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Abstract: Cationic water clusters containing iodine, of the composition I(H2O)n+, n ) 0-25, are generated in
a laser vaporization source and investigated by FT-ICR mass spectrometry. An investigation of blackbody
radiation-induced fragmentation of size-selected clusters I(H2O)n+, n ) 3-15, under collision-free conditions
revealed an overall linear increase of the unimolecular rate constant with cluster size, similar to what has been
observed previously for other hydrated ions. Above a certain critical size, I(H2O)n+, n J 13, reacts with HCl
by formation of the interhalide ICl and a protonated water cluster, which is the reverse of a known solution-
phase reaction. Accompanying density functional calculations illustrate the conceptual differences between
cationic and anionic iodine-water clusters I(H2O)n(. While I-(H2O)n is genuinely a hydrated iodide ion, the
cationic closed-shell species I(H2O)n+ may be best viewed as a protonated water cluster, in which one water
molecule is replaced by hypoiodous acid. In the strongly acidic environment, HOI is protonated because of its
high proton affinity. However, similar to the well-known H3O+/H5O2

+ controversy in protonated water clusters,
a smooth transition between H2IO+ and H4IO2

+ as core ions is observed for different cluster sizes.

1. Introduction

Chlorides are the most abundant anions in seawater; other
halides also occur in appreciable concentrations. Aerosols
originating from seawater are also believed to be one of the
major sources of halogens in the atmosphere. Ionic water clusters
containing halogens are suitable, simplified model systems for
aerosol studies, and it is therefore not surprising that they have
been extensively investigated both experimentally1-8 and
theoretically.9-14

For small systems such as X-(H2O) (X ) F, Cl, Br, I),
spectroscopic data exist. Vibrational predissociation spectros-
copy studies by Bailey et al.15 and Okumura and co-workers16

suggested that the water molecule in I-(H2O) forms a single
hydrogen bond to the iodide anion. For larger solvated systems,
the situation is not so clear. The questions of whether the halide
is inside the clusters or on their surface, and how many water
molecules are necessary for its complete solvation, are among
the hotly discussed topics in halogen hydration. Most of the
published studies deal with anionic halide-water species.

Using the FT-ICR technique with an efficient external source,
one can study solution chemistry in finite clusters and gain a
microscopic, molecular-scale understanding. An interesting and
useful common property of all hydrated clusters is that even in
the collision-free environment of the FT-ICR instrument, they
gradually fragment due to absorption of the blackbody infrared
radiation from the room-temperature apparatus walls.17-23 One
finds that for most such hydrated systems, for instance
Al+(H2O)n, Mg+(H2O)n, or Ag+(H2O)n with metal core ions,
the fragmentation rates are roughly proportional to the number
of ligandsand,consequently, thenumberof infraredabsorbers.21-23

We have recently examined fragmentation of the I-(H2O)n
anions and their reactions with HCl using Fourier transform
ion cyclotron resonance mass spectrometry (FT-ICR).1 While
it is not to be expected that hydrated iodine cations, with I+ in
its triplet ground state, would be of great chemical relevance,
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it is still an intriguing question whether a cluster of the
composition I(H2O)n+ would exist and how it would behave. If
the clusters had a singlet ground state, one could also formulate
them as H+(H2O)n-1(HOI), that is, as a protonated water cluster
in which one water molecule is replaced by hypoiodous acid.
Cationic iodine containing water clusters therefore could be a
promising candidate for studying the chemistry of hypoiodous
acid in a strongly acidic environment.

Starting with the computational work by Glukhovtsev et al.24

on their acidities and proton affinities, hypohalous acids have
attracted growing attention in the physical chemistry commun-
ity.25-29 Given the relevance of hypohalous acids for atmo-
spheric chemistry,24 we considered it worthwhile to examine
the properties of potentially HOX-containing clusters in our FT-
ICR mass spectrometer. This paper reports our experimental
and computational results with I(H2O)n+ clusters.

