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In this account, we highlight the theoretical investigations of various cluster systems comprising of water clusters,
Jr-containing clusters, and metallic clusters. We illustrate how these investigations help us understand and design struc-
tures and properties of nanowires, novel functional ionophores/receptors, and nanomaterials. Many of these theoretically
predicted systems have been experimentally realized and some of the predicted structures/properties are left for the
future which of course could be promising challenges for experimentalists.

Introduction

A wide variety of atomic and molecular clusters including
organic/inorganic/hybrid/metal nanoclusters (such as H-
bonded clusters,'? 77-system-containing clusters,>™ inorganic
clusters,®® and metal clusters®'") have been studied experi-
mentally and theoretically. However, it is interesting to note
that its practical utility has hardly been seriously considered
in theoretical chemistry. We have realized its futuristic poten-
tial applications in the development of nanodevices, memory
devices, quantum information devices, electric and optoelec-
tronic devices, nanoscale machines, nanovehicles, and nano-
scale-targeted drug delivery. Future nanomachines are expect-
ed to perform extraordinary functions such as transporting
medicine in the human body, conducting operations in and be-
tween cells, moving cargo around microfluidic chips, manag-
ing light beams, searching for and destroying toxic organic
molecules in polluted water, etc.

Understanding the structural and functional properties of
these nanomaterials/nanoclusters is of the greatest challenge,
since the properties of the components of the nanoclusters
change quite significantly with the size, and are in general
quite different from the bulk system. Nanomaterials could sim-
ply be represented by clusters or aggregates of clusters whose
dimension ranges from 0 to 3 dimensional (3-D) structures.
Clusters are formed with the aggregation of atoms/molecules
by virtue of the competitive and cooperative effect of one or
more types of interaction forces. Therefore, understanding
clusters vis-a-vis intramolecular/intermolecular forces are im-
portant to get insight into the change of structural and func-
tional properties of nanoclusters with respect to the size. Even-
tually, these investigations are closely related to the advance-

ment toward the rational design of novel functional nanomate-
rials and fabrication of nanodevices. Thus, the state-of-the art
computational chemistry and physics approach help us design
and invent novel molecular systems possessing desired specific
properties toward realization.!>'4 This would be one of the
important missions of computational research in chemistry in
the near future.

In this context, we begin our discussion with brief accounts
on the salient features of our work on diverse clusters. These
investigations not only provide pertinent information useful
for nanomaterial design but also highlight some of the impor-
tant similarities and differences in their physical characteris-
tics. Notable applications of clusters toward the design and
investigation of metallic nanowires, endo/exohedral fuller-
enes/nanotori, nonlinear optical materials, novel ionophores,
sensors, molecular nanotubes, and molecular devices are high-
lighted.

Theoretical Background

One of the consequences of intermolecular interactions is
the formation of clusters which are very important for the theo-
retical design strategy of functional nanomaterials.'> These in-
teractions can be found from the theoretical investigation of
various atomic and molecular clusters using diverse methods
such as (i) density functional theory (DFT), (ii) Mgller—Plesset
second-order perturbation theory (MP2), and (iii) coupled-
cluster theory with single, double, and perturbative triple exci-
tations [CCSD(T)] with basis sets composed of both polariza-
tion and diffuse functions. For large systems, we use pseudo-
potential plane wave or tight-binding methods. As the systems
become larger, Monte Carlo (MC) simulations and molecular
dynamics (MD) simulations based on effective pair potentials
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Fig. 1.

(including two-body to multi-body interactions) are carried
out. More accurate dynamics studies are studied with ab initio
MD (AIMD) simulations.

More specifically, ionic clusters involving with cationic in-
teractions and typical hydrogen bonding are often investigated
with DFT methods, because DFT, MP2, and CCSD(T) results
are in general consistent. Though cationic clusters can be in-
vestigated with somewhat small basis sets, anionic clusters
need to be investigated with basis sets including diffuse basis
functions. In particular, for systems including excess electrons
or highly excited states, very large diffuse basis functions
should be included because such an electron can be populated
in a very large space. In this regard, the electron correlation ef-
fect is important, and so MP2 and CCSD(T) calculations are
needed for the proper description of anionic systems. In the
case of 7T systems, the dispersion interaction is very important.
Since DFT often fails in describing the dispersion energy in
7T systems, MP2 and CCSD(T) calculations are required.’
However, MP2 tends to overestimate the dispersion energies
as the basis set increases. Thus, CCSD(T) calculations need
to be done for accurate description of 7T systems. In the case
of metallic clusters, CCSD(T) results are often between DFT
and MP2 results, and the DFT results are closer to the experi-
mental values than the MP2 results. In particular, in this case,
the electronic properties of DFT are often better than the
CCSD(T) results, while the MP2 results often fail in near-me-
tallic systems due to somewhat quasi-degenerate states. For
molecular assembly based on hydrogen bonding as well as mo-
lecular recognition for non-anionic systems, DFT can be em-
ployed as a useful approach. However, for the 7 systems
and highly anionic systems, the MP2 or even CCSD(T) results
are needed for accurate description.

