azole arms of the NH+

4 receptors with pyrrole (Fig. 7b). These
theoretical inferences were confirmed by experiments.

Interactions involving anions are very different from those
of cations. Since anions are more polarizable and hence more

susceptible to polar solvents than cations, it becomes impor-
tant to take into account solvent effects. Based on molecular
dynamics simulations combined with ab initio calculations,
highly selective anion ionophores have been designed [116,
117]. Enhanced dipole moments (Fig. 7c) were employed
by attaching an electron-withdrawing group. This approach
would also aid design of novel functional molecular sys-
tems and biologically important chemosensors. Utilizing the
(C-H)+ . . . X− ionic H-bonds, fluorescent photoinduced elec-
tron transfer chemosensors for the recognition of H2PO−

4
have also been designed and synthesized (Fig. 7d) [118,119].
Recently, we have extended this concept to design receptors
(R1: Trimethyl-[4-(3-methyl-imidazol-1-ium)-butyl]-ammo-
nium substituted at 1,8 Anthracene position) specific for the
biologically important phosphates (GTP and ATP) (Fig. 7e,
f) [121] and calix-[4]-imidazolium compounds (Fig. 7g, h)
[122,123] for selectively sensing flouride anion. In addition,
we have also been successful in designing various amphi-
ionophores with cyclopeptides [149,150].

4 Concluding remarks

In this paper, we have detailed the interactions of diverse sys-
tems like ions, acids, bases, or salts with water clusters. In
particular, we have focused our attention on the local struc-
ture around the ion and its relevance to hydration and dis-
sociation phenomena. We have elaborated on how the local
hydration structure is modulated in the presence of coun-
terions. In the course of this study, we have demonstrated
that these investigations are useful in the de novo design
of functional ionophores and receptors by the experimen-
tal realization of some of the designed ionophores/receptors.
Of course, subtle differences in competing and cooperative
interactions could also modulate the efficacy of these iono-
phores and receptors. However, it can be seen from this work
that a systematic investigation of these interactions could be
a useful tool in the quest for computer-aided ionophore and
receptor design. An example of this is our recent work on
calix[4]hydroquinone nanotubes, wherein quantum chemi-
cal investigations heralded the design of novel nanomaterials
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Fig. 7 Receptors for NH+
4 (a), acetylcholine (b), Cl− (c), H2PO-

4 (d) R1-GTP (e), and R1-ATP (f) complexes (R1 as defined in the text), Crystal

structure of F−-Calix[4]imidazolium[2]pyridine (g), and Cl−-Calix[4]imidazolium[2]pyridine (h)

[151,154]. Though the field is still in its infancy, the advent
of fast computers and extremely powerful programs could
dramatically increase its pace in the near future. Finally, we
believe that the present work on molecular level interactions
could also help obtain an enhanced understanding of impor-
tant chemical and biological processes in the macroscopic
world.

Acknowledgements This work was supported by Creative Research
Initiative Program (KOSEF/CRI) and the Brain Korea (BK21) program.

References

1. Kim KS, Tarakeshwar P, Lee HM (2005) In: Dykstra CE, Frenking
G, Kim KS, Scuseria G (eds) Theory and applications of compu-
tational chemistry: The first 40 years, a volume of technical and
historical perspectives, Elsevier, Amsterdam, pp 963–993

2. Kim KS, Tarakeshwar P, Lee HM (2004) In: Schwarz JA, Con-
tescu C, Putyera K (eds) Dekker encyclopedia of nanoscience and
nanotechnology, Marcel Dekker, New York, pp 2423–2433

3. Kim KS, Tarakeshwar P, Lee HM (2004) In: Leszczynski J (ed),
Theoretical computational chemistry (Computational material sci-
ence), Elsevier, Amsterdam, Vol 15, pp 119–170

4. Tarakeshwar P, Lee HM, Kim KS (2002) In: Sen KD (ed) Re-
views in modern quantum chemistry, World Scientific, Singapore,
pp 1642–1683

5. Tarakeshwar P, Kim KS (2004) In: Nalwa HS (ed), Encyclopedia
of nanoscience and nanotechnology, American Science, California,
vol 7, pp 367–404

6. Marcus Y (1985) Ion solvation, Wiley-Interscience, New York
7. Kirk KL (1991) Biochemistry of halogens and inorganic halides,