2. Experimental and Computational Details

The experiments were performed on a modified FT-ICR mass
spectrometer, Spectrospin CMS47X,30 equipped with an external
molecular ion beam source, a 4.7-T superconducting magnet, and a
60- × 60-mm cylindrical “infinity” cell.31 I(H2O)n+ clusters were
produced in a disk-type laser vaporization source.32,33 Compressed
sodium iodide (Merck, 99.5%+) was vaporized with the focused 532-
nm radiation of a Nd:YAG laser Continuum Surelight II operating at
10 Hz, with typically 10 mJ pulse energy in 5-ns pulses producing the
initial plasma. The laser vaporization was synchronized with pulses of
helium carrier gas seeded with water vapor, which were supplied by a
home-built piezoelectric valve with 50µs opening time. Typical
pressures of water and helium are 35 mbar and 10 bar, respectively.
The salt plasma entrained in the helium-water pulse was subsequently
cooled by flowing through a confining channel and by subsequent
supersonic expansion into high vacuum, resulting in cluster formation.
The cluster ions were transferred into the high-field region of the
superconducting magnet by a system of electrostatic lenses and stored
inside the ICR cell. To improve the cluster ion signals, up to 20 injection
cycles were accumulated at the 10 Hz repetition rate of the Nd:YAG
laser, prior to the reaction delay and detection.

Cluster fragmentation was studied at a pressure of about 4× 10-10

mbar, which corresponds to about one collision with the residual gas
on the order of 100 s. Under these conditions, the clusters gradually
fragment due to absorption of the blackbody infrared radiation from
the ambient-temperature apparatus walls. The temperature of the
vacuum tube enclosing the ICR cell was kept at a nearly constant value
of T ) 291( 5 K with the help of water flowing through the cooling
jacket. Fragmentation rate constants were determined by fitting the
observed decay of the signal of the size selected ion as a function of
reaction time to the first-order reaction kinetics. To investigate reactions
of the clusters with hydrogen chloride, the reactant HCl gas (Aldrich,
99%+) was used without further purification and introduced into the
ultrahigh-vacuum region via a needle valve, maintaining a constant
pressure of about 1.0× 10-8 mbar.

All calculations were carried out on either an SGI Power Challenge
or a DEC Alpha Station 500 using the three-parameter hybrid Hartree-

Fock/density functional (B3LYP) method described by Becke34,35 as
implemented in the Gaussian9436 program package. For oxygen and
hydrogen, the 6-311++G(3d,3pd) basis set, treating explicitly all
electrons with two diffuse and three polarization functions, was
employed. For iodine, the quasi-relativistic effective core potential basis
set of the Stuttgart/Dresden group37 on a seven-valence-electron
pseudopotential with one d polarization function, denoted SECP, was
used. All geometries were fully optimized and verified to be local
minima on the potential energy surface by frequency calculations.
Single-point energies were zero-point corrected.

3. Results and Discussion

Density Functional Calculations.To compare the data of
the literature16 with the results presented in this work and check
the reliability of the chosen method and basis set, the anionic
iodine-water cluster I-(H2O) was recalculated. A linear
geometry for the hydrogen bond withCs symmetry and an
I‚‚‚H bond length of 2.68 Å was found to be the global minimum
on the potential energy surface of I-(H2O).With a scaling factor
of 0.965, the calculated vibrational frequencies of 3408 and 3721
cm-1 for the hydrogen-bonded OH stretch and the free OH
stretch, respectively, are in excellent agreement with the
experimental results of Johnson et al.16 Their vibrational
predissociation spectroscopy yielded 3415 and 3710 cm-1,
respectively.

To further test the reliability of our computational approach,
especially with regard to bond dissociation energies, we
compared the two proton affinities of HOI at 0 K with the G2-
(ECP) results by Glukhovtsev et al.24 The values of 720 and
637 kJ/mol they report for protonation at the oxygen and iodine
atoms, respectively, compare very favorably with our results
of 717 and 629 kJ/mol. In both cases, the relative difference is
of the order of 1%, and the absolute deviation lies within the
“chemical error” of 8 kJ/mol. In our study, we optimize the
geometry at the same level of theory at which the single-point
energy calculations are done, while in G2 theory, geometries
are optimized at a lower level of theory than that of the final
energy calculations, which might cause these small deviations.
However, considering how very different the G2 and DFT
approaches are, the agreement is excellent.