By investigating the electrostatic interaction, induction, dis-
persion, and exchange repulsion of the total binding energy,
we have utilized the subtle difference among various types
of interactions such as hydrogen bonding>!'® (normal, weak,
strong,'” and short strong'®-?° H-bonds, charged or ionic H-
bonds, etc.), ionic interactions, interactions involving 7T sys-
tems (7777 interactions,>?!'=3! 7—H interactions,?' cation—m
interactions,***” anion—7r interactions**%), metallic interac-
tions,’!*? and interactions involving quantum species (mole-

Cage  6Pyf 4+2(Bf) 4+2(R4AA) 4+2(Bf)

Structures of water clusters and hydrated cationic/anionic clusters [Refs. 75, 74, 46, 98, 60/61, 104, 93, 89, and 90/91].

cule-electron/hole/photon interactions related to electron bind-
ing/releasing,> charge-transfer,* and photo-excitation®>%).

Clusters

Aqueous Ionic Clusters. Neutral water clusters have been
well investigated.’’~’° With this background, it is useful to ex-
amine how the structures and properties of these water clusters
are modulated in the presence of cations, anions, protons, elec-
trons, and 77 systems. Ion—dipole interaction is the dominant
force for the interaction of water molecules and cations.
Hence, as hydrogen atoms of the water molecule are oriented
away from both the cation and the oxygen lone pairs interact-
ing with the cation, the water—water H-bonding around the
cation is rather suppressed unless the cation (such as Cs™)
has large ionic radius. As a result, most of the cationic water
clusters, if the ionic size is small, tend to be somewhat spheri-
cally hydrated (Fig. 1).7"33 On the other hand, in the anion
water clusters the contribution of electrostatic interactions is
less effective because they have a lower ratio of charge to
radius than isoelectronic cations, while the polarization effect
becomes significant. In anion—water clusters,3*93 the anion—
water dipole interaction is suppressed, and the inter-water H-
bonding interactions around the anion become important. As
the hydrogen atoms point toward the anion, there can be strong
repulsions between hydrogen atoms. More importantly, the
excess electron needs a large empty space around the anion
in which the excess electron can be stabilized by reducing
its kinetic energy due to the uncertainty principle. Therefore,
a surface-bound non-spherical structure with the excess elec-
tron in a large vacant space on the opposite site of the dipole
direction tends to be much more stable (Fig. 1). This might
be exceptional for the F~ ion with strong electronegativity
for which the excess electron is strongly bound to F~ due to
its small ion radius.

While cationic water clusters favour internal structures,
anionic water clusters favour surface structures.'> The critical
difference in the structural preferences of hydrated cation and
anion clusters provides an important clue for the design of
cation- and anion-specific ionophores and receptors. Indeed,
we note that most cation receptors have spherical structures,
while almost all anion receptors do not have compact spherical
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Fig. 2. Temperature-dependent representative structures (number of dangling hydrogen (Hy) atoms in parentheses), heat capacity,
and power spectra of HT (H,0);; at varying temperatures [AAD Hy’s: yellow color; AD-type Hy’s: green, where A: acceptor and
D: donor]. Despite the presence of configurations with an extra AD-type Hq at 145 K, the AD peak does not appear as the AD-type
OH keeps on changing its nature (toward the ADD and AAD types) during simulations. The peaks associated with H;0™ at low
temperature are nearly lost at 125 K and disappeared completely at 150 K and onwards [Ref. 97].

structures but have a vacant space around the anion binding
site without full coordination. However, as the temperature
increases, the hydration structure tends to be more spherical
due to the entropy effect.

