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Abstract: The sequential association energies for one through six water molecules clustering to Na,l*, as
well as one and two water molecules clustering to Nasl,", are measured. The association energies show
a pairwise behavior, indicating a symmetric association of water molecules to the linear Na,I™ and Nasl,™
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—1 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 Nal unit, occurs when six or more water molecules have been added to Na,l* cluster. However,
one or two water molecules are able to detach an Nal unit from the Nazl,* cluster. The difference in solubility
of the Na,l*™ and Nasl," ions is due to the difference in the energies required to lose an Nal unit from these
two species. The experiment also confirms that the loss of a neutral Nal unit, instead of an Na* ion, occurs
during the dissolution processes of Nasl,*. The microsolvation schemes proposed to explain our experimental
observations are supported by DFT and phase space theory (PST) calculations.

Introduction boundary layer and in coastal regions. The halogen anions (X
contained in sea salt particles can destroy ozong, @key
tropospheric oxidant and greenhouse gas, via photochemical
reactions. The most recent research reveals that the reactions
of Oz with aqueous sea salt ions control the chemistry at the
air—water interfacé, 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
cationg8 and halide aniorfsl® have been widely investigated
both experimentally and theoreticaliy.Small alkali halide-

water ions have also been observed in the gas pfR€Beth
experimentdf 14 and theoreticab—22 studies for the dissolu-

The dissolution of sea salt particles, MX @vlalkali 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 M and X°~ ion pairs at the surface
of the crystal. When the free energy of hydration exceeds the
free energy of the lattice, the hydrated"Mnd X ions leave
the bulk solid phase and disperse into the aqueous pR&sem
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 Nal unit. Despite our familiarity with this 5 schweitzer, F.; Magi, L.; Mirabel, P.; George, &.Phys. Chem. A998

phenomenon, the true picture of the dissolution processes is not 102 593. ) ) )
. . . . . (6) Knipping, E. M.; Lakin, M. J.; Foster, K. L.; Jungwirth, P.; Tobias, D. J.;
clear from the microscopic point of view. In particular, the Gerber, R. B.; Dabdub, D.; Finlayson-Pitts, BStience200Q 288 301.
question of whether MX leaves the lattice surface as a unit or (7) (@ Dalleska, N. F.; Tjelta, B. L.; Armentrout, P. B. Phys. Cheml994
8, 4191. b) Marlnelll P.J,; Sqwres R. R. Am. Chem. S0d989 111,
separately as M and X is in doubt and remains open to 4101. €) Dzidic, I.; Kebarle, P.J. Phys. Chem197Q 74, 1466.
discussior® (8) (a) Hashimoto, K.; Morokuma, KJ. Am. Chem. S0d 994 116, 11 436.
. . . . (b) Bauschlicher, C. W.; Langhoff, S. R.; Patridge, H.; Rice, J. E;
The dissolution of sea salt particles can also take place in Komornicki, A. J. Chem. Phys1991, 95, 5142.
i i i i (9) (@ Davis, A. V.; Zanni, M. T.; Weinkauf, R.; Neumark, D. MChem.
the gas ph_ase, ple_lylng an important role in enwronmenFaI and Bhys. Lett2002 353 455. €) Ayotte. P.. Weddle, G. H: Johnson. M. A
atmospheric chemistd£ It is known that small sea salt particles J. Chem. Phys1999 110, 7129. ¢) Choi, J. H.; Kuwata, K. T.; Cao, Y.
B ; B P B.; Okumura, M.J. Phys. ChemA 1998 102 503. @) Markovich, G.;
are brouqht into the gas phase by wave action in the marine Pollack, S.; Giniger, R.; Cheshnovsky, d.Chem. Physl994 101, 9344.
(e) Hiraoka, K.; Mizuse, S.; Yamabe, 3. Phys. Chem1988 92, 3943.