Various optimized geometries of I(H2O)n+, n ) 1-4, are
displayed in Figure 1, together with key geometry parameters.
All species are found to have singlet spin multiplicity. The ions
exhibit structures consisting of a positively charged “central”
H2IO+ and H4IO2

+ subunit, solvated by additional water ligands.
This might be expected on the basis of the proton affinity of
HOI, which is considerably higher than that of H2O. Somewhat
surprisingly, in the latter ion, not the small proton but the bulky
iodine atom is found to be bridging the two water molecules.

The length of the I-O bond is found to depend sensitively
on the local environment and on the state of solvation of the
ion. In general, asymmetric solvation of the iodine tends to
shorten the I-O bond length. Thus, while in the symmetric
H4IO2

+ cation 2 both bonds are 2.29 Å, in the H2IO+(24) Glukhovtsev, M. N.; Pross, A.; Radom, L.J. Phys. Chem.1996,
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monohydrate it is shortened to 2.14 Å. Additional asymmetric
hydration shortens the I-O bond length further, from 2.09 Å
in 3 over 2.07 Å in5 to 2.06 Å in8. This shortening of I-O
bond length is accompanied by a considerable elongation of
the O-H bonds of the central ion. In structure8, one hydrogen
bond even looks very much like a proton bond, with H-O bond
lengths of 1.12 and 1.31 Å, instead of the more typical 1.00
and 1.56 Å on the less solvated side in the same cluster.

Similarly, additional asymmetric hydration of2 by one or
two water molecules shortens one I-O bond length to 2.21 Å
in ion 4 and 2.16 Å in7, while at the same time the other one
is lengthened to 2.36 and 2.42 Å, respectively. Apparently, the
asymmetric solvation tends to localize the positive charge in
the region of one of the I-O bonds, resulting in stronger binding
and in bond shortening. A symmetrical substitution of2 on both
ends, on the other hand, has little effect on the I-O bonds,
which are both only marginally shortened in6 from 2.29 to
2.27 Å. The situation resembles very much the permanent
transition from H3O+ and H5O2

+ in protonated water clusters,
where, depending on the cluster size and state of solvation, one
or the other structure is stabilized.38 To make the situation even
more complex, proton-bound structures emerge with more
extreme asymmetric solvation, as can be seen in8. All these
variations differ in energy by less than the contribution of a
single hydrogen bond. The trends with increasing solvation are
therefore impossible to predict.

The relative energies listed in Table 1 give some insight into
the geometry trends. In general, the symmetrical species2, 4,
and6 based on the H4IO2

+ core are about 20 kJ/mol lower in
energy than the asymmetric H2IO+-based isomers3, 5, and8.

This difference is on the order of the energy of a single hydrogen
bond and seems to decrease somewhat with the increasing
number of ligands. It is possible that with the increasing cluster
size, the formation of closed rings containing an H2IO+ subunit
may become more favorable. The natural partial charges39 on I
and neighboring O atoms, listed in Table 2, also illustrate the
smooth transition and relative insensitivity of the iodine to its
surroundings. Upon solvation, a partial charge of 0.50-0.55 e
is stabilized on the iodine.

Blackbody Radiation-Induced Fragmentation.Fragmenta-
tion of the I(H2O)n+ clusters in the range up ton ≈ 30 was
studied and found to consist of a simple, sequential loss of water
ligands. In no case was a loss of iodine or HOI detected. By
fitting the decay of the intensity of mass-selected iodine-water
clusters as a function of time to first-order reaction kinetics,
one obtains the fragmentation rate constants. The rates obtained
in the present work in this way for the I(H2O)n+, n ) 4-15,
are shown as open circles in Figure 2 and compared in Table 3
with similar measurements for the anionic I-(H2O)n, n ) 1-13.1

The solid line in Figure 2 represents a linear regression of the
data set. Both rate constants of iodine-water clusters follow
roughly an overall linear increase with cluster size.

