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[. Introduction

In recent years there has been a considerable
interest in the structure, dynamics, and other prop-
erties of water and neutral water clusters. This has
been clearly evidenced by a number of conferences,
symposia, books, and workshops dedicated to these
topics.'~® The interest is also not surprising since
water is doubtless the most important liquid on
earth. It is an excellent solvent with a number of
interesting properties, and really “pure”, neutral
water is actually not easy to come by; one mostly
encounters it “dirty”, with other substances dissolved
in it. Thus, 93% of the surface water on earth is in
the oceans, which are far from pure and strictly
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speaking also far from neutral, since they contain
considerable quantities of dissolved matter, mainly
in ionic form. Thus, for 1000 molecules of seawater,
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there are some 10 Cl-, chloride ions, 9 Na* ions, an
Mg?" ion, and in fact, most elements of the periodic
table are well represented. It is perhaps interesting
to note that oceans contain more than 10% kilograms
of gold.

Water is also the solvent of life, and most biological
processes are unthinkable without it. However, again,
water in biological systems is anything but pure. It
contains numerous dissolved ions of both negative
and positive charge, and gradients in the concentra-
tion of these ions play an important role in the
passive transport of matter across semipermeable
membranes in and out of living cells.® Even pure
water, however, is not really “pure”; it will autoionize
and contain a small but easily measurable concentra-
tion of ions, H3O™ and OH~, which in fact give it its
electric conductivity and strongly affect its properties.
In view of these observations, it is perhaps clear that
also “dirty” water is not without interest. With the
help of modern techniques, in the gas-phase clusters
of water it is relatively easy to produce almost any
desired impurity atoms, molecules, or ions.10713

Studies of hydrated ions and ionic water clusters
are interesting for a variety of reasons. Many cir-
cumstances invariably conspire to make the deter-
mination of the detailed structure of bulk hydrogen-
bonded systems quite difficult. In liquid systems, in
particular, the molecules and atoms are in perpetual
motion, due to both thermal excitations and quantum
mechanical tunneling. Furthermore, the hydrogen-
bonded vibrations are strongly coupled to the low-
frequency local motions, contributing to strong ho-
mogeneous broadening. Experimentally one usually
observes broad, nearly featureless spectral lines due
partially to the intrinsic broadening of the states in
the condensed phase, partially to extensive spatial
and temporal averaging. Most of these effects are
substantially reduced in small clusters, which how-
ever still provide valuable insights into the structure
and properties of the bulk. In particular, ionic
clusters are expected to resemble closely the solvation
of ions in bulk-phase solutions. Finite clusters are
not only easier to study,'*~'” but they are also more
amenable to theoretical ab initio modeling.

Clusters also provide a convenient medium for
studies of aqueous chemistry. As an example, numer-
ous atmospheric processes are believed not to occur
really in the gas phase but on droplet and aerosol
surfaces, usually aggregates containing a substantial
proportion of water. Thus, heterogeneous reactions
in the so-called polar stratospheric clouds (PSCs), on
the surfaces of micrometer-size particles consisting
mainly of inorganic acids and water, are largely
responsible for the seasonal ozone depletion, the so-
called “ozone hole”. Similarly, photochemical smog
formation in the troposphere involves surface reac-
tions. One of the major sources of halogens, chlorine
and bromine, in the atmosphere is also believed to
be the surface oxidation of marine aerosols—effectively
small droplets of seawater.’® Water clusters are
obviously surface-rich, and they provide suitable
systems for modeling such reactions.

lonic water clusters are the topic of increasing
interest which are intensely studied in many labo-
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ratories including our own. Recent studies of ionic
water clusters, solvated ions, and their reactions have
provided numerous interesting insights and demon-
strated that small “nanodroplets” with up to 200
water molecules can also provide a suitable medium
for investigating a wide variety of agueous reactions.
The high-resolution Fourier transform ion cyclotron
resonance mass spectrometer (FT-ICR MS) has the
advantage that the elemental composition of any
given cluster can be unambiguously determined, and
one can thus examine the reactions occurring in the
clusters or on their surface in microscopic, molecular,
detail. The purpose of the present paper is to provide
a short review of the production, stability, and
properties of water clusters. The amount of previous
work in this area is truly staggering, and no review
of this field can be quite comprehensive. While we
have tried to give a fair cross-section of the most
important or most recent contributions in the area
covered, we put the main emphasis on studies using
the FT-ICR technique and, where appropriate, will
refer the reader to existing previous reviews dealing
with other aspects of ion solvation and water cluster
properties. We, however, apologize beforehand for
any important studies or contributions which may
have been inadvertently omitted.

Il. Experimental Techniques for Cluster Studies

A. Methods for Generating Water Clusters

In principle, one can imagine two conceptually
opposite practical approaches to the problem of
generating water clusters. One can either start with
a macroscopic solution and disperse it into small
droplets whose size can then be further reduced by
evaporation or, conversely, begin from the other end,
starting with a single atom, molecule, or ion acting
as a nucleus, grow under suitable conditions an
aggregate with the desired number of water or other
ligands around it. Both of these processes occur
copiously in nature, and both of them are also
extensively used for the production of clusters and
droplets in the laboratory.

In nature, clouds in the atmosphere arise from
heterogeneous nucleation of supersaturated vapor
around suitable nucleation centers, usually preexist-
ing particles or ions. One of the most important
laboratory tools in high-energy physics became the
cloud chamber developed in 1912 by Wilson. He
realized that high-energy particles resulting from
radioactive decay ionize gas-phase molecules, which
become effective nucleation centers, and droplets
formed around them in an environment supersatu-
rated with water vapor will make the particle paths
clearly observable. As an example of the natural
occurrence of the dispersive process, we have already
mentioned that sea spray and dispersion of ocean
water result in the formation of marine aerosols.

Also, experimentally there are numerous possible
techniques for generating water clusters using both
of the above approaches, and a number of them have
been described and reviewed in the literature.1019-2
The most important of the “dispersive” techniques in
the laboratory is undoubtedly the electrospray
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method??>~24 employing usually a thin jet of liquid
expanding under pressure from a small orifice. Such
a thin cylindrical jet will under the effect of surface
tension spontaneously break up into small spherical
droplets, and these will become electrically charged
if a strong electric field is provided in the area of the
orifice. If the droplets were expanding into a vacuum,
their temperature would quickly drop due to evapo-
rative cooling, they would solidify, and the evapora-
tion would stop. In the electrospray sources, however,
the solution expands into a warm gas, so that the
temperature of the droplets is maintained and their
evaporation proceeds unabated. While the exact
details of the ion production mechanisms in the
electrospray sources are still controversial, basically
the droplets shrink and the charge density on their
surface increases until their “fission” or “Coulombic
explosion” takes place. This evaporation—explosion
sequence process is then repeated until most of the
solvent is removed and one gets the charged species
of interest.

Perhaps the most important application involves
larger organic or biological molecules, which can in
this way be gently introduced into the gas phase for
mass-spectroscopic studies; but using simple inor-
ganic solutions, it can be used equally well to gener-
ate inorganic cations or anions solvated with the
remainder of water or other solvents. The organic
ions are often multiply charged, for instance, by
having many protons attached, but also doubly or
even triply ionized metal cations in the gas phase can
be generated.?>2” More detailed information about
the technique can be found in several recent books
or reviews,2428-30

The dispersive method does not need to depart from
liquids, but in principle, one could produce gas-phase
ions also by dispersing solid samples. One such
technique, extensively applied to hydrated clusters,
relies on the sputtering of solid substrates by fast
atom or fast ion beams (FAB).31% In a typical
experiment, a suitable substrate is bombarded by a
rare-gas (Ar, Xe) atom or ion, and accelerated to 1—10
keV. It is perhaps worth noting that the processes
occurring when a high-energy atom or ion strikes the
sample surface are quite complex, and it is in some
cases difficult to assess to what extent the ions and
clusters produced represent structures already present
in the solid sample and how far they are affected by
gas-phase processes occurring during the sample
“evaporation”. Experimentally it was, however, for
instance, demonstrated that by sputtering ice samples,
protonated water clusters H*(H,0), up to at least n
= 28 could be produced and studied.®® Similarly, by
using frozen aqueous solutions or metal samples with
an adsorbed layer of ice, one can generate hydrated,
or more generally solvated, metal cations, which can
then be investigated by secondary-ion mass spec-
trometry (SIMS), collision-induced dissociation (CID),
and other techniques.343%

Conversely, the “aggregating” experimental meth-
ods nowadays mostly employ supersonic expan-
sions.?21 When a high-pressure gas expands adia-
batically into vacuum, the energy of its random
thermal motion, as well as the internal vibrational
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energy of the gas molecules, their “stagnation en-
thalpy”, are converted into the Kkinetic energy of the
directed flow and the temperatures in the system
sink precipitously. Eventually the gas becomes “su-
persaturated”, and a spontaneous nucleation can take
place. In this way one can, for instance, generate and
study even clusters of such weakly bound species
such as argon or helium atoms. More often one does
not use the expansion of the gaseous substance to be
studied alone, but it is entrained or “seeded” into a
suitable inert carrier gas, most often helium or argon.
In this way, for instance, neutral water clusters can
be produced also by expanding a high-pressure inert
gas with a small admixture of water vapor. Even
more efficient clustering occurs when suitable nucle-
ation centers, such as ions, are provided, for instance,
by means of electron impact,3¢ electric discharge,®”
or laser vaporization.383°

Studies of hydrated, or more generally solvated,
ions in many laboratories very frequently employ
such aggregation techniques. Using corona dis-
charge,*° or even more conveniently laser vaporiza-
tion,*142 ions of the type M*(H,0), can be generated,
where M* may be just about any atomic or molecular
ion, e.g. H*, OH~, Na*. These ions, produced in an
external source, can then be guided and injected into
a mass spectrometer for a detailed study. As will be
explained later, the water cluster stability and the
rates of their fragmentation are limiting the maxi-
mum size of clusters which can be investigated in this
way. In our existing apparatus, water clusters in the
range from O to ~200 can be studied at the present
time.

B. Techniques for Studies of lon—Neutral
Reactions

There are numerous methods for investigating
ion—neutral reactions, with several basic configura-
tions being shown schematically in Figure 1. Each
of these experiments proceeds under different condi-
tions and yields slightly different information, with
their basic characteristics being listed in Table 1.
There are naturally also numerous derivatives, com-
binations, and modifications of these basic methods.
In high-pressure mass spectrometry*344 (HPMS) and
in experiments where the ion source is coupled to a
“fast flow reactor” (FFT) or a “flow tube reactor”,*546
the reactions occur at relatively high pressures so
that collisions are frequent. The pressure and tem-
perature in such experiments can be well defined, the
sample is in thermal equilibrium, and under suitable
conditions chemical equilibrium can be reached also.

Such “equilibrium control” work can be exempli-
fied, for instance, by the early studies of ionic water
clusters by Kebarle and co-workers*#8 and by inves-
tigations of water cluster reactions with some species
of atmospheric interest, such as nitrogen oxides or
acetonitrile.*°~51 Also, hydration of OH~, O,~, and of
the halide anions CI7, Br~, and |- was similarly
investigated.>>53 Naturally, in a sample in thermal
equilibrium the velocities and energies of the ions are
characterized by a Boltzmann distribution and the
results averaged over this distribution. From such
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Figure 1. Schematic of some basic experimental methods used in ionic cluster studies, as discussed in the text, with
some of the typical experimental parameters given in Table 1: (a) HPMS, high-pressure mass spectrometry; (b) FA/SIFT,
flowing afterglow/selected-ion flow tube; (c¢) TOF-MS, time-of-flight mass spectrometry; (d) GIB: guided-ion beam; (e) FT-
ICR, Fourier transform ion cyclotron resonance. Some other acronyms and abbreviations: MBS, molecular beam source;
IS, ion source; El, electrom impact; Sk, skimmer; DC, discharge; QP—MS, quadrupole mass selection; FT, flow tube; Re,

reflectron; Det, detector; MSF, magnetic sector field; OIG, octupole ion guide; RC, reaction cell; B, magnetic field vector;
R(encircled), location of reactive encounters; IT, ion transfer; LV, laser vaporization; PIA, pulsed ion acceleration.

Table 1. Characteristics of Experimental Methods for the Study of lonic Molecular Clusters

method p [mbar] teon [S] Tint [K] Exin
HPMS <7 >2 x 1078 200—-500 thermal, Ky Tint
FA/SIFT 0.3-0.9 (1-3) x 1077 130—-300 thermal, kpTint
TOF-MS <1076 >1072 b >100 eV
GIB 0.02—-0.52 5x10%to2 x 1077 20—300° thermal to 20 eV
FT-ICRd <1077 <10 hyperthermal hyperthermal
FT-ICR+MBS® 10710-10"% 1-100 100—-180¢ <leV

aMuch lower when trapping. ° Depends on method of cluster generation. ¢ Depends on cluster size. ¢ When producing small
cluster ions in the ICR-cell, e.g., by laser-ablation. ¢ MBS: molecular beam source.

experiments one thus derives thermally averaged enthalpies of stepwise hydration, have been obtained
reaction rates and rate constants and in favorable from such studies.>* For instance, the first measure-
cases equilibrium constants. A significant number of ments of the binding energies of the hydrated H*-

thermochemical values, such as enthalpies and free (H20)n, n = 1,..., 8 ions® obtained with the help of
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Figure 2. Fourier transform ion cyclotron resonance mass spectrometer with an external pulsed supersonic beam ion
source. The ions and cluster ions are guided from the source chamber through several stages of differential pumping into
the ICR trapping cell. The reactant gases are introduced into the cell via a precision leak valve, raising the pressure from
the background value of p < 10710 mbar to ~10~8 mbar, corresponding to about one collision per second.

HPMS yielded values which are very well reproduced
by more recent determinations.

