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Abstract: The sequential association energies for one through six water molecules clustering to Na2I+, as
well as one and two water molecules clustering to Na3I2+, are measured. The association energies show
a pairwise behavior, indicating a symmetric association of water molecules to the linear Na2I+ and Na3I2+

ions. This pairwise behavior is well reproduced by Density Functional Theory (DFT) calculations. DFT
calculations also suggest that a significant separation of charge for the Na-I ion pair occurs when four or
more water molecules cluster to a single sodium center. Two different solvent-separated ion pairs have
been identified with the DFT calculations. Experiments also show that the dissolution processes, loss of a
neutral NaI unit, occurs when six or more water molecules have been added to Na2I+ cluster. However,
one or two water molecules are able to detach an NaI unit from the Na3I2+ cluster. The difference in solubility
of the Na2I+ and Na3I2+ ions is due to the difference in the energies required to lose an NaI unit from these
two species. The experiment also confirms that the loss of a neutral NaI unit, instead of an Na+ ion, occurs
during the dissolution processes of Na3I2+. The microsolvation schemes proposed to explain our experimental
observations are supported by DFT and phase space theory (PST) calculations.

Introduction

The dissolution of sea salt particles, MX (M) alkali elements
and X ) halide elements), is a common occurrence in nature.
When a sea salt crystal comes into contact with water, the
surface of the salt crystal is covered with water molecules.
Charge separation is then induced by the polar water molecules,
forming partially charged Mδ+ and Xδ- ion pairs at the surface
of the crystal. When the free energy of hydration exceeds the
free energy of the lattice, the hydrated M+ and X- ions leave
the bulk solid phase and disperse into the aqueous phase.1,2 From
simple saturation concentration considerations, it has been
determined that at room temperature, nine water molecules are
required to dissolve an NaCl unit and only about five water
molecules for an NaI unit. Despite our familiarity with this
phenomenon, the true picture of the dissolution processes is not
clear from the microscopic point of view. In particular, the
question of whether MX leaves the lattice surface as a unit or
separately as M+ and X- is in doubt and remains open to
discussion.3

The dissolution of sea salt particles can also take place in
the gas phase, playing an important role in environmental and
atmospheric chemistry.4,5 It is known that small sea salt particles
are brought into the gas phase by wave action in the marine

boundary layer and in coastal regions. The halogen anions (X-)
contained in sea salt particles can destroy ozone (O3), a key
tropospheric oxidant and greenhouse gas, via photochemical
reactions. The most recent research reveals that the reactions
of O3 with aqueous sea salt ions control the chemistry at the
air-water interface,6 yet the details of the microsolvation
processes of the small sea salt cluster ions in the gas phase
remain unknown.

The association reactions of water molecules with alkali
cations7,8 and halide anions9,10 have been widely investigated
both experimentally and theoretically.11 Small alkali halide-
water ions have also been observed in the gas phase.12 Both
experimental13,14 and theoretical15-22 studies for the dissolu-
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tion of NaCl with water molecules have been reported. It is
found that two intermediate states, the contact ion pair (CIP)
and the solvent-separated ion pair (SSIP), exist prior to the
dissolution of NaCl. However, the details of the dissolution
process are not yet fully understood. In particular, the minimum
number of water molecules required for the dissolution to take
place has not been determined.

Our goal in this work is to explore the sea salt dissolution
process using a combination of experimental and theoretical
methods.11a,23In particular, we will measure the binding energies
between the salt cluster ions and neutral water ligands and
explore the dissolution reaction mechanisms. We chose NaI as
our first system to study because it is monoisotopic and is
predicted to take fewer water molecules than NaCl to effect
solvation. Our findings follow.

Experimental Methods

Experimental details of the method and instrument have been
published previously.24-26 Briefly, the Na(NaI)n)1,2

+ cations are formed
by laser vaporization of a sodium iodide rod in a helium buffer gas.
The pulsed 308 nm XeCl excimer laser is typically run at 10 Hz with
a power of 300-400 mJ per pulse. The desorbed salt plasma is entrained
in a high-pressure pulse of He that cools the plasma and induces cluster
formation. The timing of the He pulse is synchronized with the laser
pulse using a home-built delay generator. Typically, the He pulse
width is 200-600 µs with a backing pressure of 60 Psi. The bare
Na(NaI)n)1,2

+ ions are mass selected by a quadrupole mass filter and
injected into a drift reaction cell containing a mixture of He and H2O.
Typically, the composition of the reaction gas is 3 Torr of He and
0.01-0.5 Torr of water vapor. The vapor pressure of water is measured
by a barometer that is calibrated by a residual gas analyzer. The cell
temperature is varied from 200 to 600 K. Ions exiting the drift cell
pass through a second quadrupole mass analyzer and are detected using
single-ion counting methods. The ions in the reaction cell drift under
the influence of a weak electric field that does not measurably perturb
their thermal energies. The following equilibria are rapidly established

When the number of associated water molecules reaches a threshold
value,x + y, dissolution occurs and fragmentation of parent ions is
observed (reaction 2)

The reactant and product ions are mass analyzed by the second
quadrupole as mentioned above.

The measured intensities of the various Na(NaI)n)1,2
+ (H2O)m ions

are used to determine the equilibrium constants

wherePH2O is the pressure of H2O in Torr and (760) Torr normalizes
the K p

0 values to standard state conditions. The standard-state free
energies are then calculated using eq 4

and enthalpies and entropies are determined by plotting∆GT
0 vs T

where ∆H T
0 and -∆ST

0 are the intercept and the slope of the plot,
respectively. These quantities are valid over the temperature range of
the experiment. To obtain true bond dissociation energies (D0 ≡
-∆H 0

0), extrapolations of∆H T
0 to 0 K using statistical mechanics

methods are performed.27 The geometry parameters and vibrational
frequencies determined with DFT are used in the extrapolations.

Theoretical Methods

Candidate structures and energies were obtained with the
Density Functional Theory (DFT) method using the unrestricted
open shell B3LYP functional parametrization.28,29 All calcula-
tions were carried out on an SGI IRIX 64 workstation with the
GAUSSIAN98 package.30 For sodium, oxygen, and hydrogen,
the built-in 6-311++G** basis was used. For iodine, we used
the quasi-relativistic 7-valence-electron effective core potential
(ECP) developed by the Stuttgart group, which uses a relativistic
ECP to replace the 46-electron [Kr+ 4d10] core and a [2s3p]
contraction of (4s5p) primitive set to represent the valence
electrons.31 Full geometry optimizations were achieved for all
species involved in this work. Corrections for zero point energy
(ZPE) and basis set superposition error (BSSE) were also
performed.