Each fitk ) k0(n - n0) is characterized by a slopek0 and an
abscissa interceptn0. As discussed in detail previously,23 the
physical meaning of the slopek0 is the contribution of each
solvent molecule to the infrared absorption from the blackbody
background, and thus to the fragmentation rate. The intercept
then reflects the fact that the strongly bound smallest clusters,
even when they reach thermal equilibrium with the room-
temperature walls, do not contain enough energy to fragment.
The basis for the linearity of the plot is the assumption that,
regardless of the size of the cluster, it takes about the same
energy to evaporate one ligand. While this is apparently valid
to a fair approximation for large clusters, those ligands that are

(38) Jiang, J. C.; Wang, Y. S.; Chang, H. C.; Lin, S. H.; Lee, Y. T.;
Niedner-Schatteburg, G.; Chang, H. C.J. Am. Chem. Soc.2000, 122, 1398.

(39) (a) Reed, A. E.; Curtiss, L. A.; Weinhold, F.Chem. ReV. 1988, 88,
899. (b) Lipkowitz, K. B.; Boyd, D. B. InReViews in Computational
Chemistry; VCH: New York, 1990; Vol. 5.

Figure 1. Fully optimized structures of I(H2O)n+, n ) 1-4, at the
B3LYP level of theory. Bond lengths are in angstroms. All O-H bonds,
except where otherwise noted, are 0.97 Å.

Table 1. Relative Energies Calculated at the B3LYP/
6-311++G(3d,3pd)/SECP Level of Theorya

structure relative energy,∆E0, kJ/mol

H+ + HOI + 3H2O 716.9
I+ + 4H2O 140.2
1 + 3H2O 0
2 + 2H2O -137.7
3 + 2H2O -113.8
4 + H2O -213.0
5 + H2O -196.9
6 -276.7
7 -275.7
8 -255.2

a Structure numbering refers to Figure 1. H2OI+ + 3H2O is defined
as 0 kJ/mol.

Table 2. Natural Partial Charges on I and the Directly Coordinated
O Atomsa

structure I O1 O2

HOI 0.379 -0.851
1 0.664 -0.781
2 0.550 -0.837 -0.837
3 0.592 -0.814
4 0.524 -0.851 -0.855
5 0.549 -0.829
6 0.504 -0.945 -0.945
7 0.504 -0.868 -0.871
8 0.520 -0.844

a O1 is the oxygen with the shorter I-O bond length.
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in direct contact with the ionic central ion are much more
strongly bound, and this is obviously reflected in strong
deviation from linearity, and eventually in the interceptn0 when
one attempts a linear fit of the experimental data. Both the slope
and intercept, of course, depend on the range of sizes included
in the fit. They should naturally also exhibit some dependence
on the central ion, and we compare in Table 4 the fit parameters
obtained in the present work for the iodine cation and anion
clusters with those obtained for a number of other hydrated
cations.1,21,23,40,41The comparison shows that the slopes are, for
all the systems studied, remarkably similar, about 0.17( 0.01
s-1. This simply reflects the facts that (a) beyond the first or
perhaps second solvation shell, the binding energies of the water
molecules are basically similar and independent of the central
ion, and (b) the contribution of a water ligand to the rate of
absorption and to the total energy of the cluster is not strongly
dependent on the central ion.

When one compares the hydrated iodine anions and cations,
there is a considerable difference in the final stages of the
fragmentation and in the observed final products. While in the
anionic case the clusters fragment down to the naked I- ion,
for the cationic clusters three water molecules remain on the
iodine on the time scale of the ICR experiment. This difference
is already evidenced by the fit parametern0 in Table 4, which
has a value of 4.00 for the cation but only 1.53 for the anions.

The different terminal ions, I- and I(H2O)3+, reflect the fact
that the binding energy of a water molecule to the iodide ion is
smaller than the ligand binding energies in the cationic species.
In anions, the charge is, in general, much more diffuse than in
cations. Furthermore, in the anionic clusters, the dipole of the
water molecules is not collinear with the bond, thus reducing
the charge-dipole interaction. The calculations show that, in
the H4IO2

+ ion, the two water molecules are bridged by the
iodine atom, forming a symmetric molecular ion comparable
to H5O2

+, with strong covalent bonds. As was outlined previ-
ously,22,23 the fragmentation will come to an end when the
internal energy of the cluster at room temperature is no longer
sufficient to break the weakest bond, with the binding energy
of the ligands being the key parameter. Our calculations indicate
that, while only 38.6 kJ/mol is required to dissociate I-(H2O),
75.4 kJ/mol is needed to remove a water ligand from I(H2O)3+,
clearly explaining the difference in behavior.

