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I n t e r n a t i o n a l R e v i e w s i n P h y s i c a l C h e m i s t r y , 1997, V o l . 16, N o . 3, 267± 289

Spectroscopy and structure of solvated alkali-metal ions

by JAMES M . LISY

Department of Chemistry, University of Illinois at Urbana-Champaign, Urbana,

Illinois 61801, USA

Vibrational pre-dissociation spectroscopy combined with mass spectrometry

has been used to obtain the infrared spectra of mass-selected cluster ions. The onset

of new spectroscopic features, as a function of solvent number, has been shown to
correspond to speci® c structural changes such as the ® lling of solvent shells and the

formation of hydrogen bonds. These small ® nite systems oŒer a number of

advantages over traditional solution-based measurements and perhaps are the
most useful way to test current theoretical calculations and models. Whereas

thermodynamic properties, derived from high-pressure mass spectrometry

measurements, give some indication of solvent shell size, vibrational spectra
suggest a more complex picture. When combined with recent infrared studies of

size-selected neutral clusters, considerable detail of the solvent structure about the

ion can be obtained. The solvation of the alkali-metal ions Na+ and Cs+ by a
number of solvents, including water, will be discussed. Future directions and

applications will be presented.

1. Introduction

The nature of ions in solution is a fundamental aspect of chemistry and

biochemistry. While in the past, studies have primarily focused on the condensed

phase, more recent eŒorts on the gas phase have endeavoured to examine solvation at

the molecular or atomic level. The ® rst experiments in this area used high-pressure

mass spectroscopy (HPM S) to determine thermodynamic properties of ion solvation :

the enthalpy and entropy of solvent association as a function of the number of

solvents. These measurements oŒered a direct comparison with the bulk values from

solution thermodynamics. The eŒorts of many researchers can be found in the

literature [1]. It is interesting to note that collision-induced dissociation measurements

are now being used to obtain association enthalpies with comparable accuracy [2] and

oŒer a wider range of applications [3] (such as multiply charged species) than HPMS.

A sharp change in the enthalpy of association with increasing solvent number has been

used to signal the ® lling of a solvent shell. W hile these abrupt variations have been

observed with the small alkali cations Li+ and Na+ and molecular ions H
$
O+ and NH+

%
,

smooth variations are observed for larger alkali cations and halide anions with no

discernible indication of shell ® lling [1].

Spectroscopic studies of cluster ions oŒered the potential for a more detailed

characterization of the fundamental interactions between ion and solvent. As a result,

there have been a number of eŒorts covering the electromagnetic spectrum from the

infrared to the ultraviolet with a wide range of cluster types, such as solvated electrons,

protonated ions and solvated metal ions. In addition, the intrinsic charge on these ions

permits size- and composition-selective studies to be routinely accomplished using

mass spectrometry methods. This was an important advantage over neutral cluster

studies, although recent eŒorts by Huisken et al. on neutral clusters of HF [4], H
#
O [5]

and CH
$
OH [6] have established a major breakthrough in this area. In a somewhat

interesting twist, these recent results for neutral clusters have greatly assisted the
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268 J. L . Lisy

interpretation of infrared spectra of solvated ions as will be discussed later in this

paper.

The eŒects of solvation on the properties of an ion have been examined by many

groups. Negative-ion clusters have been studied via photodissociation and photo-

detachment, for example, in [7 ± 10] using visible or ultraviolet laser excitation. As in

the case of HPMS thermodynamics results, abrupt changes in the photofragment

distribution or the photoelectron spectrum as a function of solvent number were used

to infer solvent shell eŒects. Similar studies using electronic pre-dissociation, by Farrar

and co-workers on Sr+ solvated by water [11] and ammonia [12] and by Fuke and co-

workers on the hydration of monvalent calcium [13] and magnesium [14] ions, have

examined the possible role of charge transfer in the size-dependent variation of the

electronic spectra. In addition, there have been a number of investigations on binary

complexes containing either a monovalent alkaline-earth or transition-metal ion by

Duncan and co-workers [15] and Brucat and co-workers [16] respectively, producing

valuable details on the nature of metal± ligand binding.

Infrared studies have perhaps been the most versatile method in the study of

ion ± molecule interactions, as diŒerent vibrational modes display diŒerent behaviours

when complexed to an ion. In the 9± 10 l m region, the m
#

umbrella mode in ammonia

shifts to a higher frequency when complexed to an ion such as Na+ or NH+
%
, as has been

shown by Selegue and Lisy [17] and Kondow and co-workers [18] respectively.

Conversely, the C > O stretch in methanol shifts to lower frequency when complexed

to the sodium [19] or a caesium [20] cation. Other studies in this region have examined

the eŒects of solvation on the central ion as demonstrated by Stace and co-workers for

SF+
’

solvated by argon [21], C
’
H

’
[22], CO

#
[23] and NO [24].

Perhaps the most interesting infrared work has been done in the 3 l m region.

Detailed structural information on ion ± molecule interactions in binary complexes

have been obtained by M aier and co-workers on a number of ions such as N
#
H+,

HCO+ and NH+
%

complexed with a rare gas [25] and for HCO+ > H
#

[26]. The hydration

of halide anions can be ideally studied in this region as shown by Okumura and co-

workers for chloride [27] and iodide [28], where the competition between electrostatic

and hydrogen bonding plays a particularly crucial role. Okumura and co-workers

have also observed signi® cant changes in both the infrared spectra and the

photodissociation dynamics of NO+(H
#
O)

n
[29] and NO+

#
(H

#
O)

n
[30]. In most ion

cluster studies either the properties of the ion or the solvent are probed.W ith molecular

ions, both perspectives can be viewed simultaneously. This latter situation is best

described by the pioneering work of Lee and co-workers on H+
$
(H

#
)
n

[31], H
$
O+(H

#
O)

n
[32], NH+

%
(NH

$
)
n

[33], CH+
&
(H

#
)
n

[34], and by M ikami and co-workers on cluster ions

of phenol with water [35, 36] and methanol [36].