Plenum, New York
8. Gutmann V, Resch G (1995) Lecture notes on solution chemistry,

World Scientific, Singapore
9. Richens DT (1997) The chemistry of aqua ions, Wiley, Chichester,

UK
10. Lisy JM (1997) Int Rev Phys Chem 16:267
11. Lehn JM (1995) Supramolecular chemistry: concepts and perspec-

tives, VCH, Weinheim
12. Kuhn H, Försterling HD (1999) Principles of physical chemistry:

understanding molecules, molecular assemblies and supramolecu-
lar machines, Wiley, New York

13. Schneider HJ, Blatter T, Eliseev A, Rüdiger V, Raevsky OA (1993)
Pure Appl Chem 65:2329

14. Zubay GL (1998) Biochemistry, Wm C brown Publ., Toronto
15. Stryer L (1988) Biochemistry, Freeman, New York
16. Glusker JP (1991) Adv Protein Chem 42:1
17. Kebarle P (1977) Annu Rev Phys Chem 28:445
18. Lau YK, Ikuta S, Kebarle P (1982) J Am Chem Soc 104:1462
19. Blades AT, Jayaweera P, Ikonomou MG, Kebarle P (1990) J Chem

Phys 92:5900
20. Nielsen SB, Masella M, Kebarle P (1999) J Phys Chem A 103:9891



134 N. Jiten Singh et al.

21. Rodgers MT, Armentrout PB (1997) J Phys Chem A 101:1238
22. Dalleska NF, Tjelta BL, Armentout PB (1994) J Phys Chem

98:4191
23. Cabarcos OM, Weinheimer CJ, Lisy JM (1998) J Chem Phys

108:5151
24. Cabarcos OM, Weinheimer CJ, Lisy JM (1999) J Chem Phys

110:8429
25. Vaden TD, Forinash B, Lisy JM (2002) J Chem Phys 117:4628
26. Hurley M, Dermota TE, Hydutsky DP, Castleman, AW Jr (2002)

Science 298:202
27. Stace AJ (2001) Science 294:1292
28. Stace AJ (2002) J Phys Chem A 106:7993
29. Robertson WH, Johnson MA (2002) Science 298:4
30. Lee HM, Tarakeshwar P, Park JW, Kolaski MR, Yoon YJ, Yi HB,

Kim WY, Kim KS (2004) J Phys Chem A 108:2949
31. Park J, Kolaski M, Lee HM, Kim KS (2004) J Chem Phys 121:3108
32. Lee HM, Kim J, Lee S, Mhin, BJ, Kim KS (1999) J Chem Phys

111:3995
33. Kim J, Lee S, Cho SJ, Mhin BJ, Kim KS (1995) J Chem Phys

102:839
34. Lee HM, Kim D, Kim KS (2002) J Chem Phys 116:5509
35. Lee HM, Kim KS (2001) J Chem Phys 114:4461
36. Kim J, Lee HM, Suh SB, Majumdar D, Kim KS (2000) J Chem

Phys 113:5259
37. Majumdar D, Kim J, Kim KS (2000) J Chem Phys 112:101
38. Baik J, Kim J, Majumdar D, Kim KS (1999) J Chem Phys 110:9116
39. Lee HM, Suh SB, Tarakeshwar P, Kim KS (2005) J Chem Phys

122:044309
40. Lee HM, Lee S, Kim KS (2003) J Chem Phys 119:187
41. Lee HM, Suh SB, Kim KS (2003) J Chem Phys 118:9981
42. Lee HM, Kim KS (2002) J Chem Phys 117:706
43. Kim J, Kim KS (1999) J Chem Phys 111:10077
44. Lee HM, Kim KS (2002) Mol Phys 100:875
45. Lee HM, Tarakeshwar P, Kim KS (2004) J Chem Phys 121:4657
46. Lee HM, Min SK, Lee EC, Min JH, Odde S, Kim KS (2005)

J Chem Phys 122:064314
47. Lee EC, Lee HM, Tarakeshwar P, Kim KS (2003) J Chem Phys

119:7725
48. Nautiyal T, Youn SJ, Kim KS (2003) Phys Rev B 68:033407
49. Odde S, Mhin BJ, Lee HM, Kim KS (2004) J Chem Phys 121:11083
50. Odde S, Mhin BJ, Lee S, Lee HM, Kim KS (2004) J Chem Phys