At first, the experimental observation that no loss of HOI is
detected might seem to contradict the notion that the cluster
might be viewed as a protonated water cluster with an HOI
“impurity” ligand. However, a different picture emerges if one
considers the proton affinity of the HOI molecule. The energy
of protonation on the oxygen atom of HOI has been calculated
previously24,25 and lies at 724.7 kJ/mol, well above the
experimentally known proton affinity of water, 691.0 kJ/mol.42

The proton would therefore undoubtedly remain on the HOI
during the fragmentation process. This was further confirmed
by comparison of the relative stabilities of I(H2O)4+, structure
6, and H(H2O)4+. The fragmentation of I(H2O)5+ can, in
principle, proceed in two different ways, by evaporation of a
water molecule or by loss of HOI:

We have calculated the H(H2O)4+ on the same level of theory
as the I(H2O)n+ clusters and found by comparison of the total
energies of the right-hand sides that evaporation of H2O is
thermochemically favored by 12.0 kJ/mol. This illustrates that,
in the present case, solvation reduces the difference in proton
affinity, but nevertheless, a strong thermochemical preference
for evaporation of H2O against HOI prevails.

On the other hand, the calculated proton affinities for the
other hypohalous acids HOF, HOCl, and HOBr all lie below
the proton affinity of water,24 and it is therefore of interest to
consider if protonated water clusters with, e.g., HOBr or HOCl
impurity can be produced at all, and whether the lighter
hypohalite molecules would evaporate at a certain critical size.

Some time ago, we examined the hydrolysis of chlorine nitrate
catalyzed by ionic water clusters,43 a reaction which is of
considerable importance in stratospheric chemistry and ozone
destruction. The reaction proceeds with fairly high efficiency,

(40) Berg, C.; Beyer, M.; Achatz, U.; Joos, S.; Niedner-Schatteburg, G.;
Bondybey, V. E.Chem. Phys.1998, 239, 379.

(41) Beyer, M.; Achatz, U.; Berg, C.; Joos, S.; Niedner-Schatteburg, G.;
Bondybey, V. E.J. Phys. Chem. A1999, 103, 671.

(42) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G.J. Phys. Chem. Ref. Data1988, 17, Suppl. 1.

(43) Schindler, T.; Berg, C.; Niedner-Schatteburg, G.; Bondybey, V. E.
J. Chem. Phys.1996,104, 3998.

Figure 2. Unimolecular rate constants of the blackbody radiation-
induced fragmentation process I(H2O)n+ f I(H2O)n-1

+ + H2O.

Table 3. Unimolecular Rate Constantsk of Blackbody
Radiation-Induced Fragmentation of I(H2O)n( Clustersa

n k [I -(H2O)n], s-1 k [I(H2O)n+], s-1

1 0.03( 0.003
2 0.07( 0.003
3 0.17( 0.03
4 0.40( 0.05 0.03( 0.004
5 0.53( 0.06 0.14( 0.03
6 0.62( 0.04 0.43( 0.07
7 0.87( 0.10 0.90( 0.11
8 1.37( 0.13 0.64( 0.11
9 1.23( 0.15 0.90( 0.09

10 1.20( 0.15 1.04( 0.14
11 1.90( 0.3 1.20( 0.10
12 1.60( 0.3 1.15( 0.10
13 1.92( 0.11
14 1.53( 0.21
15 2.55( 0.25

a Rate constants for I-(H2O)n are taken from ref 1.

Table 4. Slope and Abscissa Intercept of the Linear Regressionk
) k0(n - n0) Evaluated for Different Core Ions and the Terminal
Product of Each Fragmentation Process

X(H2O)n( slopek0 interceptn0 terminal product

H+, n ) 5-65 0.20( 0.01 1.39 H(H2O)4+

Al +, n ) 4-11, 25-45 0.16( 0.01 1.63 Al(OH)2(H2O)3+

Ag+, n ) 4-45 0.18( 0.01 5.31 Ag(H2O)3+

Mg+, n ) 2-41 0.17( 0.01 2.35 MgOH(H2O)4+

I+, n ) 1-15 0.19( 0.02 4.00 I(H2O)3+

I-, n ) 1-12 0.17( 0.01 1.53 I-

I(H2O)5
+ f I(H2O)4

+ + H2O

f H(H2O)4
+ + HOI
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yielding hypochloric acid and nitric acid:

While the nitric acid in most cases remains “dissolved” in the
aqueous clusters, the HOCl is usually evaporated into the gas
phase, as suggested by the above discussion and its lower proton
affinity. Only with a very low efficiency do products containing
chlorine form, and even in these cases the hypochloric acid is
lost at a later stage of the fragmentation.