The kinetics and dynamics of the dissolution reactions were
studied with statistical phase space theory (PST).32-38 Specif-
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Na(NaI)n)1,2
+ (H2O)m-1 + H2O y\z

k1

k-1
Na(NaI)n)1,2

+ (H2O)m (1)

Na(NaI)n)1,2
+ (H2O)x+y 98

kd
Na(NaI)n)0,1

+ (H2O)x + (NaI)(H2O)y (2)

Kp
0 )

[Na(NaI)n)1,2
+ (H2O)m]‚(760)

[Na(NaI)n)1,2
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∆GT
0 ) -RT ln K p
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1 and 2. A brief summary of the PST calculations is available
in the Supporting Information along with the input parameters
(geometries, vibrational frequencies, and relative energetics)
adopted from the DFT calculations.

The reaction efficiency at temperatureT, ω(T), is the fraction
of reactant collisions that result in product formation. It is
defined askexpt(T)/kcoll(T), wherekexpt(T) is the experimentally
observed rate constant andkcoll(T) is the collision rate constant
for reactants. The intermediate adducts Na(NaI)n)1,2

+ (H2O)m
are assumed to be formed in the steady state at the collision
rate of the reactants (i.e.,k1 ) kcoll)

This allows the reaction efficiency to be rewritten as follows

The right-hand side of eq 7 was calculated with PST (see the
Supporting Information) and becausekcoll(T) can be calculated
with Average Dipole Orientation Theory,32a kexpt(T) can be
obtained. These calculatedkexpt(T) values were used to determine
extents of reaction (eq 8) under the conditions of our experiment

wheret is time. The extent-of-reaction values calculated in eq
8 were used to evaluate the mass spectra measured in this study.

Results and Discussion

1. Dissolution of Salt Clusters.Both the equilibrium between
Na(NaI)n+ and water molecules (reaction 1) and the dissolution
of Na(NaI)n+ by the association of water molecules (reaction
2) are observed in our experiments. Figure 1 shows the room-
temperature mass spectra recorded for Na2I+ at different water
vapor pressures. The bottom panel was recorded without any
water added to the reaction cell. Only a single Na2I+ peak is
observed. When the water pressure is raised to 0.01 Torr, a
nonequilibrium distribution of up to four water molecules
associating to an Na2I+ core is observed, as well as a small
peak for Na2I+(H2O)5. When the pressure of water is increased
to 0.07 Torr, equilibrium is established for the Na2I+(H2O)m
series of ions with peaks for as many as six H2O ligands
clustering to Na2I+ observed. In addition, Na+(H2O)x ions appear
with x ) 3 and 4. These species are also in equilibrium with
H2O. The top spectrum was recorded with a water vapor
pressure of 0.31 Torr. At this water pressure, more Na(H2O)x+

fragments are formed and dominate the spectrum.

As shown by the spectra in Figure 1, no dissolution processes
are observed as long as the number of water molecules
associated to Na2I+ is less than six. Analogous experiments were
carried out for the Na3I2

+ ion with the mass spectra shown in
Figure 2. There is a small amount of Na2I+ fragment formed
even when no water was added to the reaction cell. This is
believed to be due to the presence of background water vapor.
When the water pressure is carefully raised to 0.06 Torr, the
dissolution species Na2I+(H2O)x with as many as four H2O
molecules are observed. This observation indicates that the
hydrated Na3I2

+(H2O)m adducts prefer to lose a neutral NaI unit,
instead of ionic Na+, during the dissolution process. When the
water pressure is increased to 0.28 Torr, the spectrum is
dominated by Na2I+(H2O)x fragments. The Na2I+(H2O)6 adduct
is clearly seen and subsequent dissolution of the Na2I+(H2O)x
fragments to form predominantly Na+(H2O)4 is observed. When
the water pressure is raised to 0.49 Torr, the spectrum is
dominated by the Na2I+(H2O)x series of ions and further
dissolution is observed with the increased formation of
Na+(H2O)3,4,5.

The experiments described above were performed at various
temperatures from 250 to 600 K. These experiments yielded
the data necessary for construction of the∆GT

0 vs T plot for
reaction 1. Information about the solvation dynamics can also
be obtained from the mass spectra. Figure 3 shows the spectra
for Na2I+ at various water vapor pressures at 540 K. At this
temperature, the equilibrium for Na2I+ reacting with H2O favors
the reactant side and only one H2O molecule clustering to the
Na2I+ ion is observed. No dissolution species Na+(H2O)x were
observed. The indication here is obvious: the precursors leading
to the dissolution of Na2I+(H2O)m are unable to form at this
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+ (H2O)m-1 + H2O y\z

k1(T)

k-1(T)
Na(NaI)n)1,2

+ (H2O)m

98
kd(T)

Na(NaI)n)0,1
+ (H2O)x + (NaI)(H2O)y (6)

ω(T) )
kexpt(T)

kcoll(T)
)

kd(T)

kd(T) + k-1(T)
(7)

[Na(NaI)n)1,2
+ (H2O)m-1]

[Na(NaI)n)1,2
+ (H2O)m-1]0

) e-kexpt(T)PH2Ot (8)

Figure 1. Mass spectra of Na2I+ with different water pressures at room
temperature. The dissolution species Na+(H2O)x, appear when the Na2I+(H2O)6
adduct is formed.
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high temperature. Similarly, Figure 4 shows the spectra of
Na3I2

+ reacting with H2O at 440 K. The bottom spectrum shows
that only the background water present in the reaction cell is
necessary for the dissolution process to occur. The intensities
of the Na2I+(H2O)x species increase and eventually dominate
the spectra as the pressure of water increases. However, no
subsequent dissolution of the Na2I+(H2O)x adducts to form
Na+(H2O)y species were observed. The dissolution processes
of Na3I2

+ at 300 and 440 K represented by the spectra in Figures
2 and 4, respectively, indicate that only one, or at most two,
H2O molecules are required to dissolve an NaI unit from the
Na3I2

+ ion.
2. Water Association Energies.In addition to the dissolution

processes of Na(NaI)n
+ by the association of water molecules,

equilibrium between Na(NaI)n
+ and H2O molecules is also

established. Figure 5 shows the experimental∆GT
0 vs temper-

ature plots for the Na(NaI)n)1,2
+ /H2O association reactions as

described in eq 1. A summary of the experimental and
theoretical enthalpies and entropies is given in Table 1. The
experimental∆ST

0 values were taken from the slopes of linear
fits to ∆GT

0 versus temperature plots. The experimental bind-
ing energies at 0 K (D0 ≡ -∆H 0

0) were obtained from the
intercepts,∆H T

0, using statistical mechanical fittings.27

Some optimized DFT geometries of the Na2I+(H2O)m (m )
2-8) adducts and the Na3I2

+(H2O)2 adduct are displayed in
Figure 6. With increasing adduct size, it becomes more difficult
to identify lowest-energy structures due to the large number of
possible isomeric forms. Typically, the Na2I+(H2O)m adducts
were divided into different categories. First of all, we examined
the difference in energies between bridged and nonbridged

structures. In the nonbridged structures, all water molecules were
considered to cluster to the Na+ cores directly. In the bridged

Figure 2. Mass spectra of Na3I2
+ with different water pressures at room

temperature. The dissolution species Na2I+(H2O)x were observed with only
background water vapor. The subsequent dissolution of the Na2I+(H2O)x
adducts occurs when Na2I+(H2O)6 is formed.