Many common ionization methods are nonselective,
and the interpretation of the results can be greatly
facilitated if one can first mass-select the primary
ions, as is done, for instance, in so-called selected-
ion flow tube (SIFT) experiments. On the other hand,
the injection of ions may require higher, hyperther-
mal energies, and unless considerable care is taken,
the main advantage of the flow tube experiment, a
good temperature definition, could be lost. The higher
energies can also result in enhanced reactivities and
fragmentation and thus complicate the interpretation
of the results. The SIFT technique was, for example,
used to investigate reactions of the hydrated protons
H*(H,0O),, n = 2-11, with a variety of gaseous
reactants including methanol, ammonia, or acetoni-
trile. Numerous such studies of water cluster reac-
tions have appeared, and they have also been previ-
ously described and reviewed elsewhere.16:50

An alternative to SIFT, where the ions may flow
through the reaction cell with an essentially thermal
energy distribution, is a guided-ion beam experiment
(GIB). In this technique pioneered by Teloy and
Gerlich,%” the ions are typically guided through the
reaction cell by a high-frequency (RF) octupole field.
The technique takes advantage of the fact that ions
in a potential field whose direction changes fast
compared with the transit time between electrodes
experience an effective potential which is relatively
flat, except for a sharp rise near the electrodes,
preventing ion loss on the cell wall. The advantages
of this approach lie in the essential elimination of
wall reactions and in an efficient ion collection,
resulting in higher accuracy for total cross-section
measurements. With the help of a careful control of

the ion beam energy, the binding energies can also
be determined in a so-called collision-induced dis-
sociation (CID) experiment, as was, for instance, done
for H*(H,0),, n = 2—6, clusters.>®

In all the above methods, the results and rate
constants are averaged over a relatively broad dis-
tribution of the reactant kinetic energies. In a better
defined “kinetic control” investigation, the velocity
and kinetic energy of the reactant ions are known
and can be varied and the rate constants determined
as a function of the incident ion energy. In such
experiments the selected-ion beam of well-defined
energy reacts with the desired reactants, but even
here, there are a number of possible further refine-
ments and levels of sophistication.>®% On the sim-
plest level, the ion beam interacts with a low-
pressure neutral gas in a static reaction cell (LPRC).
A crossed beam experiment, where the velocity of the
neutral reactant is also now isotropic and uniform,
represents a further improvement in definition but
at the expense of a considerable increase in complex-
ity and a loss in signal intensity. Note that even in
this experiment the available energy is not precisely
defined, since it will also depend on the impact
parameters and geometry. Even more detailed infor-
mation from such an experiment can be gained by
determining not only the total averaged cross-sec-
tions but also by detecting the products as a function
of the scattering angle.

The technique of choice in our laboratory, Fourier
transform-ion-cyclotron-resonance, FT-ICR mass spec-
troscopy (Figure 2), also has its advantages and
disadvantages.f1-%2 The ions in the field of a strong,
usually superconducting, magnet are confined in a
high vacuum (10719 radially by the Lorentz forces
resulting in a spiral “cyclotron” motion. The relatively
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high, hyperthermal energies of the ions can be a
disadvantage of this technique. The maximum Kinetic
energy can be controlled by adjusting the voltage of
the “trapping” electric field confining the ions axially.
To keep the ion energy low, we typically use poten-
tials of the order of only 1 V, even though in other
laboratories trapping potentials as high as 10 V are
common. Since even the 1 eV or ~8000 cm™? kinetic
energies are considerably higher than the room
temperature “thermal” value of ~200 cm™?, one may
wish to thermalize the ions by admitting a pulse of
an inert collision gas, but this can be somewhat
cumbersome.

It turns out, however, that even without such a
thermalization the higher than thermal energies are
often much less of a problem than might appear at
first sight. The total kinetic energy of two colliding
particles can be written as a sum of two terms, */,MV?
+ Youv?, where the first term represents the kinetic
energy of the center of mass motion in the laboratory
coordinates and the latter the energy of the relative
motion of the two particles in the center of mass
coordinates, where v is the relative velocity |vj + vq|,
and M = m; + m,. Since the momentum has to be
conserved, the first term will remain unchanged by
the collision and only the second term is available
for nonelastic processes such as exciting one of the
partners, fragmentation, or promoting chemical reac-
tion. As long as the reacting ion, m;, is much more
massive than the collision partner, m, (which is often
the case in ICR experiments and holds also for large
water clusters), then the available energy will be
scaled down by roughly the m,/m; ratio and may not
deviate very far from typical thermal energies.

lll. Hydrated lons, their Stability and Structure

In view of the ubiquitous nature of water and the
importance of its properties and reactions, both
neutral and ionic water clusters have been exten-
sively studied and a comprehensive review would by
far exceed the scope of this article. A number of quite
“exotic” uses for ionic water clusters have been
reported. When, for instance, large clusters are
accelerated to high kinetic energies (200 keV) and
strike a solid surface, the impact-induced shock
results in strong heating. In fact, using deuterated
clusters, thermonuclear reactions and formation of
tritium within the hot deuterium plasma have ini-
tially been reported,®® but this result has subse-
quently apparently been retracted.

Of greater interest for the purpose of this review
are more chemical applications of water clusters. As
already mentioned in the Introduction, a solvent, and
most prominently water, stabilizes strongly ions and
polar structures and in this way has a profound effect
upon the course of chemical reactions. While quali-
tatively this effect is well-known, quantitative mea-
surements of the stabilization energy of a given ion
are difficult, and one circumvents this problem by
setting arbitrarily AH(H",aq) = A/G(H",aq) = 0 and
giving the enthalpies of formation and other ther-
modynamic functions of all the other ions relative to
this standard. This is, in most cases, entirely satis-
factory for thermochemical treatment of conventional
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reactions of ions or neutrals in solutions, where only
the relative ion energies are usually of importance.

Anions or cations never occur in solution alone, but
the negative and positive charges are always almost
perfectly balanced in bulk solutions, and strictly
speaking, the stabilization energy of a given kind of
ions will always be a function of all the ions present
in the solution and their concentrations. Still, the
absolute values of the hydration enthalpies are of
interest in cluster ion reactions in the gas phase or
in discussing various Born—Haber-type cycles. While
direct measurement of an ion hydration energy is
difficult, one can, in principle, easily determine the
individual sequential, stepwise hydration enthalpies
and related properties for the processes of the type
H*(H20)n + H20 — H"(H20)n+1. Naturally, the limit
of such a clustering process around a central ion, for
instance H™, is a hydrated proton, H*(aq). From the
hydration enthalpies for different values of n, the
overall hydration enthalpy can, in principle, be
evaluated. Whereas the solvent water molecules very
close to the central ion are very tightly bound, as one
proceeds to higher and higher levels of solvation, the
water ligands will eventually be sufficiently remote
from the positive charge and the binding energies for
the larger and larger values of n will asymptotically
approach the enthalpy of vaporization of water. By
adding up the excess binding enthalpies due to the
proton for the individual steps and extrapolating to
n = oo, the absolute values of the overall hydration
enthalpy, as well as of the formation enthalpy of the
aqueous ion, can be determined.

Such studies of the stepwise hydration enthalpies
can conveniently be carried out, for instance, using
flow reactors, SIFTs, and related mass-spectroscopic
techniques at relatively high pressures where clus-
tering occurs. Thus, in 1967 Kebarle et al. reported
the HPMS determination of the proton hydration en-
thalpies up to n = 8, and later numerous other exper-
iments of this nature were carried out, with their re-
sults extensively reviewed and tabulated.?5305464-67
When discussing the various techniques available for
cluster ion production, we have mentioned already
another example of hydration enthalpy determina-
tion using a different method. Michl and co-workers
were able to produce hydrated protons using FAB
bombardment of water ice and determined the step-
wise hydration enthalpies up to n ~ 28.%3

With the help of the extrapolation of such ion
solvation data,%8~7! the absolute values for the ther-
modynamic properties of an aqueous proton were
indeed evaluated and reported, yielding values of
AsH(H*t,aq) = —1150.1(£0.9) kd/mol and A«G(H*,aq)
= —1104.5(%0.3) kJ/mol.”? These results are in a
relatively good agreement with the theoretical value
of AqG(H",aq) = —1118 kJ/mol derived by extrapolat-
ing ab initio computational results,” but they deviate
from the previously accepted value of AH(H*,aq) =
—1090 kJ/mol™ by more than 60 kJ/mol. By similarly
extrapolating the water cluster data, one can also
attempt to obtain other properties of bulk water
otherwise not easily accessible, such as the energy
of the conduction band edge and the band gap of bulk
water.”
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An interesting series of studies providing useful
insights into the cluster ion stability and the dynam-
ics of their dissociation takes advantage of the
fragmentation of metastable species. In numerous
investigations of this type, hydrated ions and similar
hydrogen-bonded systems were prepared by an elec-
tron impact or photoionization of the neutral species
in molecular beams. Such ionization usually produces
ions with a considerable excess of internal energy,
often resulting in their subsequent, delayed dissocia-
tion on a microsecond time scale.”® The ions in most
of these studies are then detected in a “reflectron”, a
type of time-of-flight mass spectrometer, TOF-MS,
where the ions are prior to detection reflected by an
electrostatic field. The reflectron arrangement was
originally designed to compensate for the initial
velocity spread of the ions and increase the resolution
of the TOF-MS method, but it is also ideally suited
for detecting and investigating such a delayed meta-
stable fragmentation. The basic idea of the experi-
ment is that while the parent ions are in the source
initially all accelerated to the same velocity, the
“daughter ions”, produced by delayed fragmentation
of the metastable parents and neutral ligand loss,
naturally have reduced Kinetic energies and are
therefore differently affected by the reflecting field
and can thus be easily mass-analyzed and identified.
In fact, by suitably adjusting the reflecting field, the
daughter ions can be completely separated from the
parents. The fragmentation pattern as well as the
mass peak line shapes of the daughter ions then
provide useful insights into the cluster ion structure,
stability, and rate of ligand loss, as demonstrated by
a series of elegant studies by, e.g., Stace,”” Castle-
man,*® and co-workers.

The solvated electron is another related and quite
fascinating topic, which has been the subject of
countless studies. Davy has noted already that alkali
metals dissolve in ammonia yielding a deep blue
solution. It has since been well established that the
blue color is caused by strong absorptions of the
“solvated electron” in the red and near-IR, and also
aqueous electrons are now known to exhibit similar
absorptions in this region. It is relatively easy to
produce finite “solvated electron” clusters, i.e., water
clusters where the “central” ion is simply an electron,
e~. Clusters of this type can even be produced in a
typical laser vaporization source, which is used also
in our laboratory, but usually only for larger values
of n above ~20. It is now known that the electron
binding energies of small (H,0),~ clusters are quite
low, but with special care, even n=2andalln > 5
clusters could all be detected and investigated. Such
hydrated electron clusters are a fascinating subject
on their own and have been extensively studied by
Johnson and others. Several reviews of this work
have also appeared.1®78-80

“Pure” water cations, i.e., (H20)," clusters carrying
a positive charge, represent another interesting topic.
Regardless of the method used for ionization of
neutral water clusters, such species were usually not
detected in any appreciable concentration. Upon
closer consideration, this is not so surprising since
even though H,O" itself is a rather stable ion
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isoelectronic with NH,, the ion—neutral reaction
H,O* 4+ H,O — H30™" + OH is exothermic by almost
2 eV. Apparently all attempts to photoionize neutral
water clusters lead to this intracluster reaction and
result in their fragmentation and loss of the OH
radical, yielding the very stable solvated proton
clusters. lons of this type were also conspicuously
absent from the products of the laser vaporization
or corona discharge sources. Interestingly, however,
the formation of (H,O)," clusters with n < 10 was
reported’® using photoionization of neutral water
clusters with an argon atom attached. Here, presum-
ably the departing argon atom may remove excess
energy and cool and stabilize the cluster. Since little
is known about the internal structure of the clusters
produced in this way, it is not clear if this cooling
prevents overcoming the activation barrier for the
above intracluster ion—neutral reaction or if it simply
prevents the OH radical product from evaporating
from the protonated water cluster.

In light of the apparent and understandable lack
of stability of the (H,O)," clusters discussed above,
the recently reported observation of the doubly ion-
ized (H,O),>" appears quite puzzling. Stace and co-
workers concluded that 100 eV electron impact
ionization of neutral water clusters produced besides
doubly protonated (H,0),H2?" clusters also the “pure”
doubly ionized species (H.0),?". It should, however,
again be noted that nothing is known about the
internal structure of these clusters and if they could,
for instance, contain two H3zO" cations and a hydro-
gen peroxide, H,0O,, instead of one of the water
ligands.

The authors of the above studies have also explored
the limits of stability of the doubly ionized ions. The
ions in their experiment were accelerated by a 6—8
keV potential and mass-analyzed in a magnetic
sector analyzer of their double focusing mass spec-
trometer. The authors found that the doubly proto-
nated (H,O),H,?>" ions are on the microsecond time
scale of their experiment stable only above a certain
critical size of about n = 35. In an interesting further
study of the doubly charged ion stability, an ion
slightly above this critical size was mass-selected and
its fragmentation investigated. When a collision in
a CID experiment reduced the number of ligands
below this critical n = 35 value, an efficient “fission”
or “Coulombic explosion” of the cluster was found to
take place. This ion fission was found to be asym-
metric, yielding the stable, singly protonated product
ions (H,O)H™ with up to about m = 26. The mass
peaks of the fragment clusters produced by the fission
are found to be strongly broadened, with the peak
widths and profiles providing information about the
amount of kinetic energy released in the Coulombic
explosion process.

As exemplified above, the interpretation and un-
derstanding of many of the experiments are ham-
pered by our lack of knowledge about the internal
structure of the cluster species. Structural informa-
tion about water clusters and similar hydrogen-
bonded systems could be obtained by means of optical
spectroscopy, but most such studies reported thus far
concentrated on neutral species and neutral water
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clusters, with the structures of (H,O), species being
relatively well-known up to about n = 10.124881 High-
resolution studies of such neutral water clusters in
the far-infrared reveal very complex spectra due to
multiple minima potentials and extensive tunneling
and proton exchange motions.* This is again a
fascinating topic which, however, lies largely outside
the scope of this manuscript.