Reactions with HCl. As in our previous study of hydrated
I- anions, we have also investigated the reaction of the hydrated
cations with hydrochloric acid. In these experiments, HCl at a
pressure of 1.0× 10-8 mbar was admitted into the cell region,
and the products were examined after varying reaction delays.
In our previous study of anions,1 only ligand exchange and
gradual fragmentation were observed, with ultimately all of the
water ligands being lost. After longer delays, only iodide anions
solvated by several HCl molecules were found, which gradually
fragmented by loss of HCl molecules.

As one might expect from the discussion of the significantly
different structures, the reactions of the I(H2O)n+ cation clusters
in the present study are found to be considerably different.
Figure 3 follows the reaction of the I(H2O)n+ cations in the size
rangen ) 9-25 with HCl. The interpretation is somewhat
complicated by the fact that the initial distribution at the nominal
t ) 0 time contains not only the I(H2O)n+ species, but a variety
of other clusters. Thus, for instance, in the experiment shown
in Figure 3, besides I(H2O)n+, n ≈ 9-25, also H(H2O)n+,
n ≈ 7-31, species are present, as well as minor impurity clusters
containing Na+. Also, due to the relatively long,∼2 s ac-
cumulation time, HCl-containing products, e.g., of the type
H(H2O)n-2m(HCl)m

+, have already been formed. Even though
clusters H(H2O)n+, I(H2O)n-7

+, and H(H2O)n-2m(H35Cl)m
+ ac-

cidentally all have same nominal masses, this turns out not to
be a problem, as the resolution of the instrument is adequate to
clearly distinguish between them on the basis of the mass defect
over the entire mass range studied. Furthermore, the isotopic
pattern provides a clear “fingerprint”, revealing how many
chlorine atoms a given cluster contains.

Comparison of the “time 0” distribution in Figure 3a with
the “final” one in panel d reveals that, while initially the iodine-
containing ions represented some 50% of the total, after 15 s
less than 15% iodine-containing clusters remain, with more than
85% of the final distribution being hydrated protons. Figure 4
displays the relative intensities of the two cluster series as a
function of time. Clearly, with increasing reaction delay, the
intensity of protonated water clusters increases at the expense
of iodine-containing species. Interestingly, no clusters containing
both iodine and chlorine are detected. The observed stoichi-
ometry would permit a ligand exchange reaction of the type

In view of the much higher proton affinity of HOI as compared
to that of H2O, however, as discussed above, this appears
unlikely. More reasonable is the following primary reaction step:

Indeed, the reverse of this reaction is well known from bulk

solutions44 as hydrolysis of interhalogen compounds:

Given the strong acidity of the cluster, one proton per 55
water molecules amounts to pH) 0, the equilibrium in the
cluster must lie far on the ICl side.

From previous studies of protonated water clusters with HCl
by our group,5 it was established that HCl leaves a protonated
water cluster in the fragmentation process atn ) 11, and
conversely, at least 11 water molecules are needed to dissolve
one HCl in a protonated water cluster H(H2O)n+. The data in
Figure 4 suggest that a similar boundary exists for ionic
dissolution of HCl in I(H2O)n+. Comparing the total intensities
of I(H2O)n+ and products in Figure 3a with the intensities of
the final products in Figure 3d, one can estimate thatn J 11
water molecules are again needed to dissolve HCl. Since
furthermore one or two water ligands will be lost upon the intake
of HCl, only I(H2O)n+ with n J 13 may react efficiently with
HCl. The presence of protonated water clusters H(H2O)n+

starting with n ) 8 in Figure 3a may be interpreted by the

(44) Hollemann, A. F.; Wiberg, E.Lehrbuch der Anorganischen Chemie,
101 Auflage; Walter de Gruyter: Berlin, 1995.