It would be interesting to investigate the protonated water
clusters”94% and electron-binding clusters,” 1% because
both proton and an excess electron are quantum species which
cannot be properly treated classically like ordinary cations and
anions. Both protonated water clusters and electron-binding
clusters form surface structures because the surface proton
or electron enhances the stability of the clusters by maximizing
the polarization effect. The magic [H" (H,0),;] and antimagic
[HT(H,0)5,] protonated water clusters are found to have
surface structures according to ab initio molecular dynamics
simulations (Fig. 2).°’ The proper assignment of their spectral
data demanded the thermal and dynamic effect considera-
tion.””*® The excess electron-binding water clusters of small
size show the surface structures, and the difference between
the magic and anti-magic clusters arises from the relative
stability of neutral water clusters because the neutral water
clusters show the characteristic features with respect to the
size, while the stability of the anionic water clusters changes
smoothly (i.e., monotonously).'%

Clusters of Dissociated Acids, Bases, and Salts. Investi-
gation of aqueous clusters of acids,!'!"!> bases,!!*!!8 and
salts'!*712% helps us understand the dissociation phenomena
of these molecules. Upon dissociation, both cations and anions
are simultaneously present in the system. In the case of hydro-
gen halides, we have shown that in the presence of four water
molecules, the dissociated structures of hydrogen chloride,
bromide, and iodide are more stable than the corresponding

undissociated ones (Fig. 3), while undissociated structures of
hydrogen fluoride is more stable than the dissociated ones even
when they are hydrated by over ten water molecules.'!'> LiOH,
NaOH, KOH, RbOH, and CsOH require 7, 6, 6, 5, and 4 water
molecules, respectively, for dissociation (Fig. 3) upon the con-
sideration of the global minimum structures.!'® For salt water
clusters [NaX(H,0),] (X = halides),!'® we find that the disso-
ciated structures are first found with n =5 for X = Br/I,
though these structures are slightly higher in energy than the
global minimum-energy structure. In the case of hexa-hydrated
sodium halides, the global minimum-energy structures are
found to be dissociated (X = F/I) or partially/half dissociated
(X = Cl1/Br) (Fig. 3). Similar trend was observed in the case
of CsF dissociation phenomena.!?® This understanding would
be useful for the design of desalinating receptors.

7-Clusters. Clusters containing 77 systems are bound with
weak interactions. Therefore, accurate description is required
with very high levels of theory. The m-containing clusters
can be broadly classified into nonpolar-7r, H-7w, 71—, and
JT—ion (cation/anion) clusters depending on the countermole-
cule interacting with the 77-system. We provide a brief account
on clusters of the above-mentioned types.

(1) In the case when the countermolecule is either a rare gas
atom or a nonpolar molecule, dispersion interactions dominate
for the formation of nonpolar—7 clusters.'?*

(2) A combination of electrostatic and dispersion interac-
tions governs the interaction energy for the formation of H—
7 clusters (Fig. 4) as the countermolecule is polar (water,
methanol, and Lewis acids).?®?° Unlike in the case of ion—
water clusters, there are little changes in the gross structural
features of the water clusters in their complexed states with
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Fig. 3. Lowest-energy structures of hydrated acids (top: HCI) [Ref. 114], bases (middle: KOH) [Ref. 118], and salts (bottom: Nal)
[Ref. 119].
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Fig. 4. Comparison of 77— and 7-H interaction com-
ponents [Refs. 31 and 39] and comparison of cation—7
and anion—77 interactions [Refs. 46 and 48]. Each system
denotes the interaction by the benzene. (D) and (T) denote
displaced-stacked and T-shaped, respectively. Each ener-
gy component means tot: total, es: electrostatic, exch:
exchange repulsion, ind: induction, and dis: dispersion.

the 7T systems because the interactions existing between water
molecules in these clusters are much stronger than the 77 inter-
actions between the water clusters and the 77 systems.!?>120
Another interesting finding from our calculations of the ben-
zene interacting with Lewis acids (halides of aluminium, bo-
ron, and hydrogen)'?-'?° was that the interaction energies
are large (8-15kcalmol™!) among neutral 77 interactions.
The importance of the proposed m—Lewis acid interactions in
understanding the nature of catalysts and ionic liquids was
highlighted by Olah et al.'3° and Seddon and Earle.!3!