FT-ICR mass spectroscopy provides a convenient
alternative for investigating ionic water clusters,
hydrated ions, and similar hydrogen-bonded systems
which, like any other method, has both its advan-
tages and disadvantages.®1-62 When properly applied,
it can provide very useful data and information
complementary to the reactor or molecular beam
work, which was exemplified by a number of inter-
esting representative studies on the preceding pages.
The time scale of an FT-ICR experiment is several
orders of magnitude longer in comparison with the
molecular beam TOF work. Also, in contrast with the
ion beams, where the ionization process usually
leaves the clusters with an excess internal energy
and makes them metastable, the ionic hydrates and
clusters produced in an external, supersonic expan-
sion source coupled to an FT-ICR mass spectrometer
are initially cold, and by the time the experiment
really “starts”, they usually have already “survived”
several milliseconds. A very useful feature of the
method is the superior mass resolution leading to an
unambiguous identification of the products. The
method has, furthermore, advantages in the easily
controlled and well-defined pressure and temperature
conditions and in the ability of following the ion
reactions and its products for essentially any desired
length of time.

The FT-ICR technique can, in principle, also be
combined with spectroscopic investigations, as ex-
emplified, for instance, by the trail-blazing studies
of Beauchamp® and co-workers and by others. In
their technique, the ions of interest are “heated” in
the ICR cell by absorptions of multiple infrared
photons, usually from a CO; laser, leading to their
fragmentation, dissociation, electron detachment, or
enhanced reactivity. These photoinduced processes
are then evidenced by the differences in the mass
spectra obtained with the laser on and laser off. By
observing the changes in the mass spectra as a
function of the laser wavelength, the infrared absorp-
tion spectrum of the ion of interest can, in principle,
be obtained.

A multiple photon absorption and multiphoton
dissociation in a “one color”, fixed frequency laser
experiment is made possible by the high density of
states in larger polyatomic molecules. At higher
vibrational energies, the spectra are essentially
continuous, so that despite anharmonicity, the ab-
sorption of further photons by a “hot” molecule are
possible. The line-tunable CO; lasers provide in the
infrared a relatively dense (especially if isotopic CO,
molecules are used) “picket fence” of discrete lines
between ~800 and 1200 cm™1, and in this way, low-
resolution spectra of numerous ions could be estab-
lished. The same technique should obviously also be
applicable to ionic water cluster and to hydrated ion
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spectroscopy, and several interesting studies in this
direction have already appeared and will be discussed
later in this review. In fact, our apparatus was
originally built with that intent also, but unfortu-
nately we have been thus far unsuccessful in our bids
to obtain the necessary funding.

Several thorough reviews discussing various as-
pects of water clusters have already appeared; both
the molecular beam studies and multiphoton frag-
mentation of the water clusters as well as studies of
cluster reactions by HPMS or in flow reactors have
been extensively reviewed.1*17:83 For this reason, the
main emphasis in the remainder of the present
review will be specifically on the FT-ICR studies of
water clusters, but we will discuss the results ob-
tained by other methods wherever necessary for
additional insights or comparisons and where ap-
propriate refer the reader to the existing previous
works and reviews.

A. Stability and Fragmentation of Water Clusters

As previously noted, with the help of an external
supersonic expansion molecular beam source, clus-
ters of the type M*(H,0), with n to ~200 can be
generated and introduced into the ICR cell of the
mass spectrometer. The versatile laser vaporization
sources can in fact generate not only hydrated ions,
but also a wide range of similar solvated species.
Thus, the water ligands can be replaced by ammonia,
HCI, or rare-gas atoms, and the central ions can
range from simply an electron or a proton to molec-
ular ions or ionic metal clusters. We have, for
instance, investigated clusters of the type Mp*Ar,
where My, is an ionized metal cluster or atom which
is solvated by argon atoms. The distribution of the
number of ligands depends on the expansion condi-
tions, and in our studies, n usually ranged 8—10 but
if desired could be made much larger. For the purpose
of the present paper, we discuss briefly the interest-
ing clear difference observed in the high-vacuum FT-
ICR cluster studies in the behavior and stability
between the hydrated clusters and the clusters
ligated with argon.

The clusters solvated by argon are essentially
indefinitely stable in the collision-free environment
of the ICR trap.8485 On a time scale of many seconds,
only very slow reactions are observed, which are due
to collisions with the residual gas and result in the
gradual loss of the argon ligands or their exchange
for water or other residual gas components. The rates
of these reactions do not exhibit any pronounced
dependence on the cluster size, i.e., on the values of
m and n. Unlike the clusters solvated by argon, the
water clusters steadily fragment on a much faster,
millisecond time scale, even though the water ligands
are surely much more strongly bound.®® Regardless
of the initial size distribution, after a sufficiently long
time, typically about 60 s, only one unique product
cluster n = 4, i.e., H"(H,0),4, remains. Experiments
with size-selected clusters show that the ligands are
lost one by one at a steady pace, and furthermore,
one finds out that the rate of fragmentation is in this
case not cluster size independent but to a fairly good
approximation linearly proportional to the number
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of ligands n. In this regard it should perhaps still be
noted that in investigations with other ligands,
clusters solvated with other rare gases or molecular
oxygen, O,, are found to behave in this respect
similarly to the argon cluster®” while clusters solvated
with ammonia, M*(NH3), (n = 1-100), parallel
almost exactly the behavior of the hydrated ions.®8

The steady fragmentation of the water and am-
monia clusters implies that even in the collision-free
high-vacuum environment there is a steady energy
input. The difference between the rare gases, Ar or
Xe, or Oy, on one hand, and the water or ammonia
ligands, on the other, is that only the latter can
efficiently absorb infrared light. While neither of the
former ligands absorbs in the infrared, both H,O and
NH; have a strong IR vibrational spectrum, which
is strongly enhanced both by hydrogen bonding
between the ligand molecules and by their strong
binding to the central ion. The observed consecutive
loss of ligands is due to the absorption of the infrared
blackbody radiation from the apparatus walls. This
effect was first observed and correctly diagnosed for
several small ionized water clusters by McMahon and
co-workers.8% In our laboratory the fragmentation
studies were extended to large water clusters and the
mechanism confirmed both by varying the wall
temperature and by experiments with deuterated
clusters.11:41.86

B. Infrared-Induced Fragmentation

As an interesting historical aside it is perhaps
appropriate to mention that the idea of blackbody-
driven chemical reactions and fragmentation is not
at all new. Nearly 100 years ago an, at that time
puzzling, observation was made that a number of
reactions believed to be activated by collisions ex-
hibited first-order pressure dependence. The French
physicist Perrin suggested that these reactions might
actually be activated by infrared radiation,® but the
idea was promptly dismissed and disproved by oth-
ers.?2 The mystery was solved by Lindemann with
his theory of collisional activation of unimolecular
reactions,®® which was later extended and refined by
Hinchelwood.%

The gist of the theory, which can today be found
in any introductory book on physical chemistry, is
that the product formation proceeds via an activated
complex A* and is characterized by a competition
between its spontaneous decay into products and
collisional deactivation back to the reactant A. While
at low pressures the collisional deactivation is neg-
ligible and the product formation is a quadratic
function of pressure, at higher pressures a dynamic
equilibrium between A and A* is established. In other
words, the lifetime of activated A* becomes inversely
proportional to pressure with the product formation
being only a linear function of p. If one writes for the
product formation an equation in the form of d[P]/dt
= ke A], then the “effective rate constant” will really
appear constant at high pressures where the rate of
A* collisional deactivation is faster than the rate of
its spontaneous decay but below this pressure this
rate “constant” will become proportional to pressure,
with the rate extrapolating to zero at zero pressure.
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It is quite trivial to extend this model to include
the possibilities of activation or deactivation by
emission or absorption of light by simply including,
besides the collisional rate constants kt and k™ two
additional rate constants, k3 and k®™. Making the
usual assumption of a steady-state-activated complex
concentration, one gets

% = k+[A2] + kabS[A] _ k*[A*][A] .
kem[A*] _ k*[A] — O
@ — k*[A*] — k*(k+[A2] + kabS[A]) ~ k*kabs[A]
a k* + K" + K TA] k* 4+ Kkem

When the pressure becomes so low that the collisional
processes can be neglected, one gets a product forma-
tion rate proportional to the reactant concentration,
i.e., a pressure-independent first-order decay con-
stant kéf = k*kabs/(k* 4+ k™). The ks and k®™ used in
this expression are not really constants but depend
on a number of factors. Without going into details,
one can first remember that the integrated intensity
of blackbody emission is roughly proportional to
T4 and that at ambient temperatures it will be
very low with a maximum in the far-infrared near
600 cm™L. In the second place, the infrared fluores-
cence lifetimes are very long, typically on the order
of many milliseconds to seconds, the corresponding
absorptions weak, and the rates of photon absorption
low. As a result, one can only hope to observe the
effects of the blackbody radiative heating if the rates
of collisional processes can be brought into a suf-
ficiently low range and the reactants A can be
observed for a sufficiently long time. This is only the
case in the ultrahigh vacuum of an ion trap, e.g., in
an FT-ICR mass spectrometer or in low-temperature
matrixes,®®~%” and this is also the reason that such
processes have become observable and amenable to
experimental study only fairly recently.

The fragmentation of size-selected clusters ranging
from n = 1 to above n ~ 100 has now been explored
in detail with some of the results reproduced in
Figures 3 and 4. One can clearly note that neglecting
clusters n< 4, which on the time scale of the experi-
ment do not fragment at all, the rates are propor-
tional to the size of the cluster n, or more exactly they
can be well fitted to a linear equation r, = k(n — ny),
where ng is the abscissa intercept and k is the slope.
The water vapor in the supersonic expansion source
is highly diluted, and the clusters are initially
produced cold. Each time a water molecule evapo-
rates it removes from the cluster an amount of heat
comparable to its binding energy, roughly the subli-
mation energy of water. By taking into consideration
the heat capacity of the clusters, one can deduce that
the temperature of clusters around n = 50 will be
lowered by about 10 K each time one water ligand
evaporates, which in turn should lower the rate of
further evaporation by about a factor of 20 in the
collision-free environment.®® Despite that, one finds
that the evaporation proceeds at a steady pace, with
a molecule of water being lost about every 100 ms.
It is fairly clear that after water ligand is lost an
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Figure 3. Rates of the blackbody radiation-induced frag-
mentation of solvated cation clusters as a function of the
number of ligands showing the overall linear dependence
discussed in the text. The rate of energy absorption, and
thus also the rate of fragmentation, is roughly proportional
to the number of ligands n but note the deviations, e.g.,
for the n = 21 and 55 “magic” clusters. The distinctly
steeper slope of the H*(H,0), plot in the top trace compared
with the deuterated D*(D,0), data in the middle panel is
due to isotopic changes in the infrared spectrum and
reduced overlap with the 300 K Planck blackbody curve
for the heavier isotope. The bottom trace shows that also
ions solvated by ammonia, NH4*(NHs3),, exhibit similarly
efficient fragmentation. The fact that also the slope and
the proportionality constant is similar to that of water
clusters is basically fortuitous.

energy approximately equivalent to its binding en-
ergy has to be absorbed before another ligand can
evaporate. The rate of the absorption is proportional
to the overlap integral between the blackbody radia-
tion density function p(4,T,,) at the temperature of
the apparatus walls T,, with the infrared absorption
spectrum of a given H*(H,0), cluster, o,(4)

k. =k [ 0,(4) o(4, T,) dA ~ k'n

Since the ligands, in the present case the water
molecules, are the absorbers, both the integral of the
absorption intensity on(4) and the value of its overlap
integral with the Planck function pn(1) should be
approximately proportional to the number of water
ligands n. Consequently, the overall energy absorp-
tion rate as well as the rate of evaporation should be
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Figure 4. Blackbody radiation-induced fragmentation
rates of various size-selected hydrated ions. The experi-
mental points are given by the open symbols with statisti-
cal error bars; the solid lines represent linear fits of the
data. Note that the slopes for different central ions are
similar; the slight differences fit parameters summarized
in Table 2 and are more dependent on the different data
field used than on the specific nature of the central ion.

proportional to n, consistent with the experimental
observation.

The initial temperature of the clusters emerging
from the source should be around 40 K based on the
expansion conditions, but once in the collision-free
environment, it will be controlled by the competition
between their radiative heating and evaporative
cooling. The temperatures will be size dependent, and
from the rate of evaporation and bulk properties of
water, one can crudely assess that clusters around n
= 50 will have temperatures of about 120 K. At this
temperature, the rate of the “blackbody” emission
from the clusters will be more than an order of
magnitude smaller than the rate of absorption of the
blackbody radiation from the apparatus walls and
can be neglected. As one proceeds to smaller and
smaller clusters, the water ligands get closer and
closer to the positive charge and become more and
more strongly bound. The temperature of the smaller
clusters thus has to rise higher before their evapora-
tion can proceed. Eventually the smallest clusters
will reach the temperature of the ambient walls, at
which point they will be in thermal equilibrium with
their environment, the rate of absorption by the
clusters will be identical to the rate of their emission,
and the heating process will stop.

This is undoubtedly the case for the n = 4 and
smaller clusters, for which no further fragmentation
is observed. The lack of further ligand loss simply
reflects the fact that the binding energies are too high
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and the rate of fragmentation at room temperature
is negligibly small on the time scale of our experiment
(up to ~1—3 min). The fact that very small clusters
do not further fragment is also the physical reason
for the abscissa intercept of the linear fits and for
the need for the ng constant in fitting the data to be
discussed below. At the opposite end of the size scale,
the fast fragmentation of large clusters explains why
meaningful studies of cluster reactions in our ap-
paratus are restricted to about n = 200. Obviously
the evaporation rates could be reduced and larger
clusters studied with an apparatus with a variable
wall temperature, and further work in this direction
is currently in progress.

For small values of n, the infrared spectra of the
clusters can be fairly easily computed by the DFT
techniques. While the accuracy of the absolute values
of the absorption intensities and of the overlap
integrals are difficult to assess, the computed relative
rates k.2 permit further convenient checks of the
above model. Such calculations, for instance, predict
approximately a factor of 2 smaller overlap integrals
for fully deuterated clusters, in excellent agreement
with the experimental finding that the D*(D,O),
clusters fragment approximately a factor of 2 more
slowly® than the corresponding normal water clus-
ters. Similarly, consistent with the model prediction,
it is found that increasing the wall temperature to
about 370 K increases the fragmentation rate by
about a factor of 2.5.