120:9524
51. Odde S, Lee HM, Kolaski M, Mhin BJ, Kim KS (2004) J Chem

Phys 121:4665
52. Odde S, Pak C, Lee HM, Kim KS (2004) J Chem Phys 121:204
53. Miyazaki M, Fujii A, Ebata T, Mikami N (2004) Science 304:1134
54. Shin JW, Hammer NI, Diken EG, Johnson MA, Walters RS, Jae-

ger TD, Duncan MA, Christie RA, Jordan KD (2004) Science
304:1137

55. Jiang JC, Wang YS, Chang HC, Lin SH, Lee YT, Niedner-Schtte-
burg G, Chang HC (2000) J Am Chem Soc 122:1398

56. Reinhard B, Niedner-Schatteberg G (2002) J Phys Chem
A106:7988

57. Markham GD, Glusker JP, Bock CL, Trachtman M, Bock CW
(1996) J Phys Chem 100:3488

58. Klein S, Kochanski E, Strich A, Sadlej AJ (1997) J Phys Chem A
101:4799

59. Ciobanu CV, Ojamaeë L, Shavitt I, Singer SJ (2000) J Chem Phys
113:5321

60. Hanson DR, Ravishankara AR (1992) J Phys Chem 96:2682
61. Lee C, Sosa C, Novoa J (1995) J Chem Phys 103:4360
62. Lee C, Sosa C, Planas M, Novoa JJ (1996) J Chem Phys 104:7081
63. Amirand C, Maillard D (1998) J Mol Struct 176:181
64. Smith A, Vincent MA, Hillier IH (1999) J Phys Chem A 103:1132
65. Meot-Ner M (1984) J Am Chem Soc 106:1265
66. Meot-Ner M, Speller CV (1986) J Phys Chem 90:6616
67. Kistenmacher H, Pokie H, Clementi E (1974) J Chem Phys 61:799
68. Spångberg D, Hermansson K (2003) J Chem Phys 119:7263
69. Bauschlicher Jr CW, Langhoff SR, Partridge H, Rice JE, Komorn-

icki A (1991) J Chem Phys 95:5142

70. Markham GD, Bock CW, Glusker JP (2002) J Phys Chem B
106:5118

71. Bock CW, Markham GD, Katz AK, Glusker JP (2003) Inorg Chem
42:1538

72. Bock CW, Katz AK, Glusker JP (1995) J Amer Chem Soc 117:3754
73. Bock CW, Kaufman A, Glusker JP (1994) Inorg Chem 33:419
74. Bock CW, Glusker JP (1993) Inorg Chem 32:1242
75. Markham GD, Glusker JP, Bock CL, Trachtman M, Bock CW

(1996) J Phys Chem 100:3488
76. Uudsemaa M, Tamm T (2001) Chem Phys Letts 342:667
77. Pye CC, Rudolph WW (1998) J Phys Chem A102:9933
78. Rudolph WW, Mason R, Pye CC (2000) Phy Chem Chem Phys

2:5030
79. Rudolph WW, Pye CC (1999) Phys Chem Chem Phys 1:4583
80. Rudolph W, Brooker MH, Pye CC (1995) J Phys Chem 88:3793
81. Schwenk CF, Rode BM (2004) Chem Phys Phys Chem 5:342
82. Probst MM (1987) Chem Phys Lett 137:229
83. Feller D, Glendening ED, de Jong WA (1999) J Chem Phys

110:1475
84. Feller D (1997) J Phys Chem A 101:2723
85. Feller D, Glendening ED, Woon DE, Feyereisen MW (1995)

J Chem Phys 103:3526
86. Glendening ED, Feller D, Thompson MA (1994) J Am Chem Soc

116:10657
87. Wang F, Jordan KD (2003) Annu Rev Phys Chem 54:367
88. Xantheas SS, Dunning, TH (1994) J Phys Chem 98:13489
89. Xantheas, SS (1995) J Chem Phys 102, 4505
90. Xantheas SS Dang LX (1996) J Phys Chem 100:3989
91. Dang LX, Feller D (2000) J Phys Chem B 104:4403
92. Sremaniak LS, Perera L, Berkowitz ML (1996) J Chem Phys