In this review, we shall focus on the solvation of metal ions, speci® cally alkali-

metal ions for a number of reasons. First and foremost, the closed shell of the alkali

ions will restrain the reactants to the ground electronic state and greatly reduce the

possibilities that chemistry will occur. Thus the primary interaction between the ion

and the solvent is electrostatic. This is commonly viewed in the process of solvation as

the principal eŒect in disrupting or enhancing the structure of the solvent. However,

it should be noted that dehydration of methanol to dimethyl ether has been observed

for all methanol-solvated alkali metal ions, and that the chemistry appears to be size

selective [37]. Second, in keeping with the rather simple nature of the system, the

intrinsic interplay between the ion± solvent and solvent± solvent interactions can be

examined. This information not only serves as a check to ab initio calculations on

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Spectroscopy and structure of solvated metal ions 269

solvated ion structures [38], but as a test for the many intermolecular model potentials

used in molecular simulations [39], by supplying size- and composition-speci® c

experimental results for comparison. If the model potentials fail to reproduce the

experimental observations, one could justi® ably question any quantitative conclusions

based on those potentials when applied to other systems. Third, these studies will

enable us to evaluate the popular model of solvation with well established concentric

shells, without substantial complications from chemical interactions.

2. Experimental approaches

In the spectroscopic study of gas-phase ion solvation, there are three obvious

requirements : the generation of cluster ions, a method for mass selection and a choice

of spectroscopic probes. The mass spectrometry methods are naturally partitioned

into two categories : time-of-¯ ight (TOF) methods and mass ® lters. The latter method

includes Wien ® lters, ion traps, quadrupoles and magnetic± electric sector instrumen-

tation. Essentially all the TOF methods use re¯ ectrons and } or mass gates for

achieving MS ± MS capability. Both general methods have been successfully applied to

the infrared spectroscopy of cluster ions : Okumura [27± 30] using the TOF method,

while Kondow [18], Lee [31 ± 34], Lisy [17, 19, 20], M aier [25, 26], Mikami [35, 36] and

Stace [21 ± 24] have used mass ® lters of one type or another. The choice of the mass

spectrometry method is not necessarily driven by the type of ion cluster source. As

M aier [25, 26], M ikami [35, 36] and Stace [21 ± 24] have shown, a pulsed source can be

readily used with mass ® lters, in contrast with the more typical combination of

continuous ion sources with mass ® lters. Okumura [27± 30] has made the more natural

selection of teaming his pulsed nozzle source with a TOF mass spectrometer.

There has also been a signi® cant variety in the types and approaches to cluster ion

sources by the various groups. Starting ® rst with the pulsed methods, Okumura

[27 ± 30] generated cluster ions either by crossing an electron beam near the exit of a

pulsed nozzle or by inducing an electrical discharge in a channel downstream from the

nozzle. Electron guns were also used by M aier [25, 26] and Stace [21 ± 24], the latter

using `pick-up ’ techniques to attach the molecule of interest to a cluster of solvent

molecules prior to ionization. Mikami [35, 36] combined a pulsed ultraviolet laser, to

produce an aromatic ion core via resonance enhanced multiphoton ionization

(REM PI), with a pulsed nozzle to generate cluster ions. The variety of continuous

nozzle methods are equally wide ranging. Kondow [18] used the most traditional

approach with an electron gun to generate cluster ions from a skimmed conventional

aperture nozzle source. Lee [31 ± 34] has adapted, with great success, a high-pressure

corona discharge source [40] to produce cold cluster ions. Lisy [17, 19, 20] has used

a diŒerent approach of generating cluster ions by injecting cations from thermionic

emitters into fully expanded continuous jets.

All the infrared spectroscopy to date has been con ® ned to two spectral regions :

9± 10 l m, accessible using CO
#

lasers, and 2 ± 5± 4 l m, using diŒerence frequency

generation and optical parametric oscillators (OPOs) with LiNbO
$

as the active gain

medium. Straightforward single-photon vibrational pre-dissociation spectroscopy has

been used by Kondow [18], Lisy [17, 19, 20] and Stace [21± 24] with line-tunable CO
#

lasers of either commercial or home-made manufacture. The systems studied have

either exhibited su� ciently weak binding or possessed ample internal energy so that

the absorption of a single photon with about 10 ± 11 kJ mol Õ " would induce

dissociation. Similar experiments in the 2 ± 5± 4 l m region with corresponding photon

energies of about 30 ± 50 kJ mol Õ " have been performed by Okumura [27 ± 30], Lee
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270 J. L . Lisy

Figure 1. Triple quadrupole mass spectrometer apparatus for the generation, photo-

dissociation and detection of solvated metal ion clusters.

[31 ± 34], Maier [25, 26], and M ikami [35, 36] and recently W einheimer and Lisy [41, 42,

43] on a variety of hydrogen-bonded systems. In general, these latter photodissociation

experiments have required only a single photon. However, for some of the smallest

cluster ions with the highest binding energies, this has not been su� cient. Multiphoton

absorption of the tunable infrared radiation was thought to lead to dissociation for

NH+
%
(NH

$
)
$

±
" !

[33], Cl Õ (H
#
O) [27] and phenol+ ± (H

#
O)

"
±
%

[35, 36]. For the most tightly

bound systems NH+
%
(NH

$
)
" , #

[33] and H+(H
#
O)

#
±
%

[32], a CO
#

laser was used for

multiphoton dissociation following the absorption of a single tunable infrared laser

photon from either a diŒerence frequency or a colour centre laser respectively.

While the experimental details may vary among the various groups, the operational

procedures are the same for all these studies. Following the production of the cluster

ions, a speci® c species is mass selected for investigation. Using the triple quadrupole

method from our laboratory [41 ± 43] as an example, this is accomplished with the ® rst

quadrupole mass ® lter in the apparatus shown in ® gure 1. W ith the cluster of interest

now isolated, it is allowed to interact with one (or more) infrared laser(s). In the triple

quadrupole, this is done by passing the laser along the axis of all three quadrupoles.

In the case of the pulsed LiNbO
$

OPO [41 ± 43], time discrimination is used to isolate

the interaction between the OPO and the ion clusters to the region of the middle

quadrupole. This middle quadrupole operates in a rf-only mode and acts as an ion

guide for the initial cluster ion and any product ions resulting from the interaction with

the laser. Vibrational pre-dissociation is detected by monitoring the composition of

the ion clusters from the second quadrupole with the third mass-analysing quadrupole.