Theoretical modeling of the infrared absorption
spectra allows another interesting observation. They,
for instance, reveal that even though the OH and OD
stretching vibrations are by far the strongest infrared
bands in the spectrum, they are too far removed from
the maximum of the 300 K Planck curve to contribute
substantially to the cluster heating. Major contribu-
tors to the blackbody absorption are the weaker,
lower-frequency deformation modes, essentially due
to hindered rotational and translational motions of
the water molecules. In contrast with water or
ammonia clusters, for systems where hydrogen bond-
ing is of lesser importance, an increase in the
fragmentation rates was reported upon deuteration
of hydrocarbons.® This may reflect the improved
overlap of the lower CD bending and stretching
vibrations of the deuterated compounds with the
blackbody radiation and suggest that the low-
frequency deformations are in this case too weak to
make the dominant contribution to the IR absorp-
tion.

C. “Magic” Cluster Sizes

Even though, as discussed above, the cluster frag-
mentation rate is to a fair approximation proportional
to the number of ligands n, examination of Figures
3 and 4 immediately reveals that some particular
sizes deviate from this dependence by amounts far
outside the measurement accuracy. One of these
“magic” values, n = 4, has already been discussed
above. The water molecule has an extremely high
proton affinity and forms a very stable Cs, symmetry
H3;O™ hydronium ion with three equivalent protons.
Each of these carries a considerable positive charge
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and can again strongly bind an oxygen atom of an
additional water ligand. In this way, n = 4 essentially
completes the first solvation layer, as already con-
cluded by Eigen.?®1 The fifth and all additional
ligands are already bound much more weakly, and
as shown in Figure 3, all the n > 4 clusters exhibit
observable fragmentation rates.

A further cluster exhibiting a consistently anoma-
lous behavior is n = 21, as reported already more
than 25 years ago by Fenn and co-workers,® who
observed its enhanced abundance, which they inter-
preted in terms of a particularly stable dodecahedral
clathrate structure of 20 water ligands around a
central hydronium ion. The enhanced stability of the
n = 21, presumably HzO"(H,0)z cluster, has been
confirmed in a large number of later experiments.
Regardless of whether the neutral water clusters
were ionized by electron impact or by vacuum UV,
whether produced in supersonic expansions, in a flow
reactor, or in secondary-ion mass spectra of a solid
ice surface, an anomalous abundance of the n = 21
cluster was always detected.321917109 Einally, reac-
tions of the preformed protonated water clusters have
shown that the n = 21 species can bind up to 10
dimethylamine molecules, presumably attached to
the 10 dangling OH bonds, consistent with the
proposed dodecahedral structure.'0111 | ess convinc-
ing evidence was reported for a special stability of a
shell of 20 water molecules around other central ions,
for instance OH~,112113 Cs* 114 and other alkali cat-
ions.'5 Also, authors of a later reinvestigation of this
type of complexes which included molecular dynamics
simulations were in support of the clathrate inter-
pretation.!6

The ICR experiments, even though confirming
unambiguously the anomalous behavior and en-
hanced stability of the n = 21 cluster, do not give
any information about its structure. Our lifetime
measurements on size-selected ions show that the n
= 21 cluster fragments nearly a factor of 2 more
slowly than n = 20 and even more significantly reveal
that the n = 22 cluster, with one additional molecule
outside the stable shell, fragments particularly ef-
ficiently, more than a factor of 3 faster than n = 21.
While the enhanced stability is beyond doubt, the
evidence for the “clathrate” dodecahedral structure,
on the other hand, appears much less convincing.
Water is, of course, well-known to form under high-
pressure clathrate solids with cage-like cavities,
which often possess dodecahedral structures and con-
tain molecular or atomic inclusions or “guests”.117-119
In nature, there are in fact enormous reserves of such
clathrates containing methane in the permafrost and
in deep oceans, which may represent a largely
untapped source of energy, and similar solid hydrates
with trapped molecular CO, have recently been
considered as a possible means for disposing of
carbon dioxide, the gas mainly responsible for the
“greenhouse effect”, deep in the oceans.

The guests in these clathrates are, however, in-
variably hydrophobic species with isotropic or nearly
isotropic potentials such as methane or rare gases,
Ar, Kr, or Xe, while as mentioned above, the potential
of the hydronium ion, H3O", is highly anisotropic and
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directional and clearly prefers to bind strongly and
specifically to three and only three water ligands.
How the binding of the H;O™ cation would be realized
in a dodecahedral shell is not at all obvious. In any
event, if such a closed shell of 20 water molecules
around the hydronium cation indeed forms, it will
very likely be strongly distorted from a dodecahedral
structure. Recent theoretical studies combining mo-
lecular dynamics with computed ab initio potentials
and forces have found for H3O"(H,0), a distorted
dodecahedral structure, however, with several other
compact structures at essentially the same energy
and with all of them exhibiting 10 dangling OH
bonds.*20

Interestingly, recent FT-ICR work, extending the
hydrated proton fragmentation studies to much
larger clusters, has clearly revealed a similar anomaly
for the n = 55 cluster, which is almost as clear and
prominent as that of the n = 21 structure. The
anomalous behavior could be confirmed by at least
three different independent means.*?* The H*(H,0)ss
cluster is under a wide range of conditions consis-
tently much more abundant than its neighbors. When
the fragmentation of size-selected ions is investi-
gated, one finds that the n = 55 cluster fragments
more than a factor of 2 more slowly than n = 54 and
again the n = 56 shows anomalously low stability and
fragments more than a factor of 3 faster than n =
55. Finally, if one selects one of the larger clusters,
e.g., n = 58 or n = 60, and follows its sequential
fragmentation process, one observes that the n = 55
“sticks around” much longer than its neighbors, n =
54 or 56, with time-integrated intensities of the n =
56, 55, and 54 fragment ions again being consistent
with the above-mentioned ratio of their individual
decay rates. Any proposal of a concrete structure of
the H*(H,0)ss ion would naturally be even more
speculative than that of the n = 21 species. It is,
however, interesting that one can again construct
reasonable structures with pentagonal symmetry.

Interesting in this connection are recent observa-
tions of Beauchamp and co-workers.*?2 Their FT-ICR
study confirmed the special abundance of the n =21
and 55 solvated proton clusters but also found that
inclusion of a singly protonated primary amine into
the cluster shifted the “magic” numbers of the water
ligands to n = 20 and 54, respectively. This would
suggest that in these clusters a protonated amino
group of the R—NHj3" species replaces the hydroxo-
nium H3;O™ ion in the solvated proton clusters, which
in turn would seem to imply that the H3O" ion is an
integral part of the cage rather than being located
centrally within it.

There is, however, perhaps one interesting conclu-
sion that can be drawn from the so prominently
enhanced stabilities of the n = 21 and 55 ions. An
important question one may ask is whether the
hydrated clusters should instead be regarded as
solids or as liquids, i.e., whether they have well-
defined equilibrium structures or should they better
be viewed as a more or less random mixture of
numerous isomers. If the latter was true, one might
expect that the deviations in behavior would average
out and that one would observe a much smoother
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dependence of properties on n. The large deviations
of some clusters from linear dependence would
strongly suggest that they cannot be viewed as floppy
liquid droplets but that even clusters as large as n =
55 must possess well-defined structures.

D. Effect of the Central lon

While in the discussion above we have focused our
attention on the hydrated proton clusters, stability
and blackbody fragmentation have been investigated
for numerous other hydrated ions. When pure water
clusters are investigated, the cations formed are
almost exclusively of the solvated proton variety and
as already discussed pure (H.0)," ions are not
detected. Extraction of anions employing a corona
discharge ionization source, on the other hand,
results in a much larger variety of X~ (H,0), ions.
While the aggregates with central hydroxyl anion (X
= OH) under most conditions prevail, ions with X =
0, O,, and O;H are also present, and under certain
conditions even solvated electrons (X = e) are pro-
duced.41:123

Using the laser vaporization source, a variety of
clusters with the central ion involving essentially any
desired element can be prepared. For instance,
hydrated cation clusters where the central ion was
Mgt, Ca*, or Al*, or chlorides or hydroxides of these
metals, MgOH, MgCl, Al(OH),, or AICI,,3"112 were all
rather extensively investigated,*>*?* as well as both
cations and anions of iodine, i.e., hydrated It and
17125126 In each of these cases an ion of any given
value of n can be mass-selected and its fragmentation
rate studied and fitted as described for the hydrated
protons. Independent of the specific nature of the
central ion, one always observes the approximately
linear relationship between the fragmentation rate
and the number of ligands n and can obtain from the
fit of the data the abscissa intercept no and the
proportionality constant k. The constants obtained
in this way for a variety of anions and cations are
listed in Table 2.

Two general observations can be made from these
data. In the first place, examination of the data, for
instance, in Figures 3 and 4 reveals that while in
most cases one can find specific cluster sizes whose
stability and fragmentation rates deviate from the
general linear size dependence, the “magic” humbers
are in general different for different central ions. The
central ion, therefore, apparently has some influence
on the preferred structure of the hydrated cluster,
and this influence affects not only the first and second
solvation shells but seems to persist up to fairly large
clusters—note for instance that the anomalous be-
havior of solvated proton with n = 21 or 55 discussed
above is not observed with other central ions.

A second conclusion one can make either by exam-
ining Figures 3 and 4 or comparing the constants
derived from the separate data in Table 2 is that the
values of the proportionality constant k between the
number of ligands n and the rate of water ligand loss
do not depend strongly on the specific nature of the
central ion. The constants are very nearly the same,
regardless of whether it is a cation or anion and
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Table 2. Experimental Studies on the Blackbody Radiation-Induced Fragmentation of lonic Water Clusters and

Related Compounds

cluster size temperature rates of H,O loss (s7) and other

cluster range n2 range [K] determined quantities ref
H*(H.0)n? 2—4 295—-309 k(p,T), AH®208, AG°208, AS°208 89
Cl=(H20)n 2—4 295-309 K(p,T), AH 208, AG®208, AS°208 89, 90
Cl=((CX3).CO)n 1 303 k(p,T) 98
Cl~(CsXe)n 1 303
X307((CX3)20)n, X =H, D 2,3 303
H*(H20)n 5-65 298-340 k =0.204(n — 1.387)2 86, 121
D*(H,0)n 5-35 298 k =0.093(n — 0.667)
OH~(H.0), 2-35 298 k = 0.226(n — 1.956) 41
O~ (H20)n 3-35 k =0.227(n — 2.670) 121
e (H20), 21-27 k = 0.207(n + 0.623)
Mg*(H,0)n 2,3,16—-41 298 k =0.170(n — 2.353) 41
Mg(OH)*(H20)n 4-19 42
Al*(H20), 4-45 298 k =0.16(n — 1.63) 11
AI(OH),+(H,0), 11-24 124
I-(H20)n 1-12 298 k=0.17(n — 1.53) 126
17(H20)n 1-15 298 k=0.17(n — 3.41) 125
(G + 2H)?*(H20),, G = Gramicidin 0-50 298-509 16 < k(298 K) < 230 13,174
Ca?*(H,0)n 5-7 293-483 K(T), Ea, Eo, AHzes 26
Ni%*(H,0)n 6—8
H3;0*(H.0)n 2-3
Mg2*(H20), 6666 293-413 K(T), Ea, Eo, AEbinding 27
Ca2+(H20)n
Sr2t(H,0)n
Ba2+(H20)n
CeHsCOCH3* 1100-1600 k(T), Eo, AE, AH®29g 175,176
CsDsCOCD3*

an is the cluster size, equal to the number of water molecules attatched.
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Figure 5. Convolution of the 300 K blackbody radiation
curve with the calculated absorption spectra of HT(H,0)s
(top) and D™(D,0)e (bottom). The spectra computed by DFT
techniques for optimized cluster structures!’2 indicate that
mainly the low-frequency “cluster” translational or libra-
tional deformation modes, rather than the OH bending and
stretching vibrations, contribute to the energy absorption.
Note that in agreement with the slopes in Figure 2, the
overlap integral for the deuterated clusters is significantly
smaller than that of normal water clusters.2!

whether it is monatomic or molecular. The slight
variations found in the table, ranging from about 0.16
to 0.22, are more the result of the various data fields
of the fits—the exact range of cluster sizes produced
varies somewhat from experiment to experiment—
than of real differences due to the central ion. The

major exception is the result with the deuterated
clusters, for which the slope k is found to be a little
more than a factor of 2 smaller than for normal
water. The major contribution to this effect naturally
lies, as discussed above, in the isotopic shifts in the
vibrational spectrum and its resulting reduced over-
lap with the 300 K blackbody curve (cf. Figure 5).
There may also be minor contributions due to zero-
point energies and similar effects.

The observation that the constant k is insensitive
to the specific nature of the ion is probably reason-
able, for in a sufficiently large cluster the molecules
at its periphery will feel the screened potential of the
central ion only weakly and their evaporation will
resemble the evaporation of pure water. Note, how-
ever, that there may be some contradiction in this
statement with the argument in one of the preceding
paragraphs that the central ion seems to influence
the overall structure of the hydrated cluster up to
rather large values of n.

E. lons in Pure Water and the Structure of the
Aqueous Proton

From our terrestrial point of view, with nearly %/,
of the earth’s surface being covered by oceans, water
is surely the most important solvent which possesses
a large number of interesting properties. One of its
key properties as a solvent is the high polarity of
water molecules and the resulting ability to stabilize
ions and ionic structures. This can be easily demon-
strated by examining the pure water itself and con-
sidering the simple fact that it is even at room
temperature partially ionized. To generate the H*
and OH™ ions from gas-phase H,O molecules, 1627.74
kJ/mol would have to be expended. The polar water
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molecule has, however, a very high proton affinity,
so that a single additional “solvent” molecule reduces
the enthalpy of the ionization reaction by nearly one-
half

H,0 + H,0 — H,0" + OH"~
AH =~ 933.02 kJ/mol

Even so, if one calculated how many molecules would
at room temperature be ionized by this gas-phase
reaction, one finds out that it is less than 1 in 10,
a number exceeding by many orders of magnitude
the number of atoms in the universe. Actually we
know, however, that in 1 L of pure water there will
at room temperature be 107 protons with a corre-
sponding number of OH™ anions. This number would
correspond to reducing the enthalpy of the above
reaction from 933 to 22 kJ/mol. This reduction is due
to a further solvation of the H;O" and OH~ ions. The
presence of these ions, the ability to change their
relative concentrations, and their high mobility con-
tribute greatly to the important properties of water
as a solvent in the industry, in nature, and in the
chemistry of life.