Figure 3. Mass spectra of Na2I+ with different water pressures at 540 K.
No dissolution species Na+(H2O)x were observed at this temperature.

Figure 4. Mass spectra of Na3I2
+ with different water pressures at 440 K.

Dissolution of Na3I2
+ takes place at all water pressures. No subsequent

dissolution of the Na2I+(H2O)x adducts to form Na+(H2O)y species is found
at this temperature.
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structures, some water molecules cluster to the Na+ cores
directly and the others form bridges from these directly clustered
water molecules to the iodine center. Generally, the bridged
adducts are much higher in energy than the nonbridged adducts
and hence play marginal roles during hydration. For example,
the bridged isomer of Na2I+(H2O)4 adduct is 15.0 kcal mol-1

higher in energy than the lowest-energy structure we identified
(structure5 in Figure 6). Also for large Na2I+(H2O)m adducts,
various ways to distribute them H2O molecules between the
two Na+ centers were considered. The way the H2O molecules
are divided turns out to be crucial in determining whether the
cluster is a CIP or an SSIP. For a givenm distribution, few
symmetry restrictions were imposed and various H2O orienta-
tions were taken into account even for large Na2I+(H2O)m
adducts.

Table 1 shows that the experimental and theoretical
binding energies for the Na2I+(H2O)m-1 + H2O (m ) 1-6) and
Na3I2

+(H2O)m-1 + H2O (m ) 1 and 2) association reactions
are in very good agreement. The theoretical∆H 0

0 values listed
include the ZPE and BSSE corrections. The basis of a single
water molecule causes a superposition energy of about 0.1 kcal
mol-1 for all the species involved in this work. The basis from
the massive Na(NaI)n

+(H2O)m-1 group in the Na(NaI)n
+(H2O)m

cluster leads to an overestimation in binding energy by 1.0 kcal
mol-1. As a result, the overall BSSE is approximately 1.0-1.1
kcal mol-1 for the successive clustering of each H2O molecule.
The theoretical∆ST

0 values for the association of the first two

water molecules to the Na2I+ and Na3I2
+ ions are also in very

good agreement with experiment. The entropy change for the
association of the second water molecule is significantly
larger than the first. This difference reflects the relatively
small rotational entropy,ST,r

0 , of Na(NaI)n
+ compared to the

Na(NaI)n
+(H2O) and Na(NaI)n

+(H2O)2 adducts. Statistical me-
chanics shows that the rotational entropies for Na2I+, Na2I+(H2O),
and Na2I+(H2O)2 under 400 K are 19.32, 24.59, and 24.90 cal
mol-1 K-1, respectively. The overall change in rotational entropy
for the addition of a water molecule depends on the dif-
ference inST,r

0 for the Na(NaI)n
+(H2O)m-1 reactant and the

Na(NaI)n
+(H2O)m product. A smaller rotational entropy for

Na(NaI)n
+(H2O)m-1 leads to a less negative∆ST,r

0 for the reac-
tion. The theoretical∆ST

0 for the association of the third H2O
molecule is noticeably greater than the experimental value, and
the deviation increases further for the association of the fourth
H2O molecule. The disagreement between the experimental and
the theoretical entropies for the larger clusters is due to the
uncertainty of low vibrational frequencies determined by DFT
calculations.

The binding energies decrease gradually with the increase in
the number of associated water molecules. One remarkable
feature for these water association reactions is the pairwise
behavior they exhibit. For Na2I+(H2O)1,2, the water association
energies are approximately 19 kcal mol-1. For Na2I+(H2O)3,4,
the association energies are both nearly 6 kcal mol-1 weaker
than the first two. For Na2I+(H2O)5,6, the binding energies drop
down by another 2 kcal mol-1. The Na2I+(H2O)6 adduct was
only observed below approximately 325 K in our experiment.
Because of this and other experimental conditions, only one
reliable value for∆GT

0 could be obtained for this adduct. To
determine an estimate for∆H 0

0 of Na2I+(H2O)6, ∆ST
0 was

assumed to be-20 cal mol-1 K-1 based on the values of∆ST
0

for m ) 1-5. This results in a value of-11 kcal mol-1 for
∆H 0

0, in line with the pairwise behavior observed form )
1-5. The DFT calculations show both the Na2I+(H2O)2 ion
(structure1 in Figure 6) and Na3I2

+(H2O)2 ion (structure2 in
Figure 6) are linear with two water molecules added on oppo-
site sides of the salt center. The lowest-energy state of the
Na2I+(H2O)4 ion has aD2d symmetry with two water molecules
clustering to each of the two sodium atoms (structure5 in Figure
6). The lowest-energy Na2I+(H2O)6 ion hasC2h symmetry with
three water molecules clustering to each sodium center (structure
9 in Figure 6). The symmetric association of water molecules
to the salt clusters leads to the pairwise behavior revealed in
∆H 0

0. The reduction in water association energies with in-
creasing ligand number is primarily due to ligand-ligand
repulsion of the water molecules.

It is interesting to compare the water association energies of
the Na+, Na2I+, and Na3I2

+ ions. The bare Na+ system has been
investigated both experimentally7 and theoretically8 by a number
of research groups. The experimental studies result in an
average39 binding energy of 23.4 kcal mol-1 for the first and
19.7 kcal mol-1 for the second water molecule. The theoretical
studies give average binding energies of 24.7 and 22.1 kcal
mol-1 for the first and second waters, respectively. Our current

(39) The average binding energies of 23.4 kcal mol-1 for the first and 19.7 kcal
mol-1 for the second water molecule to bare Na+ do not include the values
measured by Marinelli and Squires (ref 7b) because they are significantly
lower than those measured by Dalleska et al. (ref 7a) and by Dzidic and
Kebarle (ref 7c).

Figure 5. Plots of experimental∆GT
0 vs temperature for successive

association reactions of H2O to Na2I+ and Na3I2
+ ions (reaction 1). The

filled circles are data for the Na2I+(H2O)m adducts and the open circles are
data for the Na3I2

+(H2O)m adducts.