If tuned to the same mass as the ® rst quadrupole, any decrease in the ion cluster beam

intensity would be indicative of absorption of a photon leading to dissociation. A

more sensitive mode of operation has the quadrupole tuned to a mass corresponding

to the loss of one solvent molecule, the most typical photodissociation outcome. The

ion beam intensity at this mass value with the laser `oŒ’ will be quite low and the

detection of vibrational pre-dissociation can be performed with a better signal-to-

noise ratio as shown in ® gure 2. This procedure is repeated at diŒerent laser
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Spectroscopy and structure of solvated metal ions 271

Figure 2. Output of the multichannel scalar of the photodissociation of Cs+(CH
$
OH)

$
detecting the Cs+(CH

$
OH)

#
fragment ion. The channels in region a correspond to the

interaction between the OPO and the mass-selected Cs+(CH
$
OH)

$
in the middle

quadrupole. The signal, resulting from subtraction of the background in region b due to
CID and spontaneous dissociation from region a, is proportional to the photodissociation

cross-section, when corrected for the laser ¯ uence.

frequencies. If one assumes that the absorption of a photon leads to dissociation, the

fraction of cluster beam that loses a solvent molecule can be related to the

photoabsorption cross-section, when corrections for the variation in laser intensity or

¯ uence are taken.

3. Vibrational spectra

Until recently, vibrational spectra on solvated metal ions had been con ® ned to the

9± 10 l m region of the infrared. This limited the types of solvent molecules available

for study. Furthermore, since the goal was to observe size-dependent behaviour in the

solvation process, the vibrational modes in this spectral region needed to be sensitive

to either interaction with the ion or to other solvent molecules. In spite of these

obvious restrictions, two molecules CH
$
OH and NH

$
proved to be more than

adequate. The C > O stretch had been shown to be a sensitive probe of hydrogen

bonding in earlier research on neutral methanol clusters [44]. Similarly, the m
#

umbrella

mode of ammonia had also been observed to be susceptible to intermolecular

interactions in neutral clusters [45] and in matrix isolation studies [46] when complexed

to Na+. It was also hoped that the C > N stretch in methylamine would have similar

sensitivity, based on neutral cluster studies [47]. However, the only variation in the

vibrational pre-dissociation spectra of Cs+(CH
$
NH

#
)
$

±
# #

was a slight shift of 5 cm Õ " in

a single band with 14 ± 15 solvents, suggesting some sort of rearrangement [48].

The vibrational pre-dissociation spectra of Cs+(CH
$
OH)

%
±
# &

[20] and

Na+(CH
$
OH)

$
±
# &

[19] in the 1020 ± 60 cm Õ " region were obtained using a single

quadrupole apparatus. The onset of new vibrational bands in the spectra were

assigned to the occupation of new structural environments, or solvent shells. In the

case of Cs+(CH
$
OH)

n
, the ® rst solvent shell was observed to ® ll at n ¯ 10, with the

onset of a new band for n ¯ 11. The next new band was ® rst observed at n ¯ 18 while,
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272 J. L . Lisy

at a size too small to be consistent with the ® lling of the second solvent shell, this was

interpreted as the binding of small clusters of methanol to the surface of the solvated

ion, or what could be described as a `bulk ’ solvent. Similar observations were

observed in the case of Na+(CH
$
OH)

n
, but at diŒerent values of n. This re¯ ected the

diŒerence in the electrostatic interaction due to the smaller ionic radius (or

alternatively the higher charge density) of the Na+. The ® rst solvent shell for

Na+(CH
$
OH)

n
was observed to ® ll at n ¯ 6. Subsidiary structural changes were

observed at n ¯ 15 and 22. The former was suggestive of the ® lling of a second solvent

shell, with the latter correlating to the onset of a `bulk-like ’ environment. The

diŒerences between the two systems were what one would generally expect ; the smaller

Na+ ion was more disruptive of the liquid methanol structure. This was supported by

the observations of a smaller ® rst solvent shell, more numerous solvent environments

and a larger number of solvents needed to reach the `bulk ’ solvent limit. Substantial

M onte Carlo simulations [19, 20] were performed in conjunction and support of the

experimental studies. The size of the solvent shells and the onset of new solvent

environments were found to be consistent with the experimental observations. There

were also predictions made concerning the onset of hydrogen-bond formation for both

systems. For Cs+(CH
$
OH)

n
, hydrogen bonding was predicted [20] to occur ® rst

around n ¯ 8, in a manner that was expected to stabilize the formation of the ® rst

solvent shell at n ¯ 10. With Na+(CH
$
OH)

n
, no hydrogen bonding was expected until

the occupation of the second solvent shell commenced at n ¯ 7. Studies of these

clusters in the 3000 ± 3800 cm Õ " region were proposed to test the validity of the

predictions. These will be discussed below.

Vibrational pre-dissociation spectra of Na+(NH
$
)
’

±
" #

, in the 1020 ± 1090 cm Õ "

region [17] were obtained to examine the ion ± ammonia and ammonia± ammonia

interactions on the m
#

umbrella mode of ammonia. The sensitivity of this mode is quite

remarkable. Shifts of over 100 cm Õ " to higher frequency and in excess of 10 % of the

unperturbed fundamental have been observed in neutral clusters [45] and other

complexes [46]. Indeed, strong electrostatic interactions with the Na+ ion, shifted the

vibrational frequency of this mode beyond the tuning range (greater than 1090 cm Õ " )

of the CO
#

laser for Na+(NH
$
)
n %

’
. The vibrations then shifted to lower frequency

when molecules began to occupy the second solvent shell for n & 7. The somewhat

weaker hydrogen-bonding capability of ammonia together with a larger polarizability,

when compared with methanol, led to the onset of a bulk-like environment for

ammoniated sodium ions with about ten solvent molecules. This was substantially less

than was observed for Na+(CH
$
OH)

n
.

These early studies of metal ion solvation were instrumental in understanding the

most fundamental aspects of the solvation process in the gas phase : the size of the ® rst

solvent shell, the number of solvent environments and the onset of bulk-like solvent

behaviour. However, they did not address the more important questions having to do

with the competition between ion ± neutral and neutral± neutral interactions. The most

important facet of this question entails the interplay between hydrogen bonding and

the electrostatic interaction involving the ion and a solvent such as water or methanol.

Not only are these issues important to the understanding of solvation at the

microscopic level, but also they are of fundamental interest in the area of ion transport

in biological systems [49].