The ability of an ICR experiment to produce dis-
crete clusters containing H3sO" or OH™ ions permits
investigations of their stability, fragmentation, and
chemistry, which in turn may provide some addition-
al insights into topics such as ion solvation, charge
and proton transfer, and proton mobility. As noted
above, the description of the positive charges in solu-
tion as either “protons” or as H3O™ is not quite accu-
rate, since the ion is further solvated, and the same
holds for the hydroxyl anions. The actual form of the
ions present and their solvation geometry were the
subject of extensive experimental and theoretical
studies.

The proton is unique among all cations in that it
has no electrons and, therefore, from a chemical point
of view no dimensions. In a recent investigation of a
proton solvated by rare-gas atoms, it could be shown
using a very simple electrostatic model that the
proton will always be solvated by two and only two
ligands in a linear symmetric arrangement in the
first solvation shell. While the study involved specif-
ically rare-gas atoms, there is little doubt that the
same simple model should hold for simple molecular
ligands as well and would, therefore, predict rather
stable hydrated H,O:--H"-:-OH, entities. The impor-
tance of such ions for aqueous ions was, in fact,
suggested by Zundel quite some time ago'?” and are
sometimes associated with his name. Their properties
have been extensively studied both theoretically and
by experiment, with both finding in an essential
agreement a centrosymmetric, linear bond in an ion
close to D,y symmetry. While strictly speaking the
computations yield a potential with degenerate sta-
tionary points of C, symmetry, the energy of the
transition state for their interconversion is only ~1.5
kJ/mol, considerably lower than the zero-point en-
ergy.128

The situation in larger systems and in the liquid
phase is, however, not necessarily so simple. As noted
above, water has an extremely high proton affinity,
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Figure 6. Computed relative enthalpies of several H'-
(H20); isomers and possible pathways of their intercon-
version. Note that the core ion changes from H;O* to
HsO,t—the Eigen and Zundel cations, respectively—and
vice versa. (Adapted from data of ref 143).

immediately forming a strongly bound H;O" hydro-
nium ion with H*, and this ion has been extensively
studied also, both by experiment and theory. Again,
in an essential agreement, it is found to be a
symmetric Cz, entity, with the charge equally dis-
tributed between the three equivalent hydrogen
atoms. One therefore has an alternative model of the
proton in water: solvated H3;O™, as proposed many
years ago by Eigen; when aqueous reactions involving
a proton are considered, they are often formulated
as reactions of H3;O™.

A large number of theoretical studies appeared
investigating both the structure and local charge
center geometry in aqueous solutions as well as pro-
ton diffusion dynamics. After reviewing this vast
literature, one comes to realize that the results are
inconclusive, and while some studies lean toward the
HsO,* structures for the aqueous proton,*?°~132 others
find H3O* 133136 preferable. In general, most calcula-
tions, including DFT work in our group, indicate that
the difference between the two geometries is rela-
tively small, sensitive to the computational method
used, and strongly affected by the surrounding
hydrogen-bonded network.'3"-142 One then has to con-
sider the dynamic nature of the problem, the fact that
in liquid water the hydrogen bonds are constantly
broken and reformed. Moreover, the proton in water
is not localized but the charge moves efficiently
through the solution, and the situation is highly
fluxional (see Figure 7). One can therefore not really
speak about rigid ions, and the question of structure
becomes somewhat semantic. One can, however, still
ask which of the two models is a better approximation
in view of the experimental observations.
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Figure 7. Proton transfer and charge motion in water.
The proton, lacking electrons, is essentially a point charge
and prefers to bind two and only two ligands.1”® While an
isolated gas-phase H3O* cation is a symmetric Cg, ion, in
solution it will tend to distort and form transiently HsO,"
“Zundel”-type structures with neighboring molecules. The
O—H*™—0 potential will, in general, be asymmetric, flux-
ional, and depend on the residual instantaneous state of
solvation of the HsO," entity. These transient HsO,"
subunits may be considered transition states for transfer
of a proton from one water molecule to another. Through
repeated proton transfer of this type, the charge can move
freely through the liquid without actual long-range motion
of its atoms.

The strong hydrogen bonding and constant motion
make a precise determination of the structure of
liquid water difficult, and most experimental tech-
niques will yield structures averaged over time and
space. The easy mobility of protons in aqueous
systems might, however, be viewed as evidence for
the importance of the Eigen model. While one can
easily model the diffusion of protons by moving across
the asymmetric H,OH---OH, bond from one water
molecule to another, resulting in motion of the
hydronium ion entity, it is more difficult to model the
motion of a proton locked in a symmetric bond
between two strongly bound water ligands. Obvi-
ously, the transition state for proton transfer from a
hydronium ion to a nearby water molecule will have
a geometry resembling the Zundel cation.

The stability of ionic water clusters, including our
studies of blackbody fragmentation of hydrated pro-
tons, also provides some insight into this question.
As noted above, the absorption of photons from the
blackbody wall radiation by the water clusters results
in their heating and fragmentation. Evaporation of
each ligand then cools the cluster again and this cycle
repeats itself. The process ends when the clusters
reach the wall temperature, i.e., when the rate of
heating by photon absorption is identical to the rate
of cooling by photon emission, and when all the
remaining ligands are so strongly bound that the rate
of their loss at ambient temperature is negligible on
the time scale of the experiment.

If the strongly bound symmetric HsO," Zundel
cations were the key structures for hydrated protons,
one might expect the process of H*(H,0), to stop at
n = 2, leaving behind the stable HsO," ion, or
possibly at n = 6, with all four peripheral hydrogens
of the Zundel cation being symmetrically solvated by
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water molecules. Experimentally, the fragmentation
stops clearly and abruptly at n = 4, which corre-
sponds to a symmetrically solvated hydronium, H;O*-
(H20)s. The n = 5 cluster exhibits no special stability
and still fragments quite efficiently, while essentially
no further ligand loss is detectable for n = 4, and its
fragmentation must be at least an order of magnitude
slower. The measured proton hydration enthalpies
tell a similar story. By far, largest is the first
hydration enthalpy AH = 693 kJ/mol, which results
in the hydronium ion. The enthalpy for hydration
with a second water molecule, forming the symmetric
Zundel ion, is nearly a factor of 5 smaller, 127.6 kJ/
mol, and not that different from the third and fourth
hydration enthalpies. Hydration with four waters
corresponds to the fully solvated hydronium ion.
After n = 4, there is another sharp drop of about a
factor of 2 in the hydration energies, with the fifth
and the following hydration enthalpies remaining
almost constant around 35 kJ/mol.

To summarize, it seems that if one wishes to
formulate the aqueous proton as a discrete ion, the
description in terms of the hydronium H3O" “Eigen”
ion, as mostly used in the literature, provides a much
better agreement with the experimental evidence and
observations than invoking the HsO," species. Since,
however, as noted above, the preferred configuration
around the charged center is strongly affected by the
hydrogen-bonded network in its neighborhood, the
guestion remains if clusters where the hydrogen-
bonded network is finite can be described in terms
of a solvated H3O™ or if “Zundel” structures will also
be important. Ab initio calculations on small ionic
water clusters, in fact, indicate in many cases a
number of structural isomers often with low inter-
conversion energies, where the energy differences
between the hydrated “Zundel” and “Eigen” ion
structures depend strongly on the overall number of
ligands n and on the rest of the hydration network#?
(see also Figure 6).

IV. Water Clusters as a Medium for Aqueous
Reactions

Above we have already pointed out how strongly
the properties of atoms and molecules are affected
by the solvent and to what extent the solution can
affect their chemistry. This is especially true of water,
which due to the highly polar nature of its molecules
and its ability to form strong hydrogen bonds sig-
nificantly stabilizes ions and polar structures. Thus,
hydrogen halides, whose ionization in the gas phase
requires a large energy input, ionize spontaneously
in aqueous solution with development of heat, and
even triply ionized ions such as Fe®t or AI** ions,
whose production in the gas phase would require over
50 eV, are quite common and stable in aqueous
solutions.

The blackbody fragmentation of water clusters
provides a convenient tool for successively removing
the stabilizing water molecules from the system of
interest one by one and for investigating in this way,
in detail, the effect of the solvent upon the solute
structure and upon the processes occurring in the
solution.
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A. Reduction—Oxidation Processes in Water
Clusters

Water clusters containing magnesium ions were
extensively studied both in molecular beams'4%17 and
trapped in an FT-ICR trap,*~*? with all studies
reporting similar observations. Depending somewhat
on the exact experimental conditions of the laser
vaporization source used to produce the clusters, two
different types of ions are observed. Aggregates of the
composition Mg*(H,0), are observed for n = 1—6 and
also for n = 17. On the other hand, in the range 6=
n< 16, the clusters exhibit almost exclusively a
MgOH*(H,0), composition. This suggests strongly
that the magnesium atoms occur in these clusters in
at least two different oxidation states. While the
latter clusters almost certainly contain MgOHT,
magnesium hydroxide cations with divalent magne-
sium, there is little doubt that at least the small Mg*-
(H20), contain a singly ionized magnesium atom.

Interesting further insights are provided by an FT-
ICR experiment, where very large clusters Mg*(H,O),
are produced and then allowed to fragment by the
blackbody radiation. They first sequentially loose
water ligands one by one, but when the number of
water ligands is reduced to about n = 17-20, an
interesting process takes place. Instead of “evaporat-
ing” a further water molecule, a chemical reaction
within the cluster apparently takes place, the mag-
nesium is converted to hydroxide, and a hydrogen
atom is lost

Mg*(H,0), + hv — MgOH"(H,0),_, + H

perhaps with a concurrent loss of an additional water
ligand. Clearly a reduction—oxidation process takes
place in the cluster, with magnesium seemingly being
oxidized to Mg?* and a water molecule reduced to
yield a hydrogen atom.

The process is easier to understand if one recalls
that magnesium cation, Mg, is isovalent with neu-
tral Na. Sodium and other alkali metals readily
dissolve in strongly polar solvents, e.g., ammonia, to
yield deep blue solutions, which are as previously
noted now well-known to contain Na' ions and
solvated electrons. The question therefore arises if
the magnesium is being oxidized to Mg?" at the
moment when the hydroxide forms and a hydrogen
atom is lost or if the large clusters with n > 17
already contain the doubly charged ion and a free
electron. One could then postulate that as the quan-
tity of the stabilizing solvent drops below some
critical limit, the cluster can no longer accommodate
both the closed-shell Mg?" ion and an electron and
they recombine forming the much more reactive,
open-shell Mgt ion. This in turn would then react
with a water molecule forming hydroxide and elimi-
nating the hydrogen atom (cf. Figure 8). The group
of Fuke demonstrated using a laser photofragmen-
tation experiment'** that the very small, n < 5,
clusters absorb in the region of the expected, fully
allowed 2s—2p transition and therefore probably
contain the open-shell Mg* ion. It would be very
interesting to perform a similar experiment for the
large n > 20 clusters and show if this absorption is
absent.
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Figure 8. Hydrated Mg (H,0), cluster fragmentation. As
suggested in the text, large clusters contain presumably
separately hydrated Mg?™ and e~. They lose water ligands
until a critical size range of n ~ 16—21. When the amount
of solvent becomes insufficient to stabilize the two separate
charges, the electron recombines with Mg?*. The open-shell
Mg instantly reacts with a nearby water molecule, yield-
ing magnesium hydroxide cation and a hydrogen atom,
which evaporates from the cluster. The inset shows using
estimated hydration enthalpies that in a bulk solution Mg*
should lie higher in energy than Mg?* + e™5q. 42
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Very similar processes were also observed in clus-
ters containing the Ca* and Al* cations. While the
reactions in the calcium case'“® are quite analogous
to those of magnesium, the chemistry of trivalent
aluminum requires some modification.1%41:124 As in
the magnesium case, in the aluminum case one also
observes several regions where ions of different
compositions are preferred. For n < 12 as well as n
> 24, hydrated Al* ions, Al*(H,0),, dominate. In the
intermediate range, on the other hand, one observes
predominantly aluminum hydroxide clusters, Al-
(OH), + (H20),, but the boundaries between the
ranges are somewhat more diffuse than in the mag-
nesium case.

Also, the fragmentation of the clusters shows
similarities to the magnesium case. The small n <
12 AlI*(H,0), clusters simply lose one water ligand
at a time, resulting after about 120 s predominantly
in tetrahydrates, Al*(H,0)4, which then only ex-
tremely slowly lose additional water molecules. It
appears to be fairly clear that these hydrates indeed
contain the singly ionized, closed-shell 3s? S Al* ion.
Similarly, the hydroxide ions also lose stepwise water
ligands, ending up eventually predominantly as the
AI(OH),*(H,0); ion, i.e., the dihydroxy cation of AI**
solvated by three additional water ligands. When,
however, one allows the larger solvated Al* ions to
fragment, a more complex intracluster chemistry
apparently occurs. This results in the formation of
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hydroxide and a release of, in this case, molecular
hydrogen

Al*(H,0), + hy — AI(OH), + (H,0),_, + H,

Again, a redox process takes place, with aluminum
in a trivalent AI** state and with molecular hydrogen
being formed. In this case a two-electron exchange
takes place, with aluminum going from a closed-shell
singly ionized form again to a closed-shell triply
ionized valence state, consistent with the tendency
of the third group elements to occur in their com-
pounds to be either trivalent or monovalent.

It is again not trivial to decide if the oxidation of
the aluminum atom is concurrent with the hydrogen
evolution or if “pre-formed”Al** ions already exist in
the large hydrated clusters. While in magnesium the
energetics seem to favor second ionization in water,
in the case of aluminum the solvation energies of the
AIRT ion and of two electrons seem to fall somewhat
short of the energy needed to form the ion, the sum
of the second and third ionization potentials.* On
the other hand, if one considers that the three
charges will not be removed to an infinite distance
and takes into account the stabilization by the
screened Coulombic potential between the electrons
and AI®t, then the possibility of the triply ionized Al
being present in the cluster cannot be a priori
dismissed.