(3) The mr—m interactions are one of the fascinating non-
covalent interactions in the sense that the negatively charged
and diffuse electron clouds of the 77 systems exhibit an attrac-
tive interaction. The experimental estimates of the interaction
energy of the benzene dimer is ~2kcalmol~!, and the T-
shaped and parallel-displaced conformation are the most
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stable, but the former would be slightly more stable.!'3?-13

However, it should be noted that the isolated benzene dimer
is highly fluxional and can coexist in any of the three structural
forms as T-shaped, stacked, and displaced-stacked form. The
substituent effect changes the conformation significantly be-
cause of the subtle energy difference between the T-shaped
and displaced-stacked structures. For example, the interaction
of benzene and quinone/hydroquinone could be controlled for
the interconversion between T-shaped and displaced-stacked
conformation with the reduction/oxidation of the quinone/
hydroquinone moiety in the molecular system.

(4) In the context of nanomaterial design, cation—7T interac-
tions***#’ are important interactions involving 7T systems.
Here, electrostatic and induction energies dominate the inter-
action energy. In the case of 77—organic cation complexes, the
magnitudes of the electrostatic and induction energies are
much smaller than in the r—alkali metal cation complexes,
and the contribution of dispersion energies are significant
(Fig. 4).** Tt is worthwhile to mention that in cation—7 sys-
tems the magnitude of the electrostatic energy is much less
than in cation—water cluster systems, while the dispersion
energy is much larger. This marked difference is due to the fact
that the more localized donor lone pair of the water oxygen
atom (in contrast to the diffuse electron cloud of the 77 system)
interacts with the cation, giving a much larger electrostatic
contribution in the total energy. However, the larger dispersion
energy of the cation—7T systems plays an important role in
designing receptors in non-polar solvents.

(5) For anion—7 clusters,*®% the total interaction energies
are comparable to those corresponding to cation—7 clusters
(Fig. 4).*8 However, the magnitude of exchange-repulsion en-
ergy is significantly large due to the increased repulsion be-
tween the electron density of an aromatic ring and the electron
density of an anion. This repulsion is compensated by the in-
crease in electrostatic and induction energies. When the anion
is organic moiety, the dispersion energy is very significant.

Metallic Clusters. Theoretical investigation of the metal
clusters, in particular for the noble metals, depends on the
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Fig. 5. Lowest-energy structures of Au,, Ag,, and AuAg,_; along with the electron correlation diagram of Au,, Ag,, and AuAg

[Refs. 11 and 136].

Fig. 6. Spin-containing endohedral fullerene N@Cg, [Ref. 140], cyclacene as a shortest carbon nanotube [Ref. 142], extracted
inner shells from an ultralong multi-walled carbon nanotube [Ref. 143], and nanotori [Ref. 145].

ability of theoretical method (such as the relativistic effect) to
describe metallic interactions. Investigation of the metal clus-
ters and metal alloy clusters are of interest because they serve
as protoptypical models of nanoelectrodes, nanowires, etc.
which exhibit unique -electronic, magnetic, optical and
mechanical properties as a result of the appearance of the
quantum effects in such small clusters. In particular, it is inter-
esting to investigate the gold-silver alloying effect.!3® Since
the 6s orbital energy of Au is almost as low as 5d orbitals,
the relativistic effect-driven strong s—d hybridization in Au fa-
vours 1-D and 2-D structures in the case of small gold clusters
(Fig. 5). Thus, gold shows high ductility. On the contrary, sil-
ver clusters larger than the hexamer prefer to exist as 3-D
structures with spherical coordination because the valence
orbitals are predominantly of the s-type (Fig. 5). This prefer-
ence in coordination reflects itself in the location of the Au
and Ag atoms in the corresponding binary clusters of gold
and silver, with the Au atoms being located on the boundary,
while Ag atoms are generally located in the inner side (Fig. 5).
Since the Ag-5s orbital is much higher in energy than the Au-
6s orbital energy, the partial charge transfer from Ag to Au
takes place in gold-silver binary clusters. This partial charge
transfer in the binary system resulted in electrostatic energy
gain for the binary Au,Ag, cluster over pure gold and silver
clusters. Thus, it is responsible for the formation of alloys.

Functional Molecules, Receptors, and Nanomaterials

So far we have discussed the structure, energetics, and spec-
tra of various clusters. The exciting things about the study of

these clusters are their relevance toward the design and under-
standing of the fascinating world of “nano.” The apparent
changes of the functional properties of the nanomaterials de-
pending on the size, structure, and dimension, due to the emer-
gence of the quantum effects, demand high level of theoretical
calculations for proper explanation. Despite that there are
many sophisticated instruments capable of observing the phe-
nomena at the nanometer scale, the limitations of the experi-
mentalists are the incorporation of the quantum effect in the
intuition-based design approach and the difficulty in explain-
ing observed phenomena. This is the reason why the calcula-
tion methods based on quantum mechanics emerge to play an
important role in investigating functional nanomaterials and
become an inevitable tool for the design approach. In the fol-
lowing section, we will discus selected examples of the mate-
rials we have designed. Many of them are experimentally
realized, showing the functional properties we had predicted
based on our calculations.