Table 1. Experimental and Theoretical Enthalpies and Entropies
for the Salt-Water Association Reactions Na(NaI)n

+(H2O)m-1 +
H2O a Na(NaI)n

+(H2O)m

experimental theoretical

n m −∆H0
0 a −∆ST

0 b −∆H0
0 a −∆ST

0 b,c

1 1 19.3 22.2 18.3 22.0
2 19.2 28.0 17.8 27.6
3 13.4 17.8 13.6 20.5
4 13.6 21.1 13.5 32.5
5 11.8 22.1 11.1 22.0
6 ∼ 11 ∼ 20 11.2 22.6

2 1 16.7 21.0 17.2 22.3
2 17.8 25.9 17.1 28.2

a kcal mol-1. Experimental uncertainty(1 kcal mol-1. b cal mol-1 K-1.
Valid for temperature range shown in Figure 5.c For mean experimental
temperature.
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Figure 6. Representative structures for the Na(NaI)n
+(H2O)m (n ) 1, m ) 2-8 andn ) 2, m ) 2) adducts obtained from DFT. The I-atoms are purple, the

Na-atoms gray, the O-atoms red and the H-atoms blue. Selected bond lengths and angles are given in Å and degrees, respectively. For species where more
than one isomer is shown (n ) 1, m ) 3-6, 8), energies are given in kcal mol-1 relative to the lowest-energy structure.
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calculations give values of 23.2 and 20.6 kcal mol-1 with a
BSSE correction of 1.1 kcal mol-1 for both H2O adducts. (The
geometry of the Na+(H2O) adduct is shown in Supporting
Information.) The first water association energies from the DFT
calculations are 23.2, 18.3, and 17.2 kcal mol-1 for the Na+,
Na2I+, and Na3I2

+ ions, respectively. The charge-dipole and
charge-induced-dipole interactions have the most important
contributions to these energies. The DFT calculations indicate
positive charges of 0.948, 0.637, and 0.589 on the sodium
centers in Na+(H2O), Na2I+(H2O) and Na3I2

+(H2O), respec-
tively. This indicates that the water association energies de-
crease as the charge-dipole interactions decrease. For the
neutral NaI(H2O) adduct, there is no overall charge-dipole
interaction but a dipole-dipole interaction is possible. Our DFT
calculations give a water association energy of 14.2 kcal mol-1

for neutral NaI. This is somewhat surprising because dipole-
dipole interactions are usually of the magnitude of several kcal
mol-1. Two factors, charge separation and geometry, account
for the high NaI-H2O binding energy. The DFT calculations
specify a charge on the sodium center in the NaI(H2O) adduct
of 0.642, indicating that NaI is highly ionic. In addition, the
NaI(H2O) adduct has a planarCs symmetry with the oxygen
atom oriented toward the sodium center and one hydrogen atom
oriented toward the iodine center, resulting in a quadrupole
charge interaction (geometry shown in Supporting Information).

3. Geometries: CIP and SSIP.Two components contribute
to the enthalpy for reaction 1 measured in this experiment: the
energy gained by the association of water molecules with the
reactant ion and the energy lost due to the weakening of the
Na-I bonds in the product. To analyze the salt-water interac-
tions for the Na2I+ and Na3I2

+ systems, we need to compare
just the hydration component of-∆H 0

0 as a function of the
number of associated water molecules. Therefore we define the
pure hydration energy

where-∆H 0
0(m) is the total hydration energy calculated for

the Na(NaI)1,2
+ ion with m associated water molecules and

∆ENa-I(m) is the total decrease of the Na-I bond energies with
m water molecules clustering to the Na(NaI)1,2

+ core. To
determine∆Eh(m) values using eq 9, theoretical-∆H 0

0(m)
values were taken from Table 1 and∆ENa-I(m) values were
calculated using DFT. Both∆Eh(m) and∆ENa-I(m) values are
listed in Table 2.

The plots in Figure 7 show the change in the Na-I bond
energy of Na2I+ obtained by varying the Na-I bond distance
in the DFT calculations. Three different calculations were
performed. First, the bond energy was calculated by varying
the two Na-I bond lengths symmetrically. The bond energy
was also calculated by varying one of the two Na-I bonds with
and without the other Na-I bond optimized. The two curves
for asymmetric bond variance almost overlap. This is not
surprising since the optimized Na-I bond varies no more than
0.05 Å from the equilibrium position for the range from 1.6 to
5.2 Å of this plot and because the change in bond energy at
R(eq)( 0.05 Å is approximately 0.1 kcal mol-1. Figure 7 also
shows that symmetric Na-I bond cleavage in Na2I+ requires
more than twice as much energy as asymmetric bond cleavage.
The NaI-Na+ bond energy is 39.5 kcal mol-1. However, it takes

119.2 kcal mol-1 to break NaI apart into Na+ and I-. The
symmetric elongation of the bonds in Na+-I--Na+ results in
more charge separation than in the asymmetric cleavage and
hence requires more energy.

One interesting aspect of the salt dissolution processes is the
variation in charge separation in alkali halides with the number
of associated H2O molecules. For instance, the charge on the
Na center in an isolated NaI molecule is 0.557 according to the
Mulliken charge population from the GAUSSIAN98 program.
The charge on an isolated Na+ ion is +1. Thus, there is a
difference of 0.443 between isolated Na+ and Na in NaI. For a
hydrated salt cluster ion, [(H2O)y(NaI)n-Na′(H2O)x]+, it is
convenient to define a similar quantity as

∆Eh(m) ) -∆H 0
0(m) + ∆ENa-I(m) (9)

Table 2. Properties of the Salt-Water Adducts, Na(NaI)n
+(H2O)m

a

from DFT Calculations (geometries shown in Figure 6)

structure (m x y) Eb,c ∆ENa-I(m)b,d ∆Eh(m)b,e RNa′-I
f qNa′

g ∆qh

n ) 1 Na2I+ (0 0 0) 0 0 0 2.85 0.592 0.408
1 (2 1 1) 0 0.0 36.1 2.86 0.558 0.390
3 (3 2 1) 0 0.2 49.9 2.93 0.656 0.238
4 (3 3 0) 6.0 1.7 45.4 3.11 0.670 0.206
5 (4 2 2) 0 0.6 63.8 2.91 0.660 0.234
6 (4 4 0) 8.5 15.1 70.8 4.13 0.746 0.075
7 (5 3 2) 0 2.9 77.0 3.17 0.725 0.151
8 (5 4 1) 2.4 15.2 86.8 4.10 0.744 0.077
9 (6 3 3) 0 4.4 88.9 3.15 0.730 0.146