105:3715
93. Wei D, Salahub DR (1994) J Chem Phys 101:7633
94. Vuilleumier R, Borgis D (1998) Chem Phys Lett 71:284
95. Combariza JE, Kestner NR (1994) J Chem Phys 100:2851
96. Masamura M (2002) J Chem Phys 117:5257
97. Xie Y, Remington RB, Schaefer HF III (1994) J Chem Phys

101:4878
98. Re S, Osamura Y, Suzuki Y, Schaefer HF III (1998) J Chem Phys

109:973
99. Clabo DA, Allen WD, Remington RB, Yamaguchi Y, Schaefer HF

III (1988) Chem Phys 123:187
100. Cabaleiro-Lago EM, Hermida-Ramon JM, Rodriguez-Otero J

(2002) J Chem Phys 117:3160
101. Sobolewski AL, Domcke W (2003) J Phys Chem A 107:1557
102. Fernàndez JMM, Merkling P, Pappalardo RR, Refson K, Marcos

ES (2004) Theor Chem Acc 111:101
103. Merkling P, Espinar RA, Fernández JMM, Pappalardo RR, Mar-

cos ES (2003) J Chem Phys 119:6647
104. Espinar RA, Fernández JMM, Pappalardo RR, Marcos ES (2003)

J Chem Phys 119:9538
105. Miyazaki S, Osamura Y (2002) Bull Pol Acad Sci Chem 50:463
106. Yoshikawa A, Morales JA (2004) J Mol Struct (Theochem) 681:27
107. Woon DE, Dunning TH Jr (1995) J Am Chem Soc 117:1090
108. Petersen CP, Gordon MS (1999) J Phys Chem A 103:4162
109. Jungwirth P (2000) J Phys Chem A 104:145
110. Peslherbe GH, Ladanyi BM, Hynes JT (2000) Chem Phys 258:201
111. Chaban GM, Huo WM, Lee TJ (2002) 117:2532
112. Chipot C, Maigret B, Pearlman DA, Kollman PA (1996) J Am

Chem Soc 118:2998
113. Caldwell JW, Kollman PA (1995) J Am Chem Soc 117:4177
114. Oh KS, Lee CW, Choi HS, Lee SJ, Kim KS (2000) Org Lett

2:2679
115. Yun S, Kim YO, Kim D, Kim HG, Ihm H, Kim JK, Lee CW, Lee

WJ, Yoon J, Oh KS, Yoon J, Park SM, Kim KS (2003) Org Lett
5:471

116. Ihm H, Yun S, Kim HG, Kim JK, Kim KS (2002) Org Lett 4:2897
117. Yun S, Ihm H, Kim HG, Lee CW, Indrajit B, Oh KS, Gong YJ,

Lee JW, Yoon J, Lee HC, Kim KS (2003) J Org Chem 68:2467
118. Kim SK, Singh NJ, Kim SJ, Kim HG, Kim JK, Lee JW, Kim KS,

Yoon J (2003) Org Lett 5:2083



Study of interactions of various ionic species with solvents toward the design of receptors 135