Carbon-Based Nanomaterials: Fullerenes, Carbon
Nanotubes, and Nanotori. Carbon-based nanomaterials un-
dergoes profound changes in its physical and chemical charac-
teristics upon the external perturbations. Apart from electro-
chemical, photonic, magnetic, or electrical means of external
perturbations, cations, or neutral atoms are also simple pertur-
bations. In this context, the magnetic properties of exohedral
fullerenes of metal fullerides (A,Cgo, A = alkali metal,
etc.)'37-13% and the spin properties of endohedral fullerenes
(A@Cg, A =N, P, As, O, S)40.141 (Fig. 6) are particularly
interesting. Our calculations indicated that the interaction
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observed in the case of N@Cg is predominantly dispersive in
nature. These systems are interesting because endohedral full-
erenes containing paramagnetic atoms could be utilized to de-
sign quantum information devices.

The shortest nanotube would be beltene-type organic nano-
tube where hydrogen atoms would be attached to the edge car-
bon atoms for the stabilization of nanotube (Fig. 6). This nano-
tube shows intriguing phenomena such as even—odd character-
istics for the band gap and single-triplet energy difference.!*?
In a while, using atomic force microscope we have recently
engineered ultralong multi-walled carbon nanotube allowing
the exposure of the innermost single-walled carbon nanotubes
(~0.4nm diameter) (Fig. 6).'4>1%* This was conceptually pos-
sible because the 77—7 interaction is found to have a very flat
potential based on very high level of theory. We observed that
the outer hollowed-out nanotubes show either metallic or semi-
conducting character, while the innermost single-walled car-
bon nanotubes with small diameter exhibit predominantly me-
tallic transport properties. The observed gate-dependent non-
linear current (/)-bias voltage (V) characteristics of centime-
ter-long CNTs would bring about a potential application of
these CNTs as multifunctional electronic devices.

Another important carbon-based material alongside the full-
erenes and CNTs is the carbon-nanotori (Fig. 6).143-147 Our
theoretical investigation on the structures and electronic prop-
erties of various nanotories showed that smallest nanotori
exhibit interesting metal, semiconductor, and insulator charac-
teristics depending on nanotube building blocks.'#

Nanowires/Nanoelectrodes: Ferromagnetic Wires and
Quantum Conductance. Many of the nonmagnetic metals
in bulk appeared to be ferromagnetic at low dimensions. With
the advancement on the experimental techniques to fabricate
the metal nanowires,*8!152 the possibilities of incorporating
them in the futuristic electronic/optoelectronic devices, quan-
tum devices, magnetic storage, nanoprobes, and spintronics are
anticipated. We have also investigated the 1-D, 2-D, and 3-D
systems of all the early transition metals (groups 3—7)!3* and
most transition metals (groups 8-12).+156 Among the early
transition metals, elementary low-dimensional systems of
groups 3 and 4 prefer ferromagnetic ordering, with only Hf
preferring to stay nonmagnetic as in the bulk. Antiferromag-
netic ordering is preferred by elementary low-dimensional sys-
tems of transition metals of groups 5 to 7. Our calculations are
in good agreement with the recently reported nanowires of
Nb, Mo, Ti, and W.148-150 Magnetic linear chains of Sc, Ti,
Zr (ferromagnetic in nature), and Cr and Re (antiferromagnetic
in nature) are predicted to offer relative ease of formation. In
the case of transition metals in group 8, only Fe, Co, and Ni
show the ferromagnetism in the bulk, while many elements in
2-D show ferromagnetism; in particular, all elements except
for Ir in group 8 are predicted to be ferromagnetic in 1-D.
Indeed, our results are in agreement with the recent experimen-
tal observation that Pd and Co nonowires are ferromagnet-
ic.15L152 1D chains of Fe, Co, Ni, and Pd are found to have
one kind of carriers available for conduction at the Fermi
energy level (Ey). This suggests the applicability of these nano-
wires for spintronics.