B. Multiply lonized Clusters

In the above paragraphs we have postulated that
the large hydrated Mg™ clusters may actually involve
Mg?* and a solvated electron, but in the absence of a
real spectroscopic structural study, the evidence is
indirect. On the other hand, the stability of doubly
or even triply ionized metal cations in bulk aqueous
solutions is a well-established fact. While our laser
vaporization source in the present form does not
generate observable concentrations of doubly charged
cations, these can be, and were, produced by means
of, for instance, electron ionization or by electrospray
methods, as demonstrated in the pioneering work of
Kebarle and co-workers, and studies of their stability
are a topic of considerable interest.146:147

Although ions of the type M?"(H,0), are undoubt-
edly almost in all cases thermodynamically unstable
with respect to charge or proton transfer followed by
Coulombic explosion, they can be generated and
leisurely studied by mass-spectroscopic means. A
recent theoretical investigation of the rare-earth
cations with n = 2 by DFT techniques revealed that
the ions are separated from the MOH™ + H3;O™" global
minimum by two potential barriers.'*® The first
higher barrier involves moving one of the water
ligands from the first to the second solvation shell
and is almost equal to the energy needed to com-
pletely break the bond between the doubly charged
cation and the water ligand. The second activation
barrier then represents a proton transfer from the
first solvation shell water to the one in the second
solvation shell, resulting in an M?t-OH"-H;0" “salt
bridge” structure, which then smoothly dissociates
into hydroxide and hydronium cations.
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An interesting recent experimental study of hy-
drated doubly ionized zinc cations was reported by
Peschke et al.'*” They found that the reaction of Zn?*-
(H20)n (n = 8, 9) with ammonia results in a proton
transfer and fission of the cluster, resulting in a
hydrated ZnOH* and hydrated NH4*. Apparently the
higher proton affinity of ammonia is sufficient to
destabilize the hydrated Zn?" ion and overcome the
barrier to proton transfer. Future studies of multiply
charged ions in an ICR instrument should be a very
fruitful area and, in particular, combined with spec-
troscopy will undoubtedly yield very interesting
results and insights into aqueous ion solvation.

C. lonic Dissolution, Neutralization, and
Precipitation Reactions in Water Clusters

Even though the collision-free, blackbody, frag-
mentation of the clusters described in the previous
section provides some interesting insights, at least
equally interesting information can be gained by
increasing the pressure in the ICR-cell region by
actively introducing suitable reactants and observing
binary collisional processes and true chemical reac-
tions of the hydrated clusters. The introduction of an
inert gas such as helium or argon at first has little
effect and the pressure has to be increased by 2
orders of magnitude above the 107° Pa (107! Torr)
baseline range before the collisional processes can
compete with the blackbody fragmentation and slight
increases in the fragmentation rates become observ-
able. The inert gases interact with the ionic clusters
much more weakly than the polar water ligands, and
their incorporation into the clusters is not detected.

It should naturally be much more interesting to
introduce reactive molecules into the system and
investigate true chemical reactions initiated by their
binary collisions with clusters. As an example, one
can let the hydrated proton clusters interact with
hydrochloric acid, which is well-known to react avidly
with bulk water and dissolve in it exothermically
with ionization. Upon introducing hydrochloric acid
into the spectrometer, one finds that the HCI mol-
ecules are very efficiently exchanged for the water
ligands, with the reaction being, however, strongly
size-dependent

H"(H,0), + HCl — H"(HCI)(H,0),,_, + mMH,0

There appear to be clear limits to the “solubility” of
HCI in water clusters, such that, for instance, clusters
with n < 9 do not react with HCI at all. Allowing the
reactions to proceed for a longer time, one finds that
the clusters 9< n =< 13 can dissolve at most one
molecule of hydrochloric acid and those with n > 13
two, and similarly, one can find limits to the “solubil-
ity” for even larger clusters. Conversely, when one
allows the large clusters “saturated” with HCI to
fragment, they gradually lose water, but whenever
one of the above limits is reached, a hydrochloric acid
molecule is lost instead. The reason clearly is that
as in a bulk aqueous solution, the HCI in the cluster
does not remain covalently bound but dissociates
ionically. This is, however, only possible, when enough
solvent is available to stabilize the ions. As the
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number of solvent ligands drops upon fragmentation
below some critical level, the covalent hydrochloric
acid molecule becomes energetically more favorable
and the H* and CI~ ions recombine. Unlike H,0O, the
HCI molecule has only one proton with which to form
a hydrogen bond, therefore bound more weakly and
evaporates preferentially from the cluster. The lim-
ited solubility of hydrochloric acid in water clusters
and even the observed quantitative limits seem to
be in fair agreement with the nice theoretical calcu-
lations of Agmon and co-workers on concentrated HCI
solutions,**® as well as with the recent studies of HCI
uptake by protonated water clusters in a flow reactor
under equilibrium conditions.150.151

The above examples show that hydrated clusters
can be considered to be miniature “nanosolutions”,
miniature droplets in which polar reactants can be
ionically dissolved and a variety of ionic reactions
studied. One can, for instance, use the dissolution of
an acid, e.g., HCl or HBr, to neutralize a base cation,
for instance, Na*t present in the cluster, resulting in
a cluster with “dissolved” chloride or bromide.'?
Interestingly, one again finds that this “neutraliza-
tion” only works for clusters above some critical size,
with Na*(H,0), clusters below n ~ 12 not reacting
with hydrogen halides at all; apparently at least 12
water ligands are needed to stabilize the three ions
in the solution: H* (or H30%), Na*, and Cl~. When
larger clusters with dissolved HCI (or HBr) are
allowed to fragment, as soon as the amount of solvent
drops below this n ~ 12 limit, the H" and CI~ ions
again recombine and hydrogen chloride (bromide)
evaporates from the cluster (Figure 9, top spectrum)

H"CI"Na"(H,0),, + hv — Na"(HCI)(H,0), —
Na‘*(H,0), + HClI

Similar “neutralization” reactions can naturally also
be carried out with clusters containing group Il or
111 metals, e.g., magnesium or aluminum. In clusters
of the “hydroxide” variety, e.g., MgOH*(H,0),, a true
neutralization takes place. The hydroxyl anion ap-
parently recombines with the proton, with the reac-
tion heat resulting in the evaporation of one or two
molecules of water,*? and one observes product ions
of the type MgCI*(H,0),-m. Quite analogous is also
the reaction of the aluminum hydroxide clusters,
except that here the neutralization and replacement
of the hydroxyls must occur sequentially in two steps,
Al(OH),+(H,0), — AI(OH,CI)*(H20);m — AICI+-
(H20),, with an intermittent formation of chloride—
hydroxide.'?4

Particularly interesting are the reactions of the
hydrated metal clusters, e.g., ions of the Al*(H,0),
type. Here again the primary step is apparently ionic
dissolution of the hydrochloric acid in the water
cluster, and this is followed by a reaction of the acid
with the metal with evolution of molecular hydro-
genl!

Al*(H,0),, + HCI —
Al"(H,0),_(HCI) + mH,0 —
AI(OH,CI)"(H,0),,_m__1 + kH,O + H,
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Figure 9. Mass spectra contrasting the reactions of HCI
with hydrated Na* and Ag*. Hydrated Na*(H,0), in the
top spectrum “dissolve” HCI only for n > 13, since enough
solvent is needed to stabilize three separate ions, Na*, H,
and CI~. This limit shifts in Ag*(H,0), in the botom
spectrum to n = 4, since the insoluble AgCI “precipitates”
out of the solution, and only one ion, H*, needs to be
stabilized by the solvent.1?

For smaller values of n, the second step is almost
immediate, but for hydrates above n ~ 25, the inter-
mediate AlT(H,0),(HCI) products with dissolved HCI
and prior to H; elimination are stable long enough
to be detected. From the relative intensity of the cor-
responding mass peaks one can estimate their life-
time to be about 100 ms. Again in subsequent colli-
sions with HCI the second OH anion is also replaced
by chloride, resulting in AICI,*(H,0), product ions.

The fact that the primary step is the ionic dissolu-
tion of the acid is confirmed by the experimental
observation that again the reaction of the Al*(H,0),
with HCI exhibits a lower limit of about n = 11.
Clusters with n < 11 simply collisionally fragment
but do not chemically react with the hydrochloric acid
at all. The hydrogen evolution observed in the large
clusters can essentially be viewed as a proton-
catalyzed metal oxidation and its dissolution in acid.
In the absence of a sufficient number of water ligands
to ionically dissolve the hydrochloric acid, the aque-
ous proton cannot form and the reaction cannot
proceed.

An interesting situation arises when the basic
cation present in the cluster and the anion of the
reactant acid form a highly insoluble product, which
would normally precipitate from a bulk solution. This
is, for instance, the case in the reaction of Ag*(H,0),
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clusters with hydrogen halides, HCI or HBr, which
is exemplified by the bottom spectrum in Figure 9.
The reactions here are quite similar to those observed
with, for instance, Na*; however, the minimum sizes
for the reaction to occur are in this case shifted.'?
When larger clusters with “dissolved” hydrochloric
acid are allowed to fragment, the last HCI molecule
does not evaporate around n = 12, as in the sodium
case, but only around n = 4. The reason is that a Na*-
(H20), with a dissolved HCI has to hydrate and
accommodate three ions: Na*, H*, and CI~, and this,
as shown above, apparently requires at least 12 water
ligands. In the case of the Ag" ion reaction, the
insoluble AgCI “precipitates” out of the solution (to
the extent one can talk about precipitation of a single
molecule) so that just a single proton needs to be
solvated.

In connection with insoluble inorganic salts, it
might still be mentioned that attempts to react
solvated metal cations with gaseous CO, and “pre-
cipitate” insoluble carbonates yielded negative re-
sults. The investigation revealed that the hydrated
Bat and Mg" cations exhibit no chemical reaction
with CO; on the time scale of the experiment. The
precipitation of the carbonate apparently first re-
quires dissolving the carbon dioxide and formation
of a carbonate anion. The “solubility” of CO, in the
clusters is apparently too small, and the only ob-
served process is a collisional fragmentation and a
gradual loss of water ligands.

D. Acid and Basic Clusters and Catalytic
Processes

When considering chemical reactions of the hy-
drated clusters, it is useful to remember that, for
instance, a hydrated H*(H,0), cluster with n ~ 55
water ligands has approximately the same relative
H™ concentration as a strongly acid solution with pH
= 0 and similarly an OH™(H;0), cluster with a
similar number of ligands has a hydroxyl ion con-
centration of a basic bulk solution with pH = 14. We
have already pointed out that indeed the clusters
behave in their reactions as a strongly basic or
strongly acid medium. Thus, the evolution of hydro-
gen in solvated metal cations is effectively a proton-
catalyzed process, and similarly ions containing, e.g.,
Al*(OH), cations can be neutralized by acids to yield
chloride or bromide salts.

The analogy with bulk solutions goes, however,
beyond simple inorganic reactions of the water
clusters. Also, numerous organic reactions are known
to be acid- or base-catalyzed, i.e., they proceed with
greatly enhanced rates in strongly acid or basic
solutions. While the detailed mechanisms of such
reactions vary and depend on the specific reactants,
the fundamental reason for the increased rate is
common to all: an ion, be it H" or OH™, binds to one
of the reactants and a neutral—neutral reaction is
thus converted to a much more efficient ion—neutral
process. In principle, one could expect that such a
coupling between the neutral reactant and the H*
or OH™ could take place equally well in the finite
cluster as in the bulk.

A well-known example of such a process is the so-
called “aldol condensation”, which is known to be in
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— HOCI + NO,~

Figure 10. Both “acidic” and “basic” water clusters react
with CIONO,, releasing hypochloric acid, HOCI, into the
gas phase and leaving an NO," or NO3™~ ion, respectively,
within the cluster. The nearly 100% reaction probability
per collision of the anionic “basic” process suggests that
this is more important than the cationic “acid” reaction,
which is about a factor of 20 less efficient.16!

aqueous medium preferentially base-catalyzed.'%?
The reaction shown schematically in Figure 12
involves a coupling of two organic compounds con-
taining carbonyl groups—aldehydes or ketones. In
this reaction, the o-CH group of one of the molecules
is essentially added across the CO double bond of the
other, which results in linking of the two molecules
via a new C—C bond. For instance, in the simplest
case, when the reactants are two acetaldehyde mol-
ecules, a C, molecule with both an aldehydic and an
alcoholic group, a so-called aldol, results, and this
reaction proceeds very efficiently in strongly basic
bulk agueous solutions. One can thus try to use the
large water clusters as the reaction medium, “dis-
solve” the acetaldehyde (or acetone) reactant, “evapo-
rate” the solvent, and examine the products.

When large water clusters are reacted, one finds
that indeed acetaldehyde (or acetone) molecules
undergo an efficient ligand exchange against the
water molecules and the carbonyl compound mol-
ecules can be “dissolved” in the cluster. Starting with
the “acidic” H*(H,0), clusters, the final product of a
long series of ligand-exchange and fragmentation
reactions is just a proton solvated by 2—3 aldehyde
molecules but with no “real” chemical reaction having
taken place, with no existing covalent bonds having
been broken, or new ones formed.