There has been substantial progress in addressing the basic nature of solvation

with recent experiments in the 3 l m region. As mentioned earlier, Lee and co-workers

have addressed the role of hydrogen bonding in a variety of protonated complexes of
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Spectroscopy and structure of solvated metal ions 273

Figure 3. Vibrational photodissociation spectra of Cs+(CH
$
OH)

"
±
$
. The error bars represent

³ 2 r . The curves are single Gaussian ® ts to the data.

hydrogen [31], water [32], ammonia [33] and methane [34]. However, molecular ions

with their unique type of hydrogen-bonding interactions do not represent the simple

electrostatic interactions of closed shell ions. The investigations by Okumura and co-

workers [27, 28] on halide anion solvation by water show great promise but are still in

the early stages. W e have recently reported the vibrational pre-dissociation spec-

troscopy of Cs+(CH
$
OH)

"
±
’

[43], Na+(CH
$
OH)

#
±
(

[42] and Cs+(H
#
O)

"
±
&

[41] in the

3200 ± 3800 cm Õ " region using a triple quadrupole mass spectrometer and a LiNbO
$

OPO to excite the O > H stretch directly. As will be seen below, the rich spectra will not

only let us address the role of hydrogen bonding in these cluster ions, but to reach some

signi® cant conclusions on the nature of ion solvation.

The solvated alkali metal ions are all generated by the collision between pre-

formed neutral solvent clusters and a thermionic emitted ion. The collision energy in

the centre of mass frame is typically a few electronvolts [50]. The nascent cluster ion

has considerable internal energy which is dissipated primarily by evaporation. The

amount of internal energy decreases as a function of time in a manner that has been

modelled by the `evaporative ensemble ’ developed by Klots [51]. The relevant time

scale in our experiments is the ¯ ight time from the ion source to the entrance of the

middle quadrupole, where mass-selected cluster ions are made available for infrared

photodissociation. These times are approximately in the range 100 ± 200 l s. The

amount of internal energy in the solvated ions varies with the size. Smaller cluster ions

with higher binding energies have higher `temperatures ’ than larger cluster ions. They

can range from about 500 K for two solvents to about 280 K for six or more,depending

on the solvent and ion. Clearly, cluster ions produced in this manner are `warm ’ and

very diŒerent from neutral clusters produced in molecular beam expansions with

internal temperatures of a few kelvins.

The choice of methanol as the initial solvent was made to simplify the spectra as

much as possible. Only the single O > H stretch is expected to absorb in the

3200 ± 3800 cm Õ " range. As can be seen in ® gure 3, the vibrational spectra of
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274 J. L . Lisy

Figure 4. Vibrational photodissociation spectrum of Cs+(CH
$
OH)

$
. The error bars represent

³ 2 r . The curve is a double Gaussian ® t to the data.

Cs+(CH
$
OH)

"
±
$

in the region from 3500 to 3800 cm Õ " shows a single vibrational band

shifted approximately 15 cm Õ " to a lower frequency than the value of the O > H stretch

of gas-phase methanol [52] at 3681 cm Õ " . The linewidth decreases with increasing

cluster size, which suggests that the temperature of the cluster also decreases, as would

be expected within the evaporative ensemble model. There is no suggestion of

hydrogen bonding in this spectral region. Scanning to lower frequencies for

Cs+(CH
$
OH)

" , #
revealed no additional features. However, scanning to lower fre-

quency for Cs+(CH
$
OH)

$
resulted in the spectrum shown in ® gure 4. As is apparent,

the feature observed at 3414 cm Õ " is a clear indication of hydrogen bond formation.

This early onset is in sharp contrast with the Monte Carlo simulations [20] that

anticipated the onset of hydrogen-bond formation at Cs+(CH
$
OH)

)
. The structural

moiety responsible for this feature will be discussed shortly. W e can make the

following observation at this time : the O > H vibrational frequency of methanols that

only interact with the Cs+ are only slightly perturbed (10 ± 15 cm Õ " ) from the gas-phase

value. W e shall use the term `isolated ’ to characterize those molecules whose

interactions are with the ion, and not with other solvent molecules about the ion. We

also note that the band at 3415 cm Õ " for Cs+(CH
$
OH)

$
is rather weak in intensity for

a hydrogen-bonded species. This suggests that the moiety responsible for this band

may be only a minor contributor to the ion beam intensity at the Cs+(CH
$
OH)

$
mass

peak and indicates the strong possibility of structural isomers in the beam. Finally, the

shift to the lower frequency of 250 cm Õ " indicates that the value for the vibrational

frequency of the methanol O > H stretch will be primarily determined by methanol±

methanol interactions and not the ion± methanol interaction.

The spectra of the larger solvated ions Cs+(CH
$
OH)

% , &
display a steady increase in

the extent of hydrogen bonding with increasing solvent number. In ® gure 5, the peak

at about 3665 cm Õ " due to isolated methanol decreases in relative intensity at the

expense of the hydrogen-bonded features in the 3300 ± 3600 cm Õ " region. There are also

more discernible peaks in the hydrogen-bonded region at about 3520, 3420 and
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Spectroscopy and structure of solvated metal ions 275

Figure 5. Vibrational photodissociation spectra of Cs+(CH
$
OH)

% , &
. The error bars represent

³ 2 r . The curves are multiple Gaussian ® ts to the data.

Figure 6. Vibrational photodissociation spectrum of Cs+(CH
$
OH)

’
. The error bars represent

³ 2 r . The curve is a single Gaussian ® t to the data.

3350 cm Õ " . As we observed above, the values of the O > H vibrational frequencies are

determined by the nature of the methanol± methanol interaction. These three separate

peaks thus imply the existence of three diŒerent hydrogen-bonding environments

coexisting with isolated methanols, all of which are located within the ® rst solvent shell

of Cs+, a rather remarkable occurrence. The relative population in these diŒerent

environments is also size-dependent. To close out this series of spectra, ® gure 6
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276 J. L . Lisy

Figure 7. Vibrational photodissociation spectra of Na+(CH
$
OH)

#
±
%
. The error bars represent

³ 2 r . The curves are single Gaussian ® ts to the data.

contains the vibrational pre-dissociation spectrum of Cs+(CH
$
OH)

’
. At this point, it

appears that hydrogen bonding has taken the upper hand in the competition with

electrostatic interaction. There is essentially no intensity in the region associated with

isolated methanols. The hydrogen-bonded region has also lost much of the structural

richness associated with the small cluster ions. This is suggestive of an environment

that is somewhat uniform, that is all the methanols are acting as proton donors and

acceptors at this point and the Cs+ is incapable of disrupting the hydrogen-bonded

network that exists in liquid methanol.