Recently, we have investigated the pathway for the thinning
process identifying the “magic structures” that the silver nano-
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Fig. 7. Magic numbers for Ag nanowires for the thinning
process (changes in cross section) and the fractional quan-
tum conductance (Reproduced by permission of American
Physical Society [Ref. 157]).

wires would adopt before breaking down.'>” Considering the
energetics of various Ag structures, we conclude that the sim-
plified pathway of thinning process for Ag[110] nanowires
would be from 11/8 to 8/6 to 5/4 to 4/3 to 2/2 to 1/1 to
1/0 (Fig. 7). On the basis of conductance calculations vis-
a-vis the structure of transient nanowires, the puzzling exper-
imental observation of fractionally quantized conductance
values is explained by considering the existence of mixed
structures for thin nanowires (Fig. 7).

Ionophores and Chemical Sensors. Various receptors
showing either cation recognition!*®162 or anion recogni-
tion'®3-180 have been synthesized and charcterized in the
past decades. Despite these achievements, further research ef-
forts are required to address the issues related to the selective
recognition of anion/cation in real life samples for the envi-
ronmental and biological use. The design strategy is compli-
cated because the affinity and selectivity have to be displayed
in the presence of a number of competing factors like counter
ions, solvents, etc. Nevertheless, subtle differences in the bind-
ing of cation/anion with water molecules, 77-systems can effec-
tively be utilized toward the design of experimentally viable
receptors which can selectively recognise the ion of interest.

We designed tripodal-based receptors for the selective rec-
ognition of the ammonium cation (NH4") against the potas-
sium cation (K*) of nearly equivalent size.'®"'%2 Various ben-
zene-based tripodal systems with various binding moieties
(pyrazole, dihydro-pyrazole, oxazole, dihydro-oxazole, imida-
zole, dihydro-imidazole) were investigated.'®' Host 1 having
dihydro-imidazole moiety (Fig. 8) and its derivative with N-
methyl-substituted dihydro-imidazole showed best selectivity
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Fig. 8. Tripodal receptors complexed with NH4* (1) [Ref. 161], acetylcholine (2) [Ref. 162], CI~ (3) [Ref. 171], and fluorophor
receptor for GTP (4) [Ref. 178], and calix[4]imidazolium[2]pyridine receptor for F~ (5) [Ref. 180].

for NH4" over K*. Even though the T—cation interaction for
NH;* and K" are nearly similar in these receptors, we took
the advantage of the coordination number of these cations (4
for NH4™, 6 for KT); thereby the solvent effect dramatically
lessens the binding affinity of K™ to the host. We extended
the concept to the design of host 2 which have higher affinity
and selectivity for acetylcholine over NH,* utilizing enhanced
dispersion interactions and diminished ionic interactions.!®?
This was achieved by replacing the imidazole/pyrazole arms
of the NH4™ receptors by pyrrole as in host 2 (Fig. 8). 2
showed strong binding affinities for acetylcholine with much
better selectivity over NH;t which was experimentally
confirmed based on the measurements using ion-selective
electrode in water.

Since anions are more polarizable and hence more suscepti-
ble to polar solvents than cations, the solvent effect is crucial
for the design approach of anion receptors. Among many pos-
sible binding moieties available for the anion binding, we have
been more interested on the imidazolium moiety which can
provide the (C-H)*--X~ ionic hydrogen bonding involving
the dominating charge—charge electrostatic interaction. This
ionic hydrogen bonding by the imidazolium moieties is strong-
er than the NH--X~ hydrogen bonding of pyrrole and urea
moieties. Thus, utilization of such ionic hydrogen bonding im-
proves the binding affinity for the anion. Based on ab initio
calculations, highly selective imidazolium-based anionophores
have been designed!”'~'8 and synthesized.

Imidazolium tripodal receptor 3 (Fig. 8) which has nitro
substitution on the imidazolium moiety enhanced the strengh
of the (C-H)*--anion interaction as compared to the unsubsti-
tuted counterpart due to the enhanced dipole—charge interac-
tion.!”172 Fluorescent photoinduced electron transfer (PET)

chemosensor for the recognition of pyrophosphate had also
been designed and synthesized.'”>'”7 This fluorescent study
with anions shows the pyrophosphate-induced maximal PET
quenching effect. Recently, we have extended our research
effort toward the mechanistic study of receptor 4 (Fig. 8) (tri-
methyl[4-(3-methylimidazol-1-ium)butyl]ammonium  substi-
tuted at 1,8 anthracene position) which acted not only as a
potential fluorescent chemosensor for GTP in 100% aqueous
solution (pH 7.4, 10 mM HEPES) but also could differentiate
the biologically important phosphates (GTP and ATP).'”® 4
showed the chelation-enhanced fluorescence quenching effect
for GTP, whereas it displayed a chelation-enhanced fluores-
cence effect for ATP, ADP, and AMP. The difference in the
unique mode of interaction of GTP and ATP with 4, where
the nucleic base of GTP(;7-HN interaction)/ATP(;7—HC inter-
action) forms a T-shape interaction via strong 77—H interaction
with the central ring of the anthracene moiety, gave us the
explanation of the selectivity of 4 toward GTP.