10 (6 4 2) 0.3 15.3 101.5 4.10 0.741 0.080
11 (6 6 0) 18.1 24.4 92.7 5.24 0.803 0.039
12 (7 4 3) 0 19.1 113.5 4.15 0.746 0.075
13 (8 4 4) 0 35.1 140.7 4.15 0.750 0.071
14 (8 6 2) 8.9 24.0 121.8 5.07 0.803 0.039

n ) 2 Na3I2
+ (0 0 0) 0 0 0 2.81 0.683 0.317
2 (2 1 1) 0 0.1 34.4 2.84 0.581 0.367

n ) 0 Na+ 0 0 ∞ 1.000
Na+(H2O)i 0 23.2 ∞ 0.948
Na+(H2O)2i 0 43.9 ∞ 0.894
Na+(H2O)3i 0 60.2 ∞ 0.876
Na+(H2O)4i 0 73.2 ∞ 0.821
Na+(H2O)5i 0 83.6 ∞ 0.812
Na+(H2O)6i 0 93.7 ∞ 0.842

a [(H2O)y(NaI)n-Na′(H2O)x]+, wherem) x + y. b In units of kcal mol-1.
c Energy relative to the lowest-energy state.d Decrease in Na-I interionic
bond energy.e Pure hydration energy as defined in eq 9.f Na′-I bond length
in Å. g Mulliken charge population on the leaving Na′ center as described
in eq 10.h Difference in charge on Na center in [Na(H2O)x]+ and Na′ in
[(H2O)y(NaI)n-Na′(H2O)x]+ as defined in eq 10.i Geometries are shown
in Supporting Information.

Figure 7. Relative energies of the Na2I+ ion as a function of the Na-I
bond distances obtained from DFT. The diamond symbols were obtained
by symmetrically varying both of the Na-I bonds. The cross symbols and
the circle symbols were obtained by varying one of the two Na-I bonds
with and without the other Na-I bond optimized, respectively.
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where qNa is the charge on the Na center in an isolated
[Na(H2O)x]+ ion andqNa′ is the Mulliken charge on the Na′
center that is being dissolved in the cluster. The quantity∆q is
presented in Table 2.

Structures for the Na2I+(H2O)n)2-8 ions are shown in Figure
6. The lowest-energy Na2I+(H2O)2 structure is linear with two
water molecules added to the two sodium centers at the ends
(structure1 in Figure 6). The Na-I bonds are almost intact
with a bond distance of 2.86 Å (also see Table 2). The Mulliken
charge population shows that there is a 0.558 positive charge
on the sodium centers in Na2I+(H2O)2. The charge on Na in
Na+(H2O)2 is 0.948. Using eq 10 gives∆q ) 0.390, a drop
from ∆q ) 0.443 for NaI. This structure for Na2I+(H2O)2
corresponds to a CIP with no water molecules lying between
the Na+ and I- ions.22 The lowest-energy Na2I+(H2O)3 structure
has aC2V symmetry with one water molecule clustering to one
sodium center and two to the other (structure3 in Figure 6).
The distance of the [(H2O)NaI-Na(H2O)2]+ bond is 2.93 Å,
0.08 Å longer than the [(H2O)Na-INa(H2O)2]+ bond. An isomer
of Na2I+(H2O)3 (structure 4) has all three H2O molecules
clustering to one sodium center and lies 6.0 kcal mol-1 higher
in energy than structure3. The [NaI-Na(H2O)3]+ bond is
elongated to 3.11 Å and the loss of the Na-I-Na backbone
energy is 1.7 kcal mol-1. The I‚ ‚ ‚HOH bond distances are
3.65 Å, showing a tendency to form I‚ ‚ ‚HOH bonds.

The lowest-energy Na2I+(H2O)4 structure has aD2d symmetry
with two water molecules clustering to each sodium center
(structure5 in Figure 6). The Na-I bond is elongated by 0.05
Å with respect to Na2I+(H2O)2. This structure is also a CIP since
all the water molecules lie at the outer edge of the Na2I+ core.
The Mulliken charge on the sodium center increases to 0.660
and∆q is reduced to 0.234, significantly closer to the dissolved
state (where∆q ) 0) than Na2I+(H2O)2. In addition to the CIP,
another stable structure has been characterized. This species,
shown as structure6 in Figure 6, lies 8.5 kcal mol-1 higher in
energy than the global ground state (structure5), and hence is
energetically unfavored. In this structure, all four water mol-
ecules cluster to a single sodium atom at one end. Three out of
the four water molecules lie between the sodium and iodine
centers with their oxygen atoms oriented to the sodium center
and one of their hydrogen atoms pointing to the iodine center.
Three aspects of this structure allow us to classify it as an SSIP.
First, the hydrated sodium and iodine centers are separated by
4.13 Å, 1.22 Å farther apart than in the CIP structure5 and
1.01 Å farther apart than in structure4. The electron-density
isosurface40 plotted in Figure 8a shows that the hydrated sodium
center is well separated from the iodine while the other Na+

binds tightly to the I- forming a CIP. Second, the charge on
the solvated sodium center increases to 0.746 and∆q is 0.075,
indicating a substantial separation of charge between sodium
and iodine. Third, the loss in the Na-I binding energy is 15.1
kcal mol-1 for this structure compared to Na2I+, whereas the
corresponding quantities are only 1.7 and 0.6 kcal mol-1 for
structure4 and5. The pure hydration energy for structure6 is
70.8 kcal mol-1, which is 7.0 kcal mol-1 greater than the lowest-
energy species (structure5). One might conclude that the in-

crease in hydration energy is due to the stabilization between
the iodine and the hydrogen atoms of the H2O ligands. However,
the electron-density isosurface plotted in Figure 8a shows there
is little overlap of the electron population between the iodine
atom and the hydrogen atoms. The calculations show that the
NaI-Na+ backbone in this structure is bound by 24.4 kcal mol-1

and the diabatic NaI-Na+(H2O)4 bond dissociation energy is
26.4 kcal mol-1. To dissociate NaI-Na+(H2O)4 into NaI and
Na+(H2O)4, one Na-I bond and three I‚ ‚ ‚HOH bonds need to
be broken. Therefore, the stabilization energy for each I‚ ‚ ‚HOH
bond is slightly less than 0.7 kcal mol-1. As a comparison, the
NaI‚ ‚ ‚HOH binding energy is calculated to be 0.6 kcal mol-1

for NaI and H2O with the same orientation. By subtracting the
I‚ ‚ ‚HOH binding energy, the hydration energy for water
molecules associating to the Na+ center in structure6 is still
5.0 kcal mol-1 greater than that in structure5. Structure6 has
a much bigger charge separation than structure5 and hence has
a stronger Na+-H2O bond. Therefore, the SSIP structure in-
creases the hydration energy in two ways: (1) by having
stronger Na+-H2O bonds and (2) by introducing the I‚ ‚ ‚HOH
bonds.