119. Yoon J, Kim SK, Singh NJ, Lee JW, Yang YJ, Chellappan K, Kim
KS (2004) J Org Chem 69:581

120. Kim SK, Singh NJ, Kim SJ, Swamy KMK, Kim SH, Lee KH,
Kim KS, Yoon J (2005) Tetrahedron 61:4545

121. Kwon JY, Singh NJ, Kim HN, Kim SK, Kim KS, Yoon J (2004)
J Am Chem Soc 126:8892

122. Chellapan K, Singh NJ, Hwang IC, Lee JW, Kim KS (2005) An-
gew Chem Int Ed 44:2899

123. Chellapan K, Singh NJ, Hwang IC, Lee JW, Kim KS 2005 Angew
Chem 117, 2959

124. Dunning TH (1989) J Chem Phys 90:1007
125. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,

Cheeseman JR, Montgomery JA, Vreven T, Kudin KN, Burant JC,
Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B, Cos-
si M, Scalmani G, Rega N, Petersson GA, Nakatsuji H, Hada M,
Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M, Nakajima
T, Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox JE, Hratchian
HP, Cross JB, Adamo C, Jaramillo J, Gomperts R, Stratmann RE,
Yazyev O, Austin AJ, Cammi R, Pomelli C, Ochterski JW, Ayala
PY, Morokuma K, Voth GA, Salvador P, Dannenberg JJ, Zakrzew-
ski VG, Dapprich S, Daniels AD, Strain MC, Farkas O, Malick DK,
Rabuck AD, Raghavachari K, Foresman JB, Ortiz JV, Cui Q, Ba-
boul AG, Clifford S, Cioslowski J, Stefanov BB, Liu G, Liashenko
A, Piskorz P, Komaromi I, Martin RL, Fox DJ, Keith T, Al-Laham
MA, Peng CY, Nanayakkara A, Challacombe M, Gill PMW, John-
son B, Chen W, Wong MW, Gonzalez C, Pople JA (2003) Gaussian
03, Revision B.01, Gaussian Inc., Pittsburgh, PA

126. Nicklass A, Dolg M, Stoll H, Preuß H (1995) J Chem Phys
102:8942

127. Schafer A, Horn H, Ahlrichs RJ (1992) Chem Phys 97:2571
128. LaJohn LA, Christiansen PA, Ross RB, Atashroo T, Ermler WC

(1987) J Chem Phys 87:2812
129. Ross RB, Powers JM, Atashroo T, Ermler WC, LaJohn LA, Chris-

tiansen PA (1990) J Chem Phys 93:6654
130. Hay PJ, Wadt WR (1985) J Chem Phys 82:299
131. Kim KS, Tarakeshwar P, Lee JY (2000) Chem Rev 100:4145

132. Becke AD (1993) J Chem Phys 98:5648
133. Lee C, Yang W, Parr RG (1988) Phys Rev B 37:785
134. Lee HM, Suh SB, Lee JY, Tarakeshwar P, Kim KS (2000) J Chem

Phys 112:9759
135. de Hoog P, Gamez P, Mutikainen I, Turpeinen U, Reedijik J (2004)

Angew Chem Int Ed 43:815–5817
136. Gale PA (2003) Coord Chem Rev 240:191
137. Beer PD, Gale PA (2001) Angew Chem Int Ed 40:486
138. Schmidtchen FP, Berger M (1997) Chem Rev 97:1609
139. Rudkevich DM, Brzozka Z, Palys M, Visser HC, Verboom W,

Reinhoudt DN, (1994) Angew Chem Int Ed 33:467
140. Martínez-Máñez R, Sancanón F (2003) Chem Rev 103:4419
141. Blas JR, Marquez M, Sessler JL, Luque FJ, Orozco M (2002)

J Am Chem Soc 124:12796
142. Schmitchen FP 2002 Org Lett 3:431
143. Dougherty DA, Stauffer D (1990) Science 250:1558
144. Ma JC, Dougherty DA (1997) Chem Rev 97:1303
145. Kim KS, Lee JY, Lee SJ, Ha TK, Kim DH J (1994) J Am Chem

Soc 116:7399
146. Choi HS, Suh SB, Cho SJ, Kim KS (1998) Proc Natl Acad Sci

USA 95:12094
147. Caldwell JW, Kollman PA (1995) J Am Chem Soc 117:4177
148. Gallivan JP, Dougherty DA (2000) J Am Chem Soc 122:870
149. Suh SB, Cui C, Son HS, U JS, Won Y, Kim KS (2002) J Phys

Chem B 106:2061
150. Kim KS, Cui C, Cho SJ (1998) J Phys Chem B 102:461
151. Suh SB, Kim JC, Choi YC, Kim KS (2004) J Am Chem Soc

126:2186
152. Kim KS, Suh SB, Kim JC, Hong BH, Lee EC, Yun S, Tarakesh-

war P, Lee JY, Kim Y, Ihm H, Kim HG, Lee JW, Kim JK, Lee HM,
Kim D, Cui C, Youn SJ, Chung HY, Choi HS, Lee CW, Cho SJ,
Jeong S, Cho JH (2002) J Am Chem Soc 124:14268

153. Hong BH, Bae SC, Lee C-W, Jeong S, Kim KS (2001) Science
294:348

154. Hong BH, Lee JY, Lee C-W, Kim JC, Bse SC, Kim KS (2001)
J Am Chem Soc 123:10748