The quinoxaline imidazolium receptors showed the charac-
teristic charge-transfer peak at ~500nm in the fluorescent
spectra upon binding with pyrophosphate/acetate; however,
similar excimer peaks appear at ~~430 nm with other anions.'”
The rapid charge transfer in the excited state was observed
from the quinoxaline moiety to the deprotonated imidazolium
moiety as the binding with pyrophosphate/acetate formed
a deprotonated complex where the imidazolium hydrogen
transferred to pyrophosphate/acetate.

Calix[4]imidazolium[2]pyridine, § (Fig. 8) showed high af-
finity and selectivity for the fluoride anion due to the unique
1:1 binding mode of interaction compared to 1:2 binding pro-
file with other halide anions.'® The calculated structure of the
most stable form of § with F~ was in good agreement with that
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Fig. 9. Calculated structures (binding energy in kcal mol~! at the B3LYP/6-31G™ level) of n-oligomers (dimer, trimer, tetramer,
hexamer, octamer, and polymer) of CHQ in the presence of water (first and second lines), and structure of CHQ nanotubes: a
single nanotube, one-dimensional H-bond relay vs. intertubular 77—7 stacking, high-resolution electron microscpe image of nano-
tubes, and X-ray structure of nanotubes (Reproduced by permission of American Chemical Society [Refs. 185 and 187]).

of the crystal structure in which F~ was captured at the center
of the macrocycle. If we compare this interaction mode with
the F~(H,O)s cluster structure, we may say that the four water
molecules at the base of the cluster has been replaced by four
imidazolium moieties, whereas the top water molecule repre-
sents the solvent affect on the binding of F~ to 5.

Both collarenes and beltenes!®! exhibit large binding affini-
ties and high selectivities for metal cations. One of the interest-
ing features of the [n]-beltenes complexing with alkali metal
cations was that the change in the selectivity order toward an
alkali metal cation was correlated with the changes in the size
of the beltene cavity size. In a while, [12]collarene exhibits a
pronounced binding selectivity for tetramethylammonium and
acetylcholine. We have designed various amphi-ionophores
with cyclopeptides.'®> The concept of binding either an anion
or a cation by the conformational changes of the receptor has
been experimentally realized.'33184

Organic Nanotubes. There are several advantages of us-
ing hydrogen bonds to design nanomaterials, and in particular,
organic nanotubes, because these nanotubes have potential ap-
plications as artificial biological channels, drug delivery sys-
tems, nano-chemical reactors, etc.'®5-187 An interesting aspect
of self-assembling organic nanotubes from non-tubular units of
calix[4]hydroquinone (CHQ), a reduced form calix-4-quinone
(CQ), was that the theoretical design preceded and was done in
parallel with the actual experiment of synthesis and investiga-
tion of the X-ray structure.'®> Upon investigating various pos-
sible combinations of the assembled structures of CHQ for di-
mer, trimer, tetramer, hexamer, and octamer in the absence of
water, we observed that the most stable form is the hexamer.
However, in the presence of water, the octamer form is the
most stable structure where dangling H atoms of CHQs form
HQ—(water-HQ-HQ-),—water chains.'®” As the strength of
1-D short H-bonding interaction (2210 kcal mol~!)!” is stronger