The number of hydrogen-bonded features in these spectra together with the

relatively large linewidths indicate that the cluster ions possess signi® cant internal

energy. This in turn suggests that the structural isomers with energies near that of the

global minimum may also be present in the mass-selected cluster ion beam and are

responsible for the diŒerent hydrogen-bonded vibrational bands.

The replacement of Cs+ by Na+ allows us to examine directly the dependence of the

cluster ion structure on the magnitude of the electrostatic interaction. Side-by-side

comparisons for a given number of solvents will delineate these diŒerences. As shown

in ® gure 7, the ® rst set of spectra for Na+(CH
$
OH)

#
±
%
, while similar to the smallest of

the methanol± caesium ion clusters, have a number of diŒerences. The onset of

hydrogen bonding was observed for three methanols in the case of Cs+, with rather

substantial hydrogen bonding occurring for the next largest species as shown in ® gures

4 and 5. Na+(CH
$
OH)

n
displays no hydrogen bonding at n ¯ 3, and just the slightest

hint at n ¯ 4 (vide infra). Substantial hydrogen bonding is ® nally observed for

Na+(CH
$
OH)

&
±
(
, as shown in ® gure 8. While the extent of hydrogen bonding increases

with increasing cluster size, there is still substantial intensity in the 3670 cm Õ " region

associated with isolated methanols through n ¯ 7. Recall for Cs+(CH
$
OH)

’
, there was

essentially no presence of isolated methanols, and there was little evidence for any

distinct hydrogen-bonded environments as shown in ® gure 6. Contrasting this with the

substantial structure observed in Na+(CH
$
OH)

(
, it is very clear that charge density
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Figure 8. Vibrational photodissociation spectra of Na+(CH
$
OH)

&
±
(
. The error bars represent

³ 2 r . The curves are multiple Gaussian ® ts to the data.

Figure 9. A comparison between the vibrational photodissociation spectra of Cs+(CH
$
OH)

$
and Na+ (CH

$
OH)

%
. The error bars represent ³ 2 r . The curves are double Gaussian ® ts

to the data. Note that the positions of the bands are very similar.

does play an important role in the structure of the cluster ion and that the balance

between electrostatic and hydrogen-bond interactions is readily changed by going

from Cs+ to Na+. It is obvious that Na+ is much more capable of disrupting the

hydrogen-bonded structure of methanol by ® rst delaying the onset of hydrogen

bonding and second by maintaining distinct solvent environments for a larger number
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Figure 10. A comparison between the vibrational photodissociation spectra of Cs+(CH
$
OH)

%
and Na+(CH

$
OH)

&
. The error bars represent ³ 2 r . The curves are multiple Gaussian ® ts

to the data. Note that the positions of the major bands are very similar.

of solvents. One ® nal observation relates to the sensitivity of the O > H stretch to the

® lling of the solvent shell. In the CO
#

laser vibrational pre-dissociation study of

Na+(CH
$
OH)

n
, n ¯ 3± 25, the ® rst solvent shell was observed to ® ll [19] at n ¯ 6. This

was inferred from the onset of a new vibrational band of the C > O stretch at n ¯ 7,

shifted a few wavenumbers to higher frequency than the band observed for the smaller

solvated ions. Similar behaviour was observed earlier for Cs+(CH
$
OH)

n
, but with the

® lling completed [20] at n ¯ 10. There is no truly abrupt change in the O > H stretching

spectra that could be attributed to the ® lling of the ® rst solvent shell for the

Na+(CH
$
OH)

&
±
(

cluster ions shown in ® gure 8. This further reinforces the observation

that the vibrational frequencies for the methanol O > H stretch are determined by

solvent ± solvent and not ion± solvent interactions. It also suggests that diŒerent

vibrational modes are sensitive to diŒerent environmental aspects with the methanol

C > O stretch apparently more sensitive to the electrostatic presence of the ion.

While noting the contrasts in the vibrational spectra of Na+(CH
$
OH)

n
and

Cs+(CH
$
OH)

n
above, the astute reader may have observed that there were sim-

ultaneously pronounced similarities but at diŒerent cluster sizes. W e would now like

to examine this more closely. The next three ® gures compare the vibrational spectra of

Cs+(CH
$
OH)

n
with Na+(CH

$
OH)

n+ "
for n ¯ 3± 5. In ® gure 9, the onset of hydrogen

bonding in both systems is shown. Both cluster ions show the ® rst of the hydrogen-

bonded bands occurring at essentially the same frequency near 3400 cm Õ " . Figures 10

and 11 display the next two larger cluster ions in the series of both species. While there

is some variation in the relative intensities of the vibrational bands, the vibrational

frequencies are again essentially identical. Since the vibrational frequencies of the

methanol O > H stretch are determined by the nature of the methanol± methanol

interaction, these observations lead one to conclude that the hydrogen-bonding

environments in both cluster ions are identical, while the relative population of a given

environment is determined by the number of solvents and the size of the ion. The
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Figure 11. A comparison between the vibrational photodissociation spectra of Cs+(CH
$
OH)

&
and Na+(CH

$
OH)

’
. The error bars represent ³ 2 r . The curves are multiple Gaussian ® ts

to the data. Note that the positions of the bands are very similar although there is some
variation in the relative intensity.

question remains : can we characterize the solvent structure(s) associated with these

hydrogen-bonded O > H vibrational frequencies ? We can envisage that the answer

must somehow be related to structures or con ® gurations that occur in both cluster ions

and that these structures are determined by methanol± methanol interactions. A

logical deduction is that intrinsic methanol interactions are responsible and that an

examination of neutral methanol clusters is in order.

The ability to make measurements on size-selected neutral clusters has been

challenged by the di� culty in developing a universal method for size selection. In some

cases, the ability to resolve vibrational features rotationally and to assign the spectra

successfully has been extended beyond neutral timers as is the case in water tetramer

[53], pentamer [54] and hexamer [55] by Saykally and co-workers. Vibrational spectra

have also been obtained using ion-dip spectroscopy by clustering molecules to a

suitable aromatic host molecule that can be readily ionized by multiphoton ionization

methods. Examples of this approach include the vibrational spectroscopy of

C
’
H

’
± (H

#
O)

"
±
’

by Pribble and Zwier [56] and C
’
H

&
OH± (H

#
O)

"
±
’

by M ikami and co-

workers [35 ± 57] in the important O > H stretching region, where the extent and role of

hydrogen bonding could be used to infer the cluster structures. M ore recently,

Huisken et al. have applied the method of size selection via molecular beam scattering,

developed by Muck and M eyer [58], to the vibrational spectroscopy of (HF)
%

±
)

[4],

(H
#
O)

#
±
&

[5] and (CH
$
OH)

$
[6] in the 2 ± 5± 3 ± 5 l m region, to characterize the size

dependence of hydrogen bonding. The importance of this work for methanol can be

seen in table 1, where the vibrational frequencies observed in Cs+(CH
$
OH)

"
±
’

and

Na+(CH
$
OH)

#
±
(

can be compared with vibrational frequencies for neutral methanol

clusters. Although shifted by 15 ± 50 cm Õ " to lower frequencies, the O > H vibrational

frequencies in the ion clusters appear to correlate directly to speci® c neutral clusters.