When, on the other hand, the “basic” OH~(H,0),
clusters are used as the reaction “medium”, a true
chemical reaction takes place. Similar to bulk basic
solutions, the final product of the reaction and
fragmentation can be identified as an aldolate anion,
i.e., effectively two acetaldehyde molecules linked via
a new C—C covalent bond between the carbonyl
group of one of the acetaldehydes and the methyl
group of the other. In the process not only are all of
the original water ligands lost, but also an additional
hydrogen which originates from one of the acetalde-
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Figure 11. Anionic cluster reactions with HCI. As exemplified by the size-selected O~(H,0)s, hydrated anionic clusters
exchange due to the high electron affinity of chlorine water ligands efficiently for HCI, resulting in a solvated chloride
anion. Eventually all water ligands are lost, with CI~(HCI),, n = 0—2, being the products. At longer times, the bihalide
anion, HCI,, is the major product with a minor parallel reaction channel forming Cl,~ anions. 23
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Figure 12. Acid—base catalysis in ionic water clusters:
condensation of two acetaldehyde molecules in OH~(H,0),
clusters results in an aldolate anion, the same way it occurs
in strongly basic solutions. Isotopic experiments confirm
that the lost atom is not the aldehydic hydrogen but
originates from the methyl group. They also show that the
top reaction proceeds reversibly back and forth, resulting
in isotopic exchange of the methyl hydrogens with the
solvent.152

hyde molecules. This shows that besides a new
chemical bond being formed, also a CH bond was
broken. Interestingly, one can show by selective
isotopic substitution of the acetaldehyde that the
hydrogen atom lost does not originate from the
aldehydic group but from the methyl*? (cf. Figure
12). In addition, with the deuterated compound
experiments one also finds that interesting and
efficient isotopic exchange reactions between the
methyl hydrogen atoms on the carbonyl compound
and the water solvent protons take place. The aldol

condensation reaction in clusters is naturally not
restricted to acetaldehyde but proceeds similarly, for
instance, in acetone and undoubtedly in other com-
pounds containing a carbonyl group.

E. Reactions of Water Clusters with Polar N
Organic Molecules: Hydrophobic and Hydrophilic
Interactions

Quite some time ago Kebarle and co-workers
investigated the reactions of hydrated proton clusters
with several polar organic molecules, including dim-
ethyl ether.’53 Ethers can be viewed as substituted
derivatives of water and possess a number of inter-
esting properties. Their oxygen atom can be the
acceptor part of a hydrogen bond, but unlike water,
they have no OH groups and cannot form donor
hydrogen bonds. Ethers also have appreciable dipole
moments, with a hydrophilic and hydrophobic end,
and unlike some of the compounds examined above,
e.g., HBr or NaCl, they have only a limited solubility
in water.

Similar reactions can very conveniently and in
considerable detail be investigated by the FT-ICR
technique. Such studies of the reactions of large H*-
(H20), clusters up to n ~ 75 with diethyl ether!®*
have revealed a very efficient exchange of the ether
molecules for the water ligands. At an initial stage
of the reaction a large variety of products is formed,
so that after a short time (about 3 s at a pressure of
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~1075 Pa) a very complex product pattern is ob-
served. After a somewhat longer time, however, these
mass spectra are appreciably simplified, with pre-
dominantly only a relatively small number of appar-
ently more stable product clusters remaining. These
more stable ions have the composition H*(H,O)n-
Etm+2 with up to m ~ 5—6. These then slowly further
fragment, so that after about 15 s, m = 1 becomes
the most abundant ion. After a sufficiently long time,
even this ion breaks up, and after about 30 s, mainly
the final m = 0 product, which is stable under the
conditions of the experiment, remains.

It is interesting to consider the structure of this
set of ions with increased stabilities. The m = 1 ion
is clearly a hydronium cation, H3O", with each of its
protons hydrogen-bonded to an oxygen atom of an
ether molecule. One can also easily understand the
structure of the m = 4 aggregate with four H,O
molecules as being a hydronium ion solvated with a
water molecule bound to each of its three protons.
This then leaves six peripheral protons on the three
water ligands, each of which again accommodates one
ether molecule. In general, each of the preferentially
stable ions represents a network of a few hydrogen-
bonded water molecules with each of the remaining
dangling OH groups being bound to an ether mol-
ecule. In principle, these species are a cluster of
hydrogen-bonded species, which owes its preferential
stability to a closed hydrophobic solvation shell
protecting them from attack by other polar ether or
water molecules.

One might perhaps note that the principle of
stabilizing the clusters by a hydrophobic shell is in
some respects similar to the forces stabilizing, for
instance, micelles in bulk solutions. The hydrophobic
repulsions also represent one of the types of interac-
tions important in stabilizing cells and other biologi-
cal systems. With a suitable choice of surfactants, it
might not be without interest to investigate the
stability and reactions of micelle-like structures in
an FT-ICR mass spectrometer.

Another point worth mentioning is that from the
above-mentioned group of particularly stable ions,
the m = 2 one is easily recognized as the previously
discussed Zundel cation, i.e., an H,O-H"-OH> ion,
with four ethyl ether molecules terminating the
dangling OH groups. Unlike the hydrated hydro-
nium, the m = 1 ion, which in the course of the
fragmentation process remains the most abundant
ion for a relatively long time, the m = 2 species
exhibits no particular stability. At no time is it the
most abundant ion, and its stability seems to be
comparable to that of, for instance, the larger m = 3
or 4 species. This again supports the notion that the
“Eigen” hydronium cation provides a much more
useful concept and description of the positive charges
in agqueous solutions than the “Zundel” ion, as already
discussed in one of the previous sections.

As a final remark, one might note that eventually
all water ligands are lost and the final product of
fragmentation is the m = 0 ion, i.e., a proton solvated
by two ether ligands. This simply reflects the fact
that diethyl ether with its higher proton affinity than
water eventually wins the competition for the proton.
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F. Water Clusters as Model Systems for
Atmospheric Reactions

Even though ions represent only a very minute
fraction of the atmosphere, they have a dispropor-
tionate influence on many atmospheric phenomena.
lons occur in the atmosphere with relatively high
abundance only at altitudes above ~60 km, and
water and hydration play important roles in their
chemistry. In the atmosphere there are several
sources of ionization; at higher levels, in the so-called
E and F regions (above ~90 km), extreme solar UV
and X-rays are the major causes of ionization. Below
about 60 km, galactic cosmic rays and even lower in
the troposphere radioactive decay are the prevailing
ion sources. The open-shell oxides of nitrogen, NO
and NO,, have among the common components of the
atmosphere the lowest ionization potentials, and
indeed Lyman—a ionization of NO as well as meta-
stable Ay O, become the most important sources of
ions in the so-called D region (70—90 km).

Investigations of the abundance of ions in the
atmosphere led to the interesting observation of a
sharp boundary at around 85 km. Above this altitude
one indeed finds that NO* as well as O," ions
dominate. Below it, on the other hand, solvated
proton clusters H"(H,0), are the most abundant ions.
An understanding of this sharp change in ionic
abundance was provided by a series of elegant mass-
spectroscopic studies in flowing afterglows pioneered
by Ferguson and co-workers'®® and by a related
investigation using the selected-ion flow tube (SIFT)
techniques.’® These revealed that in the presence of
traces of water, the O,* readily forms the hydrated
0,"(H,0) and O,"(H,0), clusters. Reactions with
further water molecules, however, result in a switch
in the ionic core

0,"(H,0), + H,0 — H"(H,0), + 0, + OH

A similar sequence of reactions is also found to occur
for the hydrated NO™ ions. A direct addition of water
to NO* was found to be too slow to account for its
disappearance, but hydrates are formed indirectly,
first by addition of, e.g., molecular nitrogen, forming
an NO*'N; ion, which then ligand-exchanges with
water to form NO*(H,0O) and can then attach ad-
ditional water to yield NO*(H,0),. The dihydrate ion
then similar to the oxygen case reacts with additional
water molecules resulting again in a core switch,
yielding a nitrous acid molecule and a hydrated
proton

NO"(H,0), + H,0 — H"(H,0), + HONO

The conversion of the primary NO* and O, ions into
the hydrated proton clusters requires stabilization
by three-body collisions, a process which depends on
the third power of pressure. It is this steep pressure
dependence of the complex formation which is re-
sponsible for the relatively sharp atmospheric bound-
ary: above about 85 km the three-body collisions are
too infrequent to allow the complex stabilization. The
change in the core ion could recently be beautifully
confirmed by infrared-spectroscopic studies of size-
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selected NO*(H,0), clusters for n < 5, which showed
clearly that above n = 3 the cluster is a hydrated
proton with an attached nitrous acid, HONO, mol-
ecule.’ While according to some more recent stud-
iest58159 the exact number of water ligands needed
for the core switch to occur is still somewhat contro-
versial, there seems little doubt that the ionization
of nitrogen oxides, hydration of the ions, and the
subsequent core switch make an essential contribu-
tion to the formation of hydrated proton clusters in
the upper atmosphere.

Water is also involved in another important pro-
cess, a seasonal depletion of stratospheric ozone in
polar latitudes, more commonly referred to as “ozone
hole”. The primary causes of this phenomenon are
halogens of anthropogenic origin which essentially
catalyze the destruction of ozone.'%° Halogens have
long lifetimes in the stratosphere, but they are
gradually converted into more stable and less chemi-
cally active forms, so-called “reservoir compounds”,
mainly HCI and chlorine nitrate, CIONO,. When the
polar winter temperatures drop below about —80 °C,
the so-called polar stratospheric clouds (PSCs) may
form, despite the low water content of the strato-
sphere. These clouds consist of microscopic ~1—10
um particles containing water, nitric acid, and its
hydrates (NAT). The reservoir compounds HCI and
CIONO; may also condense on these particles, with
heterogeneous reactions on their surface converting
them back to more active species. During the polar
spring, when the temperatures rise again and the
PSC's evaporate, the halogens in their active form
are returned to the stratosphere and produce, by
their catalytic effect, the observed ozone deple-
tion.

The large ionic water clusters in an FT-ICR instru-
ment can be viewed as interesting model systems for
such stratospheric processes; their reactions with
both HCI**123 and CIONO,'®! have recently been
investigated. Chlorine nitrate was found to react
rather efficiently with both anionic and cationic
clusters, in each case being hydrolyzed on the cluster
surface to yield nitric acid and hypochlorous acid,
HOCI. In the case of the “acid”, H'-containing
clusters, the efficiency was estimated to be ap-
proximately 4% of the collisional rate and the HOCI
produced was found to “evaporate” almost immedi-
ately from the cluster

H"(H,0),,+ CIONO, —
H"(H,0),_,(HNO,)(HOCI) —
H"(H,0),_,(HNO,) + HOCI

There was an interesting break in the distribution
of the H*(H,0)m(HNO3) products, with clusters with
n > 6 and m = 0 being abundant, the m = 2 and 3
appearing only weakly and m = 4 and 5 almost
completely missing. This observation is due to a
change in the internal structure of the cluster and
in its “ionic core”. While the larger clusters are indeed
hydrated protons with a “dissolved” nitric acid mol-
ecule, the very small species do not contain a proton
but are better described as NO,"(H,0)n, with m =
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0—2. This is a further example of the effect of
hydration: while the ionization potential of a hydro-
gen atom is 1312 kJ/mol, that of NO; is only 944 kJ/
mol. The presence of at least four water ligands can
offset this difference and make the solvated proton
more stable. This size-dependent change in internal
structure could again be nicely demonstrated by
infrared spectroscopy. Spectra of the size-selected
hydrated NO,"(H,0), species up to n = 5 confirmed
that while the small n < 3 clusters indeed have the
NO,"(H,0), structure, those with n > 4 are better
described as hydrated proton clusters with a nitric
acid molecule attached, H"(H20),(HNO3).1%2 It would
be interesting to extend the spectroscopic study to
even larger-size clusters, in particular, to above n =
6, where undoubtedly ionic dissociation of the nitric
acid and formation of a second proton and a nitrate
anion, NOz~, must take place. In collisional fragmen-
tation studies of hydrated NO,"(H,0), clusters by
Stace and co-workers, both H,O ligand loss and loss
of HNO;3 were observed.163

Like the cationic clusters, also the anionic, basic
water clusters react rather efficiently with chlorine
nitrate but with several differences. The reaction rate
of the anions is about a factor of 20 higher than that
of the cations and approaches the collisional rate. In
addition, one observes in contrast with the proto-
nated “acid” clusters, in particular for the larger
clusters, at least transiently chlorine-containing prod-
ucts with appreciable intensities

OH™(H,0), + CIONO, —
NO, (H,0),(HOCI) —
NO, (H,0),_, + HOCI + kH,0

In the anionic case, the HOCI is apparently bound
somewhat more strongly to the “basic” cluster and is
retained in about 50% of the primary product ions,
but in the subsequent blackbody fragmentation, all
of the hypochloric acid is lost just as in the case of
the cations.®%161 The reaction mechanisms of both
“acid” and “basic” cluster reactions are shown sche-
matically in Figure 10. The weakly bound nature of
HOCI and its efficient loss in collisional fragmenta-
tion was also reported in a recent study of hydrated
chloride clusters, Cl~(H,0),.164