than the strength of the 77— stacking interaction, the assem-
bling along the 1-D short H-bond relay is much more favor-
able. In experiment, the CHQ tubes assembled to form long
tubular structures. This in turn, formed bundles with intertubu-
lar -7 stacking interactions, resulting in crystals with well-
ordered 2-D arrays of pores. A needle-like nanotube bundle ex-
hibits the infinitely long one-dimensional H-bonding network
between hydroxy groups of CHQs and water molecules along
with well-ordered intertubular 77— stacking pairs (Fig. 9).
The solvent accessible surfaces of the CHQ nanotube indi-
cated the possibility that long arrays of metallic or non-metal-
lic atoms could be supported by the pores if it could be intro-
duced into the pore systematically through the process of the
self assembly. Our theoretical investigation of the binding situ-
ations of neutral and cationic transition metals with the redox
system of hydroquinone and quinone predicts that due to syn-
ergetic interactions, silver and gold are very efficient metals
for one-dimensional (1D) nanowire formation in the self-
assembly process, platinum and mercury favor both nano-
wire/nanorod and thin film formation, while palladium favors
two-dimensional (2D) thin film formation.!58
Nanomechanical Devices and Non-Linear Optical
Switches. The strategy for the design of nanodevices is to
harness the subtle changes in the 77-electron densities of a qui-
none moiety as a result of changes in the electronic environ-
ment. Quinones are particularly suited for this endeavour be-
cause their electronic characteristics can be electrochemically
or photochemically controlled. Based on a theoretical investi-
gation of the conformational characteristics of p-benzoqui-
none-benzene complexes, we found that the energy difference
between the stacked and edge-to-face conformations of cyclo-
phane molecules is substantial. Thus, the subtle control of the
conformational characteristics of 2,11-dithio[4,4]metameta-
quinocyclophane and 2,11-dithio[4,4]metametahydroquinocy-
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Fig. 10. Molecular flipper as a nano-mechanical devices
(Reproduced by permission of American Chemical Soci-
ety [Ref. 189]).
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clophane by electrochemical and/or photochemical means
leads to a very interesting model of a potential molecular de-
vice.!8919 The cyclic voltammograms exhibit two reversible
redox reactions (Fig. 10). In solvents, the flapping motion
driven by alternating electric field would be utilized to design
a precursor of nanovehicles or nanomechanical devices.

The theoretical investigations of 1,2-bis(3-thienyl)ethene
derivatives indicate that after photoswitching, the resulting
m-conjugated closed forms exhibit highly non-linear optical
properties.*® The substitution of suitable donors and acceptors
on certain strategic positions of these ethene derivatives,
however, makes the closed form optically non-linear and the
resulting molecular system behaves as an efficient non-linear
optical switch. It should be noted that the above discussion
on non-linear optical devices involves the breaking and forma-
tion of bonds. It is interesting to explore the possibility of
devices, which rely entirely on conformational or enantiomeric
changes.

Electric Field Effect on Water Clusters and Benzene.
Clusters such as hydrated iodide undergo the charge-transfer-
to-solvent (CTTS) driven structural changes upon the photo-
excitation (the case of (H,O);I~ in Fig. 11).!°! Similarly, one
can utilize electric fields to control conformational changes of
molecular clusters. Using ab initio study, we investigated geo-
metries, energies, dipole moments, and transition states of the
most stable cyclic water clusters with the increasing strength
of electric field. We observed that the ring opened up with
the field strength more than 03VA-! (for the water trimer)

to align their dipole moments along the direction of the electric
field, thereby forming water linear chain (Fig. 11).'> This
on/off electric field results in opening/closing of the ring
structure, i.e., conformational change.

Given that the electric field can change the conformation, it
is conceivable to consider to change the electronic states of
molecules by the electric field. Various efforts have been made
toward the advancement the manipulation of molecules as mo-
lecular electronic devices.'?> Our ab initio study on conducting
behavior of the benzene molecule under the external electric
field shows that with an increase in the applied electric field,
the energy of the highly diffusive o™*-type third lowest unoc-
cupied molecular orbital (LUMO) decreases, while the 7-type
first and second LUMO energies are not affected (Fig. 12).
Above a certain threshold of the external electric field, the
third LUMO is lowered below the original LUMO and be-
comes the real LUMO. In the case of conductance through
a single molecular orbital channel, the electric current can be
selectively controlled by varying the electric field strength.
This investigation shows a possible utilization of external elec-
tric fields as single molecule electronic devices.

Concluding Remarks

In this account, we have briefly discussed high-level theo-
retical investigations of clusters which are bound by various
intermolecular interaction forces. The subtle differences in
competing interaction forces and cooperative interaction
forces have been very useful in the de novo design of function-
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al nanomaterials and nanodevices. We have illustrated it using
several experimentally realized examples of our work on re-
ceptors with high affinity and selectivity for biologically im-
portant specific ions, organic nanotubes, metal nanowires, mo-
lecular vehicles, etc. Theoretical design provides important
cues in the search for novel molecules and materials, molecu-
lar nano-electronic/mechanical devices, quantum computing
devices, biomolecular sensors, and nano-surgery.

This work was supported by the GRL (KOSEF) and BK21.
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