Since the vibrational features are independent of the ion, they must be intrinsically
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Table 1. Vibrational frequencies of solvated metal ions and neutral methanol clusters.

Uncertainties are in parentheses and linewidths are in italics.

Vibrational frequency (cm Õ " )

m
monomer

m
doner dimer

m
cyclic trimer

m
tetramer

m
multimer

Neutral methanol 3681a 3574b 3475c 3378d 3292d

M+(CH
$
OH)

n
Cs+, n ¯ 1 3663(3) 108

Na+, n ¯ 2 3659(1) 110

Cs+, n ¯ 2 3665(1) 72

Na+, n ¯ 3 3667(1) 72

Cs+, n ¯ 3 3665(1) 54 3414(4) 112

Na+, n ¯ 4 3670(1) 66 3388(8) 85

Cs+, n ¯ 4 3668(3) 48 3520(3) 124 3415(2) 50 3339(8) 86

Na+, n ¯ 5 3670(1) 46 3519(1) 122 3406(2) 54

Cs+, n ¯ 5 3667(1) 42 3502(20) 153 3434(3) 67 3350(5) 106

Na+, n ¯ 6 3673(1) 42 3515(1) 162 3427(2) 34 3357(7) 121

Cs+, n ¯ 6 3410(1) 221

Na+, n ¯ 7 3672(2) 41 3511(15) 122 3422(4) 81 3341(4) 53 3278(31) 69

a From [52].
b From [54].
c From [6].
d From [59].

Figure 12. Vibrational photodissociation spectrum of Cs+(H
#
O). The error bars represent

³ 2 r . The curve is a double Gaussian ® t to the data.
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related to the properties of aggregates of methanol and, from table 1, these aggregates

appear to be neutral methanol clusters of known size and structure. Thus, within the

cluster ion, there appears to be speci® c methanol substructures, in forms such as

methanol dimer, cyclic methanol trimer, tetramer and larger clusters, associated with

the ion. They can be identi® ed by their characteristic O > H stretching pattern. The

presence of both cyclic trimer and tetramer bands in Na+(CH
$
OH)

’
requires the

existence of structural isomers in the cluster ion beam, since both neutral clusters could

not be attached to the same ion and still satisfy the mass-selected size requirement of

six methanols. Inspection of the other infrared spectra with as few as three or four

solvents also indicate that, once hydrogen bonding is observed in the system,

structural isomers for a given cluster size are indeed the rule and not the exception.

This is a very diŒerent situation from what is normally observed for cold neutral

clusters in molecular beams, where structural isomers are a rarity.

The rich and informative infrared spectra of neutral clusters and solvated metal

ions are not limited to methanol, as we shall now show with some initial spectra [41]

of Cs+(H
#
O)

"
±
&
. The spectrum of Cs+(H

#
O)

"
, shown in ® gure 12, has an unusual feature

of its own that is not possible in methanol. W hile the two apparent peaks due to the

symmetric and asymmetric bands at 3636 and 3758 cm Õ " are only slightly shifted from

the gas-phase values [60] of 3652 and 3756 cm Õ " respectively, there is a very distinct

change in the intensities. In neutral water monomer, the intensity of the asymmetric

O > H stretch is about 15 times greater than that for the symmetric stretch [61]. There

are ab initio calculations on the vibrational properties of Cs+(H
#
O)

"
, as well as other

hydrated alkali metal ions that suggest [38], while both vibrational intensities are

enhanced, the intensity of the symmetric stretch has the greater gain, reducing the

above ratio to slightly less than four. The relative intensities of the two O > H

vibrations are the feature unique to water. The ® t of the spectrum with two Gaussian

functions yields nearly equal integrated cross-sections. The same ab initio calculations

also predict shifts in the harmonic frequencies of ® 17 and ® 39 cm Õ " for the

symmetric and asymmetric modes respectively, re¯ ecting the small impact that the

electrostatic interaction of the ion has on this particular vibrational attribute. These

somewhat small shifts are qualitatively consistent with the experimental observations.

The vibrational spectra of larger hydrated caesium ions, Cs+(H
#
O)

$
±
%
, also contain

the symmetric and asymmetric vibrations due to isolated water as shown in ® gure 13.

The symmetric peak is unobscured at 3640 cm Õ " ; however, the asymmetric band is

only observed as a shoulder to a new peak at about 3703 cm Õ " . Additional bands below

3600 cm Õ " ® rst appear for Cs+(H
#
O)

$
and, like the peak at 3703 cm Õ " , also gain in

intensity with increasing cluster size. These features, near 3470 and 3550 cm Õ " , are

obviously due to hydrogen-bonded water that is associated with the caesium ion. Thus

the onset for hydrogen bonding is observed for hydrated caesium ions at the same size

as for caesium ions solvated by methanol. As in the case of methanol, the extent of

hydrogen bonding increases with increasing size as re¯ ected by the increase in the

intensity for the hydrogen-bonded vibrational bands relative to the isolated water

O > H stretching modes. However, it is important to note that the enhancement of the

symmetric relative to the asymmetric stretch is maintained by isolated water molecules

in the larger solvated ions. There is also the strong suggestion that structural isomers

will be present in these hydrated ions as was the case in the metal ions solvated by

methanol.

In a manner that was instructive for methanol, the sources for these new

vibrational bands can be found from the experiments on size-selective neutral water
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Table 2. Vibrational frequencies of hydrated caesium ions and neutral water clusters.

Uncertainties from the ® ts are in parentheses.