The lowest-energy structure for Na2I+(H2O)5 is shown as
structure 7 in Figure 6. The distance of the [(H2O)2NaI-
Na(H2O)3]+ bond is 3.17 and 2.96 Å for the [(H2O)2Na-
INa(H2O)3]+ bond. Structure8 is another stable geometry
characterized by four H2O molecules clustering to one of the
two sodium centers and one H2O molecule to the other sodium
center. The energy of structure8 is 2.4 kcal mol-1 higher than
structure7. This energy difference corresponds to the prefer-
ential formation of species7 at a factor of approximately 50 to
1 over formation of species8 in the 275-300 K temperature
range. Thus, DFT results indicate that the Na2I+(H2O)5 observed
in our experiment is predominantly a species with a structure
like that shown for7 in Figure 6.

The lowest-energy structure for Na2I+(H2O)6 is shown as
structure9 in Figure 6. Each sodium center has three water
molecules clustered to it. Two of the water molecules on each
Na center are oriented so one of their hydrogen atoms is
coordinated to the iodine center. This structure is classified as
a CIP with the Na-I bonds slightly elongated by 0.30 Å to
3.15 Å compared to bare Na2I+. Structure10 in Figure 6 is
almost isoenergetic to the lowest-energy Na2I+(H2O)6 species,
only 0.3 kcal mol-1 higher in energy, indicating structures9
and10 equally contributes under our experimental conditions.
In structure10, one of the sodium centers is solvated by four
water molecules and forms an SSIP with the iodine, while the
other sodium is solvated by two water molecules and forms a
CIP with the iodine. Therefore, overall, structure10 is classified

(40) Flükiger, P.; Lüthi, H. P.; Portmann, S.; Weber, J.MOLEKEL 4.0; Swiss
Center for Scientific Computing: Manno (Switzerland), 2000.

∆q ) qNa - qNa′ (10)

Figure 8. Plots of the electron-density isosurface for (a) the 4-H2O-solvated
Na2I+(H2O)4 adduct and (b) the 6-H2O-solvated Na2I+(H2O)6 adduct. The
Na-atoms and I-atoms are both purple. The color legend of electrostatic
potential is shown on the right.
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as an SSIP. A comparison of the symmetric 3-H2O-ligated
structure (9 in Figure 6) and the asymmetric 4,2-H2O-ligated
structure (10 in Figure 6) shows that the Na-I bond energy in
the SSIP species is decreased by 11 kcal mol-1 (see Table 2),
indicating that shifting one H2O ligand results in a major change
in the Na-I bond strength. In addition to this 4-H2O-molecule-
solvated SSIP, a second SSIP structure exists for Na2I+(H2O)6.
This SSIP has six water molecules between one of the sodium
ions and the iodine center (structure11 in Figure 6), a structure
analogous to the SSIP of NaCl(H2O)6 found by Jungwirth.16

The second Na2I+(H2O)6 SSIP differs from structure10 in that
it has hydrogen bond bridges between water molecules. Three
water molecules cluster to one sodium center and the other three
cluster to the iodine center. These two sets of water molecules
are then connected via H‚ ‚ ‚O‚ ‚ ‚H hydrogen bonds. The
isosurface wrapping of the electron density is shown in Figure
8b. The separation of the sodium ion and the iodine center, as
well as the I‚ ‚ ‚O‚ ‚ ‚H bonding are clearly shown in this
depiction. Although the second SSIP (structure11) is a stable
local minimum, it lies 18.1 kcal mol-1 higher in energy than
the lowest-energy state and thus is significantly energetically
unfavored compared to both structures9 and10. In this second
SSIP, the solvated sodium center is separated from iodine by
5.24 Å, 1.14 Å more than in the 4-H2O-solvated SSIP, structure
10. The charge on the solvated sodium ion in11 is 0.803,
corresponding to a∆q of 0.039.

The optimized structure of Na2I+(H2O)7 is shown as structure
12 in Figure 6. Four H2O molecules solvate an Na+ center and
form an SSIP to the iodine center. It is interesting to note that
all three water molecules clustering to the sodium atom on the
left in 12 angle into the iodine center, unlike the Na2I+(H2O)6
adduct, where one water molecule on each sodium atom is on
the outer edge of the Na-I-Na core. Mulliken population anal-
ysis shows that the charge on the iodine center is-0.664 for
the Na2I+(H2O)7 adduct and-0.544 for the Na2I+(H2O)6 adduct.
The separation of charge achieved by forming the SSIP in the
Na2I+(H2O)7 adduct also helps induce the ionic character in the
iodine center. Water molecules are attracted toward the iodine
center, resulting in an NaI-(H2O)3 CIP within the overall struc-
ture of 12 analogous to the lowest-energy NaI(H2O)3 species
(structure shown in Supporting Information). Two optimized
structures of Na2I+(H2O)8 are shown as structures13 and14 in
Figure 6. For the lowest-energy structure13, four water mole-
cules solvate each of the two sodium cations, forming two sets
of Na+-I- pairs, and the iodine center is stabilized by six water

molecules. Considering the loss of Na-I binding energy, it is
energetically unfavorable to elongate both of the Na-I bonds
symmetrically (Figure 7) relative to unsymmetrical extension.
The loss of Na-I binding energy is 35.1 kcal mol-1 for structure
13. However, the iodine center has a much stronger ionic
character compared to the asymmetrically extended structures
(6, 8, 10, and12). As a consequence, the I--H2O bond strength
is enhanced dramatically, resulting in a binding energy of
13.9 kcal mol-1 for these six I--H2O bonds in I-(H2O)6. The
net result is that addition of the eighth water molecule to
Na2I+(H2O)7, which is a 4,3-H2O-ligated structure, has a
significant binding energy (10 kcal mol-1 from DFT). Structure
14 is in the 6,2 water configuration. It has a larger Na-I
separation for the hexasolvated sodium center and lies 8.9 kcal
mol-1 higher in energy than structure13. This SSIP structure
is analogous to structure11 in that they both have one long
Na-I bond and extensive charge separation (small∆q).

The trend of migrating from CIP to 4-H2O-solvated SSIP and
to 6-H2O-solvated SSIP with increased number of associated
water molecules is summarized in Figure 9. Three separate zones
are clearly shown in this plot of Na-I bond distance versus
number of water molecules. The 4-H2O-solvated SSIP structure
appears when four water molecules or more are associated to
Na2I+. The 6-H2O-solvated SSIP structure appears when the
number of water molecules reaches six or more. The CIP
structure is unfavored when more than six water molecules
associate with Na2I+.