(1) Brown, T. L.; LeMay, H. E.; Bursten, B. EEhemistry, The Central Science (f) Arshadi, M.; Yamdagni, R.; Kebarle, B. Phys. Chenil97Q 74, 1475.
(Chapter 13); Prentice Hall: New Jersey, 1997. (10) (@) Lee, H. M.; Kim, D.; Kim, K. S.J. Chem. Phys2002 116, 5509. p)

(2) Harned, H. S.; Owen, B. BThe Physical Chemistry of Electrolytic Vila, F. D.; Jordan, K. DJ. Phys. Chem. 2002 106, 1391. €) Chen, H
Solutions Reinhold: New York, 1958. Y.; Sheu, W. S.J. Am. Chem. So200Q 122 7534. @) Gai, H. D.;

(3) Yamabe, S.; Kouno, H.; Matsumura, K.Phys. Chem. B00Q 104, 10 242. Schenter, G. K.; Dang, L. X.; Garrett, B. G. Chem. Phys1996 105

(4) Oum, K. W.; Lakin, M. J.; DeHaan, D. O.; Brauers, T.; Finlayson-Pitts, B. 8835. €) Serxner, D.; Dessent, C. E. H.; Johnson, M.JJAChem. Phys
J. Sciencel998 279, 74. 1996 105 7231.
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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 The reactant and product ions are mass analyzed by the second
dissolution of NaCl. However, the details of the dissolution qguadrupole as mentioned above.
process are not yet fully understood. In particular, the minimum  The measured intensities of the various Na(NalXHzO)m ions
number of water molecules required for the dissolution to take are used to determine the equilibrium constants
place has not been determined. N

Our goal in this work is to explore the sea salt dissolution KO= [Na(Nal),_, AH;0)xl-(760)
process using a combination of experimental and theoretical P [Na(NaI)Ll,z(HZO)m,l]'PHZO
methodsi1223|n particular, we will measure the binding energies
between the salt cluster ions and neutral water ligands andwherePu,o is the pressure of ¥ in Torr and (760) Torr normalizes
explore the dissolution reaction mechanisms. We chose Nal asthe Kg values to standard state conditions. The standard-state free
our first system to study because it is monoisotopic and is €nergies are then calculated using eq 4
predicted to take fewer water molecules than NaCl to effect
solvation. Our findings follow.

Na(Nal},_, AH,0, ., ~> Na(Nal}o,(H,0), + (Nah(H,0), (2)

®3)

AGY=—-RTInK) (4)

) and enthalpies and entropies are determined by pIotti@Q vsT
Experimental Methods

0_ 0_ 0
Experimental details of the method and instrument have been AGT=AHT = TAS; ()

A . 26 )
published previousl§*2¢ Briefly, the Na(NaIlezcatlons are formed whereAH(T’ and —AS$ are the intercept and the slope of the plot,

by laser vaporization of a SOF““”‘ iOdid? rod _in a helium buffer gas. respectively. These quantities are valid over the temperature range of
The pulsed 308 nm XeCl excimer laser is typically run at 10 Hz with the experiment. To obtain true bond dissociation energis =

a power of 306-400 mJ per pulse. The desorbed salt plasma is entrained —AHg), extrapolations ofAH$ to 0 K using statistical mechanics

ina high-pressur_e pulse of He that cool_s the plasmg and ir_1duces clustermethods are performéd.The geometry parameters and vibrational
formation. The timing of the He pulse is synchronized with the laser o.,encies determined with DFT are used in the extrapolations.
pulse using a home-built delay generator. Typically, the He pulse

width is 200-600 us with a backing pressure of 60 Psi. The bare Theoretical Methods

Na(Nal)_, , ions are m I rupole mass filter an . . ) .
Na(Nal}, ions are mass selected by a quadrupole mass filter and - yiqate structures and energies were obtained with the
injected into a drift reaction cell containing a mixture of He ary®H

Typically, the composition of the reaction gas is 3 Torr of He and Density Functional Theo.ry (DFT) meth(?d u§|ng the unrestricted
0.01-0.5 Torr of water vapor. The vapor pressure of water is measured OP€n shell B3LYP functional parametrizatige® All calcula-
by a barometer that is calibrated by a residual gas analyzer. The celltions were carried out on an SGI IRIX 64 workstation with the
temperature is varied from 200 to 600 K. lons exiting the drift cell GAUSSIAN98 packagé? For sodium, oxygen, and hydrogen,
pass through a second quadrupole mass analyzer and are detected usithe built-in 6-31H%+G** basis was used. For iodine, we used
single-ion counting methods. The ions in the reaction cell drift under the quasi-relativistic 7-valence-electron effective core potential
the influence of a weak electric field that does not measurably perturb (ECP) developed by the Stuttgart group, which uses a relativistic
their thermal energies. The following equilibria are rapidly established gcp tg replace the 46-electron [Kr 4d% core and a [83p]
contraction of (45p) primitive set to represent the valence
electrons’® Full geometry optimizations were achieved for all
species involved in this work. Corrections for zero point energy
éZPE) and basis set superposition error (BSSE) were also
performed.