Vibrational frequency (cm Õ " )

m
sym

m
asym

m
donor

m
cyclic

m
cyclic

monomer monomer m
free O > H

dimer trimer tetramer

Neutral water 3652a 3756a 3714b 3601b 3533b 3416b

Cs+(H
#
O)

n
n ¯ 1 3636(3) 3758(20)

n ¯ 2 3636(2) 3758

n ¯ 3 3639(4) 3756 3701(2) 3540 3457(8)

n ¯ 4 3643(4) 3741(6) 3705(2) 3559(8) 3477(4)

n ¯ 5 3643(22) NO c 3707(4) NOc 3485(10) 3410(12)

a From [60].
b From [5].
c NO, Not observed.

Figure 13. Vibrational photodissociation spectra of Cs+(H
#
O)

$ , %
. The error bars represent

³ 2 r . The curves are multiple Gaussian ® ts to the data.

clusters from the laboratory of Huisken et al. [5]. These results are collected in table 2

for comparison with the results from the hydrated ion. The pattern of successive shifts

to lower frequency with increasing size of neutral water clusters is re¯ ected in the

hydrogen-bonded bands of the hydrated caesium ion. In a manner similar to that for

methanol, there is a one-to-one correspondence between the vibrational bands for the

neutral water and hydrated ion. The isolated water and `free ’ O > H stretch of a

hydrogen-bonded water (the other O > H that is not participating as a proton donor

in a hydrogen bond) are only slightly shifted (10 ± 30 cm Õ " ) to lower frequencies when

complexed to ion. The hydrogen-bonded O > H stretches of the dimer, cyclic trimer

and tetramer are generally shifted by larger amounts (10 ± 70 cm Õ " ) when complexed to

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Spectroscopy and structure of solvated metal ions 283

the caesium ion. This behaviour is essentially the same as was observed for the metal

ions solvated by methanol. The presence of structural isomers in those hydrogen-

bonded hydrated ions is also con® rmed. It is also important to note that ab initio

calculations on Cs+(H
#
O)

$
indicate a number of structural isomers within a few

kilojoules per mole ; the lowest appears to be the cyclic water trimer bound to the ion,

although the choice of basis set and correlation level does aŒect the results [38]. Once

again, we are able to identify speci® c solvent structures within the ® rst solvent shell of

the ion. The rami® cations and potential applications of this eŒect will be discussed in

the next section.

4. Discussion

The vibrational spectroscopy of solvated metal ions has made considerable

progress over the past few years. The ability to probe diŒerent vibrational modes in

diŒerent spectral regions has been made possible by the application of a variety of

infrared sources such as continuous-wave CO
#

and pulsed LiNbO
$

OPO lasers. This

progress has been marked by the evolution of detail available in the description of the

solvation process. At ® rst, only the coarsest features were observed such as the size of

the ® rst solvent shell and the onset of bulk-like behaviour. W ith the advent of

spectroscopy in the 3 ± 0 l m region, it is now possible to determine the con ® guration of

the solvent molecules as the ® rst solvent shell is ® lled. As was shown in the preceding

section, there were a number of new and somewhat unexpected results associated with

the solvation of caesium and sodium by methanol and water. Perhaps the most

surprising was the early onset of hydrogen-bond formation. Monte Carlo simulations

from our group and others [62] indicated that such interactions would ® rst occur as the

® rst shell was nearing completion for caesium and as the ® lling of the second shell

commenced for sodium. However, we observed hydrogen bonds in much smaller

solvated ions, with as few as three solvent molecules for caesium and four for sodium.

It will be of great interest to examine other typical solvents that exhibit hydrogen

bonding such as ammonia and ethanol, or molecules such as hydrogen ¯ uoride and

phenol. The degree to which molecules are able to hydrogen bond can thus be varied

like other experimental variables such as size and charge density.

There were other notable results from these studies. The observation of structural

isomers in the cluster ion beam at sizes that exhibited hydrogen bonding, will

undoubtedly be of great interest to theoreticians. First, there is obvious evidence for

a number of low-lying minima on the ground potential energy surface of these solvated

ions. An accurate ab initio calculation,M onte Carlo or molecular dynamics simulation

must be able to con ® rm the existence of the isomers. Second, by using information

from neutral solvent cluster studies, the structure of these isomers has also been

established, placing further demands on the accuracy of the theoretical results. The

need for accurate and computationally e� cient models of intermolecular interactions

comes from the increasing use of molecular modelling methods for characterizing

diverse problems such as protein folding [63] and drug design [64]. Finally, there was

the surprising variation in the intensity of the symmetric and asymmetric O > H

stretching frequencies, going from the water monomer to isolated waters complexed to

the metal ion. The enhancement of the symmetric stretch was observed to be

maintained for isolated water molecules in larger cluster ions where hydrogen-bonded

water molecules were also present. This dramatic change in intensity appears to be due

to the strong electrostatic eŒect that the ion has on the induced dipole moment of the

symmetric stretch [65]. This transition moment lies along the symmetry axis of the

molecule and the binding axis of the molecule to the ion. The transition moment of the
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asymmetric stretch does not share this favourable orientation. This change in

transition moment may prove to be a useful and universal indication of strong

electrostatic interaction between a water molecule and an ion. As such, it may play an

important role in characterizing the structural environment of a water molecule that

exhibits no hydrogen bonding in a cluster ion.

It is now possible to evaluate the competition between various intermolecular

forces at the microscopic level, such as electrostatic interactions as against hydrogen

bonding, in ways that are sensitive to variations in charge density, size and solvent.

The examination of the delicate balance of these interactions, present in solution,

extends far beyond the solvation process alone. Some areas of further investigation

will be oŒered as possible future extensions of size- and composition-selective

spectroscopy.

An initial study of competitive solvation for the system Cs+((CH
$
CO)

n
(CH

$
OH)

m
was undertaken using a continuous-wave CO

#
laser and a single quadrupole mass

spectrometer ion cluster apparatus [66]. A signi® cant change in the C > O stretch was

observed to take place between cluster ions of the composition (n ¯ 3, m ¯ 1) and

(n ¯ 4, m ¯ 1). W hile this result was interpreted as the formation of a hydrogen bond

between methanol and acetone, prior to the ® lling of the ® rst solvent shell, it was

somewhat unexpected. M onte Carlo simulations that accompanied the experimental

study predicted the onset of hydrogen-bond formation at (n ¯ 7, m ¯ 1) a much

larger cluster although still before the ® lling of the ® rst solvent shell. However, this

is no longer a surprising result based on the detection of hydrogen bonding with

as few as three methanols about the caesium ion as shown in the preceding section.