Table 3. Energetics and Efficiencies for the Reaction Na(NaI)n)1,2
+ (H2O)x+y-1 + H2O98

kexpt(T)
Na(NaI)n)0,1

+ (H2O)x + (NaI)(H2O)y
a

reactants products
∆H0

0

(kcal mol-1) b

reaction efficiency
ω(T ) 300) c

extent of
reaction d

Na2I+ + H2O Na+(H2O) + NaI 15.8 2.9× 10-8 0.00
Na2I+(H2O) + H2O Na+(H2O)2 + NaI 13.5 2.1× 10-6 0.01
Na2I+(H2O)2 + H2O Na+(H2O)3 + NaI 15.2 1.6× 10-7 0.00
Na2I+(H2O)3 + H2O Na+(H2O)4 + NaI 15.9 2.7× 10-7 0.00
Na2I+(H2O)4 + H2O Na+(H2O)4 + NaI(H2O) 14.7 1.1× 10-6 0.01
Na2I+(H2O)5 + H2O Na+(H2O)4 + NaI(H2O)2 12.7 2.8× 10-5 0.17
Na2I+(H2O)6 + H2O Na+(H2O)4 + NaI(H2O)3 12.1 2.5× 10-5 0.15
Na2I+(H2O)7 + H2O Na+(H2O)5 + NaI(H2O)3 11.8 2.3× 10-5 0.14

Na+(H2O)6 + NaI(H2O)2 13.2 6.6× 10-6 0.04
Na+(H2O)4 + NaI(H2O)4 13.2 3.8× 10-6 0.02

Na3I2
+ + H2O Na2I+(H2O) + NaI 10.2 5.9× 10-5 0.32

Na3I2
+(H2O) + H2O Na2I+(H2O)2 + NaI 9.6 1.8× 10-4 0.69

a Geometries of the neutral (NaI)(H2O)y species are shown in Supporting Information.b From DFT calculations.c Defined in eq 7. Details of the efficiency
calculations can be found in Supporting Information.d Calculated with eq 8 usingt ) 1 ms,PH2O ) 0.3 Torr andT ) 300 K.

Figure 9. Variation of the Na′-I bond distances from DFT in the
[(H2O)yNaI-Na′(H2O)x]+ adducts with total number of associated water
moleculesm ) x + y for m ) 0-8. Three separate zones from bottom to
top correspond to the CIP, 4-H2O-solvated SSIP and 6-H2O-solvated SSIP.
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4. Reaction Paths.Figure 10 shows the lowest-energy
reaction paths calculated by DFT for the association of the first
H2O molecule to Na2I+ and to Na3I2

+ (reactions 11 and 12)

Formation of NaI(H2O) is not favored in either the reaction of
Na2I+ or Na3I2

+ with water because, according to DFT, the
binding energy of the neutral NaI to water is only 14.2 kcal
mol-1, whereas water binds 9.0 and 4.1 kcal mol-1 more
strongly to ionic Na+ and Na2I+, respectively. As a result, the
H2O molecule would prefer to stay with the ionic species. The
binding energy from DFT is 39.5 kcal mol-1 for the Na+-NaI
bond and 29.2 kcal mol-1 for the Na2I+-NaI bond. Reactions
11 and 12 are endothermic by 15.8 kcal mol-1 and 10.2 kcal
mol-1, respectively. For reaction 11, the efficiency calculated
with phase space theory (PST) is 2.9× 10-8. Essentially, all
Na2I+ + H2O remain unreacted under our typical experiment
conditions (1 ms reaction time, 0.3 Torr water pressure and 300
K temperature). Table 3 summarizes the energetics, reaction
efficiencies and extents of reaction for the salt dissolutions given
in reaction 6. For the reactions of Na2I+(H2O)0-4, the extent of
dissolution of the Na2I+ ion is minor. These calculated reaction
efficiencies coincide with the experimental observations shown
in Figures 1 to 4.

In contrast, the calculated efficiency for loss of NaI from
nascent Na3I2

+(H2O) (reaction 12) is 5.9× 10-5, which
corresponds to a 32% extent of reaction. Again, these calcula-
tions are in agreement with experimental observations as shown
in Figures 2 and 4. It may be considered surprising that we
observe reaction 12 experimentally, given that it is 10.2 kcal
mol-1 endothermic. However, consideration of the Boltzmann
energy distribution for the Na3I2

+ + H2O reactants reveals that
there is a 1% probability the reactants have energies higher than
the product threshold. It is these high-energy reactants that
contribute to the small, but significant reaction efficiency of
5.9 × 10-5.

For reactants Na2I+(H2O) + H2O and Na3I2
+(H2O) + H2O,

the lowest-energy reaction paths calculated by DFT are shown
in Figure 11. Reactions 13 and 14

are 13.5 kcal mol-1 and 9.6 kcal mol-1 endothermic, respec-
tively. The efficiency for reaction 13 calculated by PST is 2.1
× 10-6, which results in a 1% extent of reaction under the
experimental conditions specified in Table 3. For reaction 14,
the efficiency is calculated to be 1.8× 10-4, which leads to a
69% extent of reaction. The Boltzmann distribution indicates
27% of the Na3I2

+(H2O) + H2O reactants have energy higher
than the threshold for formation of the Na2I+(H2O)2 + NaI
products. The PST calculations show that reactants with energies
in the highest 12% of the Boltzmann energy distribution are
predominately the ones that go on to form products.

For the Na2I+(H2O) + H2O system, the product Na+(H2O)2
has a linear structure with two water molecules adding on
opposite side on sodium center (geometry shown in Supporting
Information). To produce this species, a rearrangement of the
water molecules to form structure17 in Figure 11 occurs along
the reaction path. This is followed by an H2O insertion into an
Na-I bond to form the SSIP structure18 which leads to
dissociation. The lowest-energy ionic product Na2I+(H2O)2 in
reaction 14, has the same structure as the intermediate in reaction
13 (structure1). Similar to reaction 13, the Na3I2

+(H2O) + H2O
system includes H2O migration to form structure19 followed
by a cooperative insertion to form the SSIP structure20 and
dissociation to products. All the intermediates in reactions 13
and 14 have energies lower than the Na(NaI)n

+(H2O) + H2O
(n ) 1 and 2) reactants. Although inclusion of the detailed
mechanisms indicated in Figure 11 would have some effect on
the PST reaction efficiencies, these effects are expected to be
minor and hence were not included in the calculated efficiencies

Figure 10. Lowest-energy reaction paths for the association of the first
H2O to Na2I+ and Na3I2

+ obtained from DFT. The dotted curve is the
Boltzmann energy distribution of the orbiting Na2I+ + H2O reactants. The
dashed curve is the Boltzmann energy distribution of the orbiting Na2I2

+ +
H2O reactants.