The kinetics and dynamics of the dissolution reactions were
studied with statistical phase space theory (P8T$ Specif-
ically, PST was used to calculate the efficiencies for reactions

k
Na(Nalji_y HO) 1 + H,0 <= Na(Nalj_; AH,0), (1)

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

(11) (@) Weis, P.; Kemper, P. R.; Bowers, M. T.; Xantheas, S1.3Am. Chem.
Soc 1999 121, 3531. p) Ayotte, P.; Nielsen, S. B.; Weddle, G. H.; Johnson,
M. A.; Xantheas, S. SJ. Phys. Chem. A999 103 10 665. ¢) Cabarcos,
O. M.; Weinheimer, C. J.; Lisy, J. M.; Xantheas, S.J3.Chem. Phys
1999 110 5.

(12) Greoire, G.; Mons, M.; Dimicoli, |.; Dedonder-Lardeux, C.; Jouvet, C.;
Martrenchard, S.; Solgadi, . Chem. Phys200Q 112 8794.

(13) Peslherbe, G. H.; Ladanyi, B. M.; Hynes, J.JT.Phys. Chem. A998

(27) Kemper, P. R.; Bushnell, J.; van Koppen, P.; Bowers, M. Phys. Chem
1993 97, 1810.

(28) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. Bhys.
Chem 1994 98, 11 623.

(29) Becke, A. D.J. Chem. Phys1993 98, 5648.

(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

102 4100.
(14) Ault, B. S.J. Am. Chem. Sod 978 100, 2426.
(15) Dedonder-Lardeux, C.; Ggeire, G.; Jouvet, C.; Martrenchard, S.; Solgadi,
D. Chem. Re. 200Q 100, 4023.
(16) Jungwirth, PJ. Phys. Chem. R200Q 104, 145.
(17) Petersen, C. P.; Gordon, M. B.Phys. Chem. A999 103 4162.
(18) Stefanovich, E. V.; Truong, T. Nl. Chem. Phys1996 104, 2946.
(19) Barnett, R. N.; Landman, W. Phys. Chem1996 100, 13 950.
(20) Woon, D. E.; Dunning, Jr., T. HI. Am. Chem. Sod 995 117, 1090.
(21) Asada, T.; Nishimoto, KChem. Phys. Lett1l995 232, 518.
(22) Smith, D. E.; Dang. L. XJ. Chem. Physl994 100, 3757.
(23) (@) Bushnell, J. E.; Kemper, P. R.; Bowers, M. J..Phys. Chem1994

98, 2044. p) Kemper, P. R.; Bushnell, J.; von Helden, G.; Bowers, M. T.

J. Phys. Chem1993 97, 52.

(24) Weis, P.; Kemper, P. R.; Bowers, M. X..Phys. ChemA 1997 101, 8207.

(25) Kemper, P. R.; Weis, P.; Bowers, M. Tnt. J. Mass. Spectrom. lon
Processed997 160, 17.

(26) Bushnell, J. E.; Kemper, P. R.; Ma, P.; Bowers, M. TJ. Am. Chem.
Soc, 1994 116, 9710.
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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 temperatufew(T), is the fraction
of reactant collisions that result in product formation. It is
defined askexp T)/Keol(T), Wherekexp(T) is the experimentally
observed rate constant akg(T) is the collision rate constant
for reactants. The intermediate adducts Na(ﬁLQ]QXHZO)m
are assumed to be formed in the steady state at the collision
rate of the reactants (i.ek; = Keon)

_—

—1(T)

ky(T)
k

Na(Nal}_; (H,0)y-1 + H0 =——=Na(Nal}_; (H,0,

kdT) .
— Na(Nal)_, ,(H,0), + (Nal)(H,0), (6)