H+(H2O)n + ClONO2 f

H+(H2O)n-k-1HNO3 + kH2O + HOCl

I(H2O)n
+ + HCl f H(H2O)n-1HCl+ + HOI

I(H2O)n
+ + HCl f H(H2O)n-m

+ + ICl + mH2O

Figure 3. Mass spectra of the reaction of iodine-water clusters
I(H2O)n+, n ) 9-25, and H+(H2O)m, m) 7-31, with HCl at a pressure
of about 10-8 mbar in the cell region after variable reaction delays.
I(H2O)n+, n j 10, only show blackbody radiation- and collision-induced
fragmentation reactions, while larger clusters withn J 11 efficiently
react, producing H+(H2O)n-x and releasing the intra-halide ICl into gas
phase. Subsequent reactions of H+(H2O)n with HCl result in
H+(H2O)m(HCl)k, k ) 1, 2, which again lose HCl at the critical size,m
) 11.

HOI + HCl h ICl + H2O
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following reaction sequence:

Apparently, the elimination of ICl must occur fast compared
with the millisecond time scale of the FT-ICR experiment, so
that no intermediates containing both chlorine and iodine are
observed. In the gas phase, the reaction HOI+ HCl f ICl +
H2O is calculated to be exothermic by-60.3 kJ/mol. With the
largest clusters calculated in this work, the effect of solvation
can be estimated by evaluating the thermochemistry of the
cluster reaction:

This reaction is still exothermic by-48.3 kJ/mol, which is
sufficient to break two or three hydrogen bonds or to evaporate
about two water molecules from the cluster.

In subsequent reactions, the H(H2O)n+, n J 11, as previously
observed,5 ionically dissolve HCl and form the H(H2O)n(HCl)m

+

products, which in turn lose HCl at defined cluster sized during
the fragmentation.

4. Conclusion

Unimolecular fragmentation rates of I(H2O)n+, n ) 1-15,
by ambient temperature blackbody radiation under collision-
free conditions, exhibit a roughly linear dependence on cluster
sizen, similar to what was observed for other hydrated clusters.
Unlike the hydrated anions, which yield bare I-, fragmentation
of cations results in I(H2O)3+ as the final product. The
differences are explained with the help of accompanying ab
initio calculations, in terms of a pronounced difference in the
stepwise solvation energies. The cation clusters are found to
consist of a H2IO+ and H4IO2

+ ionic core solvated by additional
water ligands. Similar to the case for H3O+ and H5O2

+ in
protonated water clusters, the relative stability of the core ions
depends on the cluster size and solvation. The positive charge
is localized in the vicinity of the iodine, reflecting the high
proton affinity of HOI. The H4IO2

+ is bridged by the iodine,
and proton-bound structures may develop with increasing
asymmetric solvation.

Chemical reactions with hydrochloric acid were investigated.
While smaller cationic iodine-water clusters I(H2O)n+, n j 10
only fragment and lose the water ligands, the larger species with
n J 11 react chemically, releasing the ICl interhalogen, and
resulting in hydrated proton clusters. Unlike HOI, the proton
affinities of HOBr and HOCl are lower than that of water, which
is consistent with our earlier observation that HOCl evaporates
readily and preferentially from water clusters. Further study of
the production and chemistry of hydrated Br(H2O)n+ or
Cl(H2O)n+ and the question of HOBr or HOCl elimination
would seem to be an interesting topic for further experimental
and theoretical studies.
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Figure 4. Relative ion intensity versus reaction delay of I(H2O)n+ and
H(H2O)n(HCl)m+, m) 0-2. The reaction to form H(H2O)n+ is complete
after 3 s reaction delay. Afterward, only subsequent blackbody radiation-
and collision-induced fragmentation takes place. Errors are estimated
to lie within 10%.

Intake of HCl:

I(H2O)n
+ + HCl f HICl(H2O)n-m

+ + mH2O,
n J 13,m≈ 1-2

Formation of ICl:

HICl(H2O)n
+ f H(H2O)n-m

+ + ICl + mH2O,
n J 11,m≈ 0-1

I(H2O)4
+ + HCl f H(H2O)4

+ + ICl
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