This type of mixed-cluster study can now be undertaken with considerably more

sensitivity to the environment of the methanol molecule. Indeed, the spectra of

Cs+((CH
$
CO)

n
(CH

$
OH)

m
, with m " 1 in the C > O stretching region, were suggestive

of diŒerent bonding environments for the methanols in these cluster ions, but a

characterization of the structural variations could not be made. It should now be

possible to look at these more complicated systems using the O > H stretching mode,

which has been shown to be sensitive to intermolecular interactions with other

molecules. It might well be possible to look at competitive solvation with two solvents

capable of hydrogen bonding such as water and ammonia, where the O > H and N > H

stretching modes are somewhat separated in frequency.

A separate aspect of the mixed solvent ion cluster may oŒer some insights into the

dynamics and energetics of the dissipation of excess energy in ® nite systems. Mixed

clusters of the type mentioned above, Cs+((CH
$
CO)

n
(CH

$
OH)

m
, have two possible

routes for evaporative loss. The comparative rate of the loss of methanol or acetone

depends on the relative binding energies and the number of equivalent transition states

for either channel. W e have observed [50, 67] in Na+((CH
$
CO)

n
(CH

$
OH)

m
a clear

transition from loss of methanol to loss of acetone in clusters of composition with

m ¯ 1, 2, 3 and n " 5 ® m . In principle, these cluster ions are formed in the same

evaporative ensemble and should be characterized by a common energy distribution.

It will be extremely interesting to look at the correlation between dynamics

(unimolecular dissociation rates and branching ratios) with structure (solvent shell

occupation and hydrogen bonding).

The structural extensions of the mixed-ion-cluster methods may potentially be

quite useful in the area of ion transport in biological systems. It is well known that

biological systems have many ways of selecting ions by size for suitable transport. For

size-selective protein ion channels, one mechanism involves an oxygen `bracelet ’
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formed from the amide carbonyls of the peptide backbone, where the physical size or

diameter of the ring is the key factor [68]. An alternative mechanism, recently

proposed, is based on the interaction between aromatic side-chains on the peptides

and the cations [69]. Calculations on the `cation± p ’ interaction involving clusters of

benzene and the alkali metal ions [70] indicate the most stable complex with two

benzenes and one alkali ion is with K+. These same calculations also indicate that the

binding energy for benzene to the alkali ions is comparable with the binding energy of

water. M easurements on the enthalpies of association using HPM S by Kebarle and co-

workers [71] for clusters of composition K+(C
’
H

’
)
"

±
$
(H

#
O)

"
±
$

are consistent with these

results. There is the strong implication that interactions with aromatic side chains in

the ion channel protein may be responsible for the preferential selection of K+ over

Na+. In a series of K+ gating channel proteins that have shown a strong preference for

K+, each protein has a Gly± Try ± Gly sequence in the pore region and the channel is

produced from a tetramer complex of proteins. The tyrosine side chains form a

rectangular passage, which just ® ts the potassium ion [72]. In some preliminary

evaporative dissociation and CID experiments on K+(C
’
H

’
)
" , #

(H
#
O)

"
±
$
, we have

observed that the preferred dissociation channel is the loss of one water [73]. W e plan

to investigate further the O > H spectroscopy of this system to determine the binding

locations of the water. We shall be able to distinguish whether the water interacts with

the ion, and } or with other waters, based on our hydrated ion work [41], or whether the

water interacts with benzene, by referring to the infrared studies of Pribble and Zwier

[56] on neutral clusters of C
’
H

’
(H

#
O)

"
±
’
. By combining electrospray ionization

methods with a triple quadrupole or similar apparatus, there is the exciting possibility

of examining ion binding to small peptides in the presence of water, using infrared

spectroscopy methods, to complement previous CID studies on ion ± peptide inter-

actions [74].

A second ion transport method involves the use of ionophores to transfer the ion

across the cell membrane. Ionophores such as valinomycin and nonactin are known to

bind potassium ions preferentially [75]. These systems have been frequently modelled

in the past by chemically simpler systems such as the crown ethers. The size of the

crown ether determines which alkali metal ions binds most eŒectively in solutions.

However, it is important to note that the intrinsic binding of alkali metal ions to crown

ethers [76] is always strongest for Li+. The side-selective character of the crown ether

in solution comes from the interaction between the ion and water. The delicate balance

between ion± molecular and molecule± molecule interactions once again plays an

important role. Infrared vibrational studies on size- and composition-selected clusters

of an alkali ion, crown ethers and water molecules would permit this process to be

examined at the microscopic level. It may indeed be possible to follow the transition

from the intrinsic binding domain to the solution binding regime, by increasing the

number of water molecules in the cluster ion. Then, perhaps with the use of

electrospray technology, the binding of alkali ions with actual antibiotic ionophores in

the presence of water could be studied spectroscopically.

5. Conclusions

The technical achievements in the vibrational spectroscopy of solvated metal ions

can be attributed to a number of very favourable factors. The ability to mass-select

cluster ions with the well established methods of mass spectrometry give us the

capability to characterize both the size and the composition of a given species. The

development and application of tunable infrared lasers in the 3 ± 0 l m region to
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these studies have permitted the direct investigation of hydrogen bonding in ions

solvated by water and methanol. The concurrent successful studies of size-selective

neutral clusters have assisted with the characterization of speci® c vibrational features

that are associated with an individual neutral cluster. Finally, a one-to-one

correspondence has been found between these vibrational bands in neutral and

solvated ion clusters. Thus the vibrational spectroscopy of solvated metal ions has

become much more than an examination of the solvation process. Structures within

the ® rst solvent shell of an ion can now be observed and characterized. These

structures represent the competition between the electrostatic interaction of the ion

with the solvent and the most important of intermolecular interactions: the hydrogen

bond. Although these observations and interpretations rely on the collective

information gained from diŒerent studies, this is no `house of cards ’ . It is a solid

foundation on which to examine the most basic tenets of physical chemistry : structure

and dynamics.

The common theme for current and future investigations is the interplay between

competing intermolecular interactions. The balance struck between these forces plays

an important role in areas far beyond the domains of physical chemistry. As has

already been discussed, there are logical extensions of this work from model systems

such as K+(C
’
H

’
)
" , #

(H
#
O)

"
±
$
, to structural and binding questions of ions with peptides

and ionophores, eventually leading to the mechanism of ion selectivity in channel

proteins. This is just one potential area of investigation. The application and

development of composition-selective techniques will continue to ® nd their way from

small molecule studies to physical and biophysical areas of importance. The excitement

has just begun !
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