This allows the reaction efficiency to be rewritten as follows

kD k(M
kool KT + Ko (T)

The right-hand side of eq 7 was calculated with PST (see the
Supporting Information) and becauig(T) can be calculated
with Average Dipole Orientation TheoP# kex{T) can be
obtained. These calculatégl,(T) values were used to determine
extents of reaction (eq 8) under the conditions of our experiment

[Na(N a')ﬁ:l,z(Hzo)mﬂ] — o ol DProl
[Na(Nal):zl,Z(HZO)m—l]O

o(T) (7)

8)

wheret is time. The extent-of-reaction values calculated in eq

d) PHZO =0.31 Torr

Na,I'(H,0),

|

id )

_/Na'(H,0), Na,I"(H,0),

[ .

(c) PHZO =0.07 Torr

Na,I'(H,0),
Na'(H,0),

| Na'(H,0),

L

(B)P,,,=0.01 Torr

Na,I'(H,0),

6

Na,I'(H,0),

/
l‘ \ ‘ /Nazl*(HZO)s

N
Na,|

+
Na,|

(a) No water

m/z

Figure 1. Mass spectra of N&" with different water pressures at room
temperature. The dissolution species ({O)y, appear when the M (H20)s
adduct is formed.

As shown by the spectra in Figure 1, no dissolution processes
are observed as long as the number of water molecules

8 were used to evaluate the mass spectra measured in this studyassociated to N&" is less than six. Analogous experiments were

Results and Discussion

1. Dissolution of Salt Clusters Both the equilibrium between
Na(Nal}™ and water molecules (reaction 1) and the dissolution
of Na(Nalx* by the association of water molecules (reaction
2) are observed in our experiments. Figure 1 shows the room-
temperature mass spectra recorded fogl Nat different water

carried out for the Na,™ ion with the mass spectra shown in
Figure 2. There is a small amount of fa 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 NE(H20), with as many as four D
molecules are observed. This observation indicates that the

vapor pressures. The bottom panel was recorded without anyhydrated Nal,*(H-O)m, adducts prefer to lose a neutral Nal unit,

water added to the reaction cell. Only a single;Ngeak is

instead of ionic N3, during the dissolution process. When the

observed. When the water pressure is raised to 0.01 Torr, awater pressure is increased to 0.28 Torr, the spectrum is

nonequilibrium distribution of up to four water molecules
associating to an N&" core is observed, as well as a small
peak for Nal*(H2O)s. When the pressure of water is increased
to 0.07 Torr, equilibrium is established for the INgH2O)m
series of ions with peaks for as many as si¥OHligands
clustering to Nal* observed. In addition, NgH,0), ions appear
with x = 3 and 4. These species are also in equilibrium with
H,O. The top spectrum was recorded with a water vapor
pressure of 0.31 Torr. At this water pressure, more N&(kt
fragments are formed and dominate the spectrum.

(33) (@ Chesnavich, W. J.; Bowers, M. Prog. React. Kinet1982 11, 137.
(b) Chesnavich, W. J.; Bowers, M. T. Chem. Phys1978 68, 901. )
Chesnavich, W. J.; Bowers, M. 7. Am. Chem. Sod.976 98, 8301.

(34) Pechukas, P. Dynamics of Molecular Collisions, Part;B/iller, W. H.,
Ed.; Plenum Press: New York, 1976.

(35) Forst, W.Theory of Unimolecular Reactiondcademic Press: New York,
1973.

(36) Robinson, P. J.; Holbrook, K. AUnimolecular ReactionsWiley-
Interscience: New York, 1972.

(37) Pechukas, P.; Light, J. C.; Rankin, £.Chem. Physl966 44, 794.