Na2I
+ + H2O f Na+(H2O) + NaI (11)

Na3I2
+ + H2O f Na2I

+(H2O) + NaI (12)

Figure 11. Lowest-energy reaction paths for the association of H2O to
Na2I+(H2O) and Na3I2

+(H2O) obtained from DFT. The Boltzmann energy
distributions of the reactants are shown on the left. The structures of
intermediate species are indicated along the reaction paths. The energies
of the isomerization transition states were not calculated. Therefore, the
barriers associated with these states are shown as dotted lines on the reaction-
path diagram.

Na2I
+(H2O) + H2O f Na+(H2O)2 + NaI (13)

Na3I2
+(H2O) + H2O f Na2I

+(H2O)2 + NaI (14)
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given in Table 3. The approximation used in the PST calcula-
tions is adequate to give semiquantitative agreement with the
experimental results.41

Different reaction pathways without water migration were
also considered for reactions 13 and 14. One possibility is that
two water molecules cluster to a single sodium center, instead
of one migrating and then inserting into the Na-I bond. For
the Na2I+ system, DFT calculations put this Na2I+(H2O)2 adduct
2.6 kcal mol-1 higher in energy than the ground-state structure
1 shown in Figure 6. However, the reaction efficiency calculated
by PST is not affected at all, since the Na+(H2O)2 product
remains the same. For the Na3I2

+ system, the corresponding
intermediate is 3.9 kcal mol-1 higher in energy than the lowest-
energy structure2. But unlike the Na2I+ system, the products
of the mechanism involving two water molecules clustering to
a single sodium center differ from those shown in Figure 11.
Instead of forming [(H2O)NaI-Na(H2O)]+, [NaI-Na(H2O)2]+

is formed. As mentioned, this isomer is higher in energy by
2.6 kcal mol-1, resulting in an endothermicity of 12.2 kcal mol-1

for reaction 14. The reaction efficiency for this channel is
calculated to be 5.2× 10-6, significantly smaller than the more
efficient channel, formation of [(H2O)NaI-Na(H2O)]+.

Species resulting from the dissolution processes are only
observed when six or more water molecules cluster to an Na2I+

core (as indicated in Figures 1 and 2). This result is consistent
with the reaction efficiencies calculated with PST that the
dissolution reaction

occurs when the number of associated water molecules,x + y,
is six or more (see Table 3). Figure 12 shows the reaction path
for the sixth H2O molecule associating to Na2I+(H2O)5. The
sixth water molecule can cluster to Na2I+(H2O)5 symmetrically,

resulting in three H2O ligands on each sodium atom or
asymmetrically with two H2O molecules associated to one
sodium atom and the other four associated to the other sodium
atom. These two structures are almost isoenergetic with a water
association energy of approximately 12 kcal mol-1. The
asymmetric adduct10 has an SSIP structure and can lead to
the Na+(H2O)4 + NaI(H2O)2 products directly. The overall
dissolution reaction is 12.7 kcal mol-1 endothermic. The
calculated reaction efficiency is 2.8× 10-5, which corresponds
to a 17% extent of reaction. The endothermicity for the disso-
lution reaction upon addition of the seventh and the eighth H2O
ligands drops down slightly compared to the sixth H2O. The
reaction efficiencies are 2.5× 10-5 and 2.3× 10-5, respectively,
similar to the efficiency of dissolution upon addition of the sixth
water molecule. The lowest-energy path for the reaction
Na2I+(H2O)7 + H2O leads to dissolution species of Na+(H2O)5
+ NaI(H2O)3. The dissolution channels producing the products
Na+(H2O)6 + NaI(H2O)2 and Na+(H2O)4 + NaI(H2O)4 are both
more endothermic by 1.4 kcal mol-1, resulting in smaller
reaction efficiencies.

Conclusions

(1) Dissolution of Na2I+ occurs when six H2O molecules are
ligated to the salt cluster. Although the experiment cannot verify
which Na2I+(H2O)6 isomer (structures9 and10) produces the
dissolution species Na+(H2O)x, DFT calculations suggest that
the dissolution process takes place via an SSIP species with
four H2O ligands solvating the Na+ center that will leave the
cluster, consistent with dissociation of structure10.

(2) Dissolution of Na3I2
+ occurs when only one or two H2O

molecules are ligated to the salt cluster. DFT calculations suggest
that a migration followed by insertion of an H2O ligand into an
Na-I bond occurs during the dissolution process of Na3I2

+-
(H2O)2. The loss of an NaI unit from Na3I2

+ is the only
dissolution channel; loss of Na+ is not observed.

(3) The fact that 6 water molecules are required for solvent-
assisted loss of NaI from Na2I+ and only one or two water
molecules for loss of NaI from solvated Na3I2

+ reflects the
difference in energies for binding NaI to Na+ and to Na2I+,
respectively.

(4) Two types of solvent-separated ion pairs for the Na2I+-
(H2O)m adducts (m g 4) were characterized with DFT calcula-
tions. One has four H2O molecules solvating one of the sodium
atoms, whereas the second SSIP has six H2O molecules
solvating one sodium atom.

(5) For all the Na2I+(H2O)m clusters, an increase in charge
separation with an increase in the number of H2O ligands was
observed. Theory indicates that four or more water molecules
clustered to a single sodium center will lead to an adequate
separation of charge for an Na-I SSIP to form.

(6) Experimental sequential association energies and entropies
for one through six water molecules clustering to the Na2I+ ion,
and one and two water molecules clustering to the Na3I2

+ ion
are reported. The water association energies show a pairwise
behavior, indicating a symmetric association of water molecules
to the linear Na2I+ and Na3I2

+ ions. This pairwise behavior is
well reproduced by DFT calculations.

(7) The association energy of the first water molecule
decreases in the order Na+, Na2I+, and Na3I2

+, an effect due
primarily to reduction of the charge-dipole interaction.

(41) A complete treatment would also require inclusion of an energy transfer
mechanism between the bath gas (primarily He) and the nascent
Na(NaI)n)1,2

+ (H2O)m complexes. Inclusion of such a mechanism would
decrease the calculated reaction probability (add a term to the denominator
in eq 7) but would not change any of the conclusions drawn here.

Figure 12. Lowest-energy reaction path for the association of H2O to
Na2I+(H2O)5 obtained from DFT. The 4-H2O-solvated Na2I+(H2O)6 inter-
mediate can dissociate directly to the Na+(H2O)4 + NaI(H2O)2 products.
The energies of the isomerization transition states were not calculated.
Therefore, the barriers associated with these states are shown as dotted lines
on the reaction-path diagram.

Na2I
+(H2O)x+y-1 + H2O f Na+(H2O)x + NaI(H2O)y (15)
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