Recent flow-tube studies of chlorine nitrate reac-
tions with water ice surfaces also reported an efficient
formation of gaseous HOCI and described it by a
neutral mechanism.®51% It should, however, be noted
that real PSCs are far from pure water, containing
considerable quantities of nitric and sulfuric acid and
consequently a high concentration of ionic species.
The latest theoretical treatment of the problem
suggested the importance of proton-transfer reac-
tions.1677189 |n view of the much higher efficiency
observed in the cluster studies for the “anionic”, OH™-
containing clusters than for the protonated species,
a “basic” reaction mechanism of Figure 10 appears
perhaps more likely. The efficient formation of HOCI
and its facile evaporation from the clusters may have
important implications for the stratospheric reac-
tions. It also suggests that molecular Cl; is unlikely
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Table 3. Experimental Studies of Cationic Water Cluster Reactions. This Table Provides a List of Reactive
Studies for Reference Purposes

major products? or

type of cluster size range reactants dominant type of reaction method® ref
H*(H20)n 1-3 H,S proton transfer observed FT 177
CH,0
HCOOH
CH3;OH
CH3CHO, C;Hs0H,
CH3COOH, HCOOCH;
(CH5),0
(CHs),CO
NH;
1-4 CH3CN proton transfer, ligand switching FT 178
~50—850 He H*(H20)n-1 CcC 179
Ar
CsFsg
CsFs
2-11 CH3;OH proton transfer, ligand transfer FT 56
NH;
CH3CN
CH3COCH3
CsHsN
1-7 CH30OH proton transfer HPMS 153
C,HsOH
CH3CN
furan
(CH3).CO
thiophene
(C2Hs).0
pyrrole
pyridine
—30 CH3;OH H*(H20)m(CH30H), FT 180
1-60 CH3;CN proton transfer, ligand switching, FT 181
CH3COCH3, CH3COOCH:;s association
1-22 CHsCN ligand switching FT 182
1-4 ND3 HND3+(H20)n-2 GIB 183
3—30 N2Os H*(H20)n-1(HNO3) + HNO3 FT 50
5-25 CIONO, NO+(H20)m + (HOCI) MB—-PU 184
2-6 Xe H*(H20)m GIB 58
n=>1°¢ CIONO; NO; + (H20)o,1, NO, + HOCI FT 185
1-4 isoprene proton transfer FT 186
diethyl ether
ethanol
methanol
ethyl acetate
acetaldehyde
acetone
2-35 HCI (H30)2(CI7)(H20)m ICR 40
2-28 CIONO; NO,+(H20)m + HOCI ICR 161
3-75 (C2Hs).0 H*(H20)m((C2Hs)20), ICR 154
2—-80 (CHj3).CO ligand exchange ICR 152
CH3;CHO ligand exchange, fragmentation
1-3 C4HsS proton transfer CcC 187
1-4 (CHj3)sCOH proton transfer IMS 188
1-6 (CH3).S ligand switching FT 189
1-5 (CH3),SO H*(CH3SOCH?3)(H20)n-m, FT 190
m=1-4
1-4 OH™(H20)1-4 H + mH,0 MB 191
D*(D20)n 1-30 DNO3 D*(D2,0)n(DNOQO3), n = 5 FT 192
11-48 n HCI D*(HCI)y(D20)m, y = 1—4 FT 150, 151
NO*(H.0), 0-3 H,0 H;0*(H20), + HNO; FT 193
Mg*(H20)n 17-40 HCI MgCIH(H20)m + H ICR 42
MgOH*(H20)n 9-16 MgCI*(H20)m
Al*(H,0)n 11-45 HCI AI(OH)CI*(H20)m + Ha ICR 124
Al(OH),+(H20), 7-18 AI(OH)CI*(H20)m
Ag*(H20)n 11-26 HCI H3;O*(AgCl)(H20)m ICR 12
Na*(H.0)n 12-28 (Na™)(Cl)~(Hz0)"(H20)m
M2 (H,0)p; n<14 H,0, NH3 three body association CC-EsSlI 146, 147

M = Be, Mg, Ca, Zn

a Product notation follows that of the original references, while it is emphasized the seeming structural implications of the
given notation are not proven in all cases but sometimes only suggested. ® Abreviations are as follows: CC, collision cell; FT, flow
tube; GIB, guided-ion beam; SIFT, selected-ion flow tube; TMS, tandem mass spectrometry; ICR, ion cyclotron resonance; MB,
merged beams; IMS, ion mobility spectroscopy; MB—PU, molecular beam pickup. ¢ The cluster size was not specified.
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Table 4. Experimental Studies of Anionic Water Cluster Reactions

major products? or

type of cluster size range reactants dominating type of reaction method® ref
OH~(H20), 0-59 CH3CN proton transfer and ligand switching FT 49
O~ (H20)n hydrogen transfer
0O, (H20)n slow association
O3 (H20)n slow association
Xi(Hzo)n; 0-5 N,Os5 NO37(H20)0'1 FT 51
X = OH, O, OzH, 02, 03
O~ (H20)n 0-2 0, 037 (H20)01 FT 194
COz C037
CO e
NO products
SO, products
CH,4 no reaction
N.O no reaction
H.O no reaction
0-2 H, e”, OH (H0) + H FT 195
D, e”, OD(D:0) + D
OH~(H:0), 1-3 CO, HOCO;-(H20)0.1 GIB 196
0-3 CO, OH~(COy) T™MS 197,198
SO, OH_(SOZ)
NOZ OHf(NOZ)
0-2 CH3ClI Br~(H20)0,1, CI7(H20)0.1 + CH30H, TMS 199
CHsBr CHCI~, Ch,Br-
OH~(H20)01
0-11 HBr Br(H20)m FT 200
0-2 ethanol proton transfer FT 186
methanol

ethyl acetate
acetaldehyde

acetone
02 (H20)n 0—4 Os Os-(H20)n-1 + O FT 201
NO 0,-(NO)(H50)n_1
S0, SO4-(H20)m
CO; COs-
O,H~(H20), 0—2 CH3CN CH,CN~, CN~ FT 202
CO, HCng(Hzo)n
SO, HSO37(H20)n' HSO47(Hzo)n
O,H(CO2)n 1 CO no reaction FT 203
N.O no reaction
NO no reaction
NO; no reaction
N,Os5 NO3~
HNO3 NO5~, HNO, (HNO3)
SO; HSO4~
Of(DzO)n 0-3 DNO3 NO37(D20)0'1 FT 204
OD_(Dzo)n No3_(D20)0'1
Ozf(DQO)n N037(D20)0,1, (OzDN03)7
DOzf(Dzo)n Nng(Dgo)ovl, (DOZDN03)7
ng(Dzo)n NO37(D20)0'1
O (D:0)n 0-5 NO NO, (D20)m FT 205
OD~(D20)n no reactions
Oz_(Dgo)n OONO_(Dzo)m
DOQ_(Dzo)n NOQ-(Dzo)m + OD
X~(D20)s: 0-4 ClL,0 CI-(DOCI), CIO~(DOCI) FT 206
X =0, 0D, Oy, DO, O3
NO, (H20)n 0-2 N.Os NOs-, (NOzHNO3)~ FT 207
NO3_(H20)n 1,2 (NO3HN03)_
NOz_(DQO)n 0-2 Cl,O NO_(Dzo)ovl, (CleNOz)_ FT 208
NO3(D20)n 0-2 CLO™
CI-(D;0)n 0-2 Cls~, ClsO™
CI-(D;0)n 0-3 CIONO; NO5 (D20)n_1 FT 164
(HO),PO, (H,0)n 0-2 Ar, A POs;~ + H,0 (n = 1 only) cc 209
H.0 (HO)2PO2™(H20)n+1 210
OH~(H,0), 1-50 HCI CI-(H20)n_» ICR 123
O (H20)n CI-(H20)m + OH, CIHO"(H.0),
X~(H30)n; X = OH, O 2-100 CIONO; NO3-(H20)m, NO3-(HOCI)(H20)m ICR 161
OH~(H,0)n 2-30 CH3CHO (CH3CO0)~(H20)m + H, ICR 152
O~ (H.0), CH,CHO " (H20)m
02 (H20)n 1-33 hy Oz (H20)n-m, O (H20)n T™S 211
F_(Hzo)n 0-5 CH3Br Br‘(HZO)M FT 212

F_(Hzo)z(CHgBr)
Ff(Hzo)gg
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Table 4 (Continued)
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major products? or

type of cluster size range reactants dominating type of reaction method® ref
F_(Dzo)n 0—6 Cl, Cl_, Fclz_(Dzo)m + (n — m)DQO, m=<n FT 213
CI=(D20)n 0-8 Cl, Cl37(D20)m + (n — m)D,O; m < n
Br=(D2O)n 0—-16 Cl, BrCl, (D20)m + (n — m)D,O; m < n
17(D20)n 0—-13 CI~, ICI, (D2O)m + (n — m)D2O; m < n
17(H20)n 1-25 HCI 17(H20)m(HCI) ICR 126
Cl=(H20)n 0-5 N2Os NO;~(H20)m + CIONO ICR 214
Br-(H20)n 0-5 NO;-(H20)m + BrONO
(H20)n- 15-30 0, O,-(H20)n—7 MB—PU 171
CO; CO,-(H20)n-3
NO Nof(Hzo)n—s
Nzo Of(Hzo)n—s + N2
Br; Brf(Hzo)nfs + Br
CHsBr Brf(Hzo)n74 + CH;
(H20)n~ 6—25 DO D20(Hz0)n-1~ + H20 MB—PU 170

a Product notation follows that of the original references, while it is emphasized the seeming structural implications of the
given notation are not proven in some cases but sometimes only suggested. ® Abreviations are as follows: CC, collision cell; FT,
flow tube; GIB, guided-ion beam; SIFT, selected-ion flow tube; TMS, tandem mass spectrometry; ICR, ion cyclotron resonance;
MB, merged beams; IMS, ion mobility spectroscopy; MB—PU, molecular-beam pickup up.

to be formed directly but more probably in a two-step
process involving HOCI intermediates.

G. Selected other Reactions of Water Clusters
and Hydrated lons

The few topics on which we concentrated on the
previous pages are naturally far from comprehensibly
covering the available literature on water clusters
and their reactions. The research in this area is so
extensive that an exhaustive review would require
several volumes. As already noted in the Introduc-
tion, we have therefore attempted to focus our
discussion mainly on studies of the ionic water
clusters using the FT-ICR technique, which is also
central to the work done in our own laboratory, and
addressed other areas more superficially when needed
for comparison or when appropriate to clarify some
point. Even the discussion of ionic water clusters is
not exhaustive, but we have tried to focus on those
clusters which we judged of particular interest and
which have not recently been reviewed elsewhere.
In Tables 3 and 4 we list, in addition to the reac-
tions explicitly discussed in this review, a variety of
other previously reported reactions of hydrated ion
clusters with both organic and inorganic compounds.

We have already mentioned superficially solvated
electrons, e~ (H,0),, which are a fascinating topic and
where there is now extensive literature on experi-
mental and theoretical studies in this area by Johnson,
Bowen, and other investigators.1®7980.167 \While the
laser vaporization source of the type used in our
laboratory only produces large species (n > 20), with
special care much smaller clusters can be generated
also. The fact that besides the presumably dipole-
bound dimer anion, n = 2, the smallest negative
water cluster observed is the hexamer may reflect
the fact that n = 6 is believed to be the smallest
cluster with a truly three-dimensional structure,
since the n = 3, 4, and 5 neutral species exhibit
nearly planar ring geometries. The hydrated electron
clusters exhibit numerous interesting reactions: they
easily transfer the extra electron to molecules with
a higher electron affinity and undergo a variety of
ligand-exchange reactions. They can also attach an

additional ligand with simultaneous detachment of
the electron.’’®171 There is also a wide range of
interesting areas worthy of further study. Quite
interesting are the effects of a blackbody radiation
on the solvated electron clusters and the competition
between fragmentation and electron detachment. In
any event, solvated electron clusters are one example
of a subject which was previously reviewed, but when
considering the activity in this field, a new review
would probably not be out of place.

As already mentioned, discharge sources also yield,
besides clusters containing OH~(H;0),, smaller quan-
tities of other ions with usually hydrated O~ clusters
ranking second in abundance. These open-shell ions
are also of considerable interest and seem to be much
more reactive than the OH™ species; for instance,
they seem to react with acetaldehyde about an order
of magnitude more efficiently than the hydroxyl-
containing ion and presumably oxidize it to acetate.'>?
As a possible explanation for the reactivity difference,
it was suggested that while the OH~, which may form
a hydrogen bond, is solvated internally, the O~ anion
may reside on the surface of the clusters.

V. Summary

While bulk water and pure neutral water clusters
have been extensively studied, water containing im-
purity molecules or ions is at least an equally impor-
tant topic. In general, the properties of water are
drastically modified by impurities: impurity ions give
it its electric conductivity and other properties, con-
trol its acidity and pH value, and have a decisive ef-
fect upon its chemical reactivity. The very importance
of water as an industrial solvent, on the one hand,
and as a cause of corrosion, on the other, implies the
importance of “impure” water. Similarly, while water
is the solvent of life, from a biological point of view
living organisms could not survive in pure water.
This importance of aqueous solutions and molecule
and ion hydration provide one of the motivations for
studying ionic water clusters and hydrated ions.

lon sources, in particular sources combining pulsed
supersonic expansion with laser vaporization, permit



4084 Chemical Reviews, 2000, Vol. 100, No. 11

the production of hydrated ions of the type X*(H,0)s,
where X can be an anion or cation of essentially any
atom or of a simple molecule and the number of
ligands can easily range up to ~200. Such hydrated
clusters, when trapped in high vacuum of an FT-ICR
mass spectrometer, gradually fragment due to ab-
sorption of the blackbody radiation from the ap-
paratus walls. The blackbody fragmentation pro-
vides a simple way of gently removing the solvent
molecules one by one and observing its effect upon
the ion stability and reactions occurring in the
cluster.

Clusters containing protons, H*, on the one hand,
or OH~, on the other, are in many respects found to
behave as an acid or basic aqueous medium, respec-
tively. These ionic water clusters thus provide an
interesting medium, in which a wide range of sub-
stances can be dissolved, and numerous solution
processes such as ionic dissolution, ion recombina-
tion, neutralization or precipitation reactions, proton
transfer, as well as reduction—oxidation reactions can
be investigated in microscopic detail. The water
clusters can also “dissolve” numerous organic com-
pounds and can be used as a medium for studies of
agueous organic reactions.

Many important atmospheric processes are at least
in part due to heterogeneous reactions occurring on
the surface of atmospheric aerosols and droplets or
to reactions of hydrated ions. Some examples are
smog formation, the seasonal stratospheric ozone
depletion on polar stratospheric clouds, or formation
of halogens from marine aerosols. Hydrated clusters
of a suitable composition can thus provide simplified
model systems for convenient laboratory studies of
these processes. Thus, catalytic decomposition of
chlorine nitrate on the water cluster surface or
reactions of hydrochloric acid with ionic water clus-
ters represent some examples recently studied.

Coupling of tunable lasers to ICR-MS instruments
permits a convenient and direct means for studies of
spectroscopy of ionic water clusters and solvated ions
via their photofragmentation or fluorescence. The few
studies reported in this area have already yielded
interesting information about cluster stabilities and
internal structures and provide bright perspectives
for future investigations in this direction.

The blackbody fragmentation itself gives interest-
ing qualitative information about cluster stability
and indirectly can yield some insight into their struc-
ture. The use of ICR cells with heated walls extends
the usefulness of this method to studying the stability
of more strongly bound species and permits via
temperature dependence more quantitative determi-
nations of the binding energies. Similar experiments
with cooled cells should in the future permit exten-
sion of such investigations in the opposite direction
to more weakly bound species and hydrates. It should
also make a much wider range of water cluster sizes
amenable to experimental study and allow easier
control of the cluster internal temperature. Combined
with electrospray sources, a variety of biological
systems can be studied also, and an apparatus
designed for this purpose in our laboratory is cur-
rently being completed.

Niedner-Schatteburg and Bondybey
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