(38) Nikitan, E.Theor. Exp. Chem., Engl. Trandl965 1, 275.

dominated by Ng ™ (H,0), fragments. The Na#™(H,O)s adduct
is clearly seen and subsequent dissolution of thg i >0)y
fragments to form predominantly NgH,0), is observed. When
the water pressure is raised to 0.49 Torr, the spectrum is
dominated by the N#"(H,O)« series of ions and further
dissolution is observed with the increased formation of
Na*(H20)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 m@$ 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 Napl™ at various water vapor pressures at 540 K. At this
temperature, the equilibrium for ha reacting with HO favors
the reactant side and only one® molecule clustering to the
Nal ™ ion is observed. No dissolution species'{d,O), were
observed. The indication here is obvious: the precursors leading
to the dissolution of Na*(H,O)n, are unable to form at this

J. AM. CHEM. SOC. = VOL. 125, NO. 11, 2003 3343
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(d) PHZO =0.49 Torr

N0, Na,I"(H,0),

ll.,h o

(c) PHXO =0.28 Torr

Na,l,"(H,0),

/
L

Na,I"(H,0),
/ +
Na+(HZO)4 Naslzl (Hzo)s
s H L ‘ .ul 1 e | ltl
()P, _ =0.06 Torr Na_l.*(H.O
"o Na,l'(H,0), y Nad: (0,
Na,l,"(H,0),

Nt 1

(a) No water

Ll l Lk

+
Na,l,

+
Na,|
lu_ dud L R [

m/z
Figure 2. Mass spectra of Nip™ with different water pressures at room
temperature. The dissolution speciesINéH,0), were observed with only
background water vapor. The subsequent dissolution of thé!{##0)x
adducts occurs when Wa(H,0)s is formed.

high temperature. Similarly, Figure 4 shows the spectra of
Nagl,™ reacting with HO 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 Nal*(H,O)x species increase and eventually dominate
the spectra as the pressure of water increases. However, no
subsequent dissolution of the N&H0)x adducts to form
Na*(H.O), species were observed. The dissolution processes
of Nagl,* at 300 and 440 K represented by the spectra in Figures
2 and 4, respectively, indicate that only one, or at most two,
H,O molecules are required to dissolve an Nal unit from the
Nagl,t ion.

2. Water Association Energiesin addition to the dissolution
processes of Na(Naf) by the association of water molecules,
equilibrium between Na(Najy and HO molecules is also
established. Figure 5 shows the experimeﬂt@ﬁ Vs temper-
ature plots for the Na(Na,f];lylezo association reactions as
described in eq 1. A summary of the experimental and
theoretical enthalpies and entropies is given in Table 1. The
experimentab8$ values were taken from the slopes of linear
fits to AG$ versus temperature plots. The experimental bind-
ing energies 80 K (Dy = —AHg) were obtained from the
intercepts AHY, using statistical mechanical fittings.

Some optimized DFT geometries of the INgH,O),, (m =
2—8) adducts and the Iglk;+(H20)2 adduct are displayed in
Figure 6. With increasing adduct size, it becomes more difficult

(@P, =032 Torr Na,|"
Na,I"(H,0)
| & 11 .Il N
Na,I"
(c) P,,,=0.20 Torr
Na,I'(H,0)
| 1 i .
()P, =0.12 Torr Na,|
Na,I"(H,0)
1 1 l
(a) No water Nazr

) PHZO =0.50 Torr

aadad

m/z

ol

(c) PHzo =0.30 Torr

Nazl*(HQO)2
/

Nal'(H,0),

Na,l,"(H,0)

|

Na,|

¥ H,0)

2
|

Figure 3. Mass spectra of N&t* with different water pressures at 540 K.
No dissolution species N@H,0), were observed at this temperature.

U | “A.A.Ju 1

(6)P,,,=0.18 Torr

(a) No water

Na,I'(H,0)

Na,l,"(H,0)

to identify lowest-energy structures due to the large number of at this temperature.

possible isomeric forms. Typically, the Na(H,O)n, adducts

m/z

Figure 4. Mass spectra of N with different water pressures at 440 K.
Dissolution of Nal,* takes place at all water pressures. No subsequent
dissolution of the Ng *(H20), adducts to form N&H0)y species is found

were divided into different categories. First of all, we examined structures. In the nonbridged structures, all water molecules were
the difference in energies between bridged and nonbridgedconsidered to cluster to the Na&ores directly. In the bridged

3344 J. AM. CHEM. SOC. = VOL. 125, NO. 11, 2003
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-4.0

5.0

(kcal mol™)

0
T

AG

-10.0 4

e Na,'(H,0),

-11.0 .
o Nay,'(H,0),

'120 T T T T T T T T T

200 250 300 350 400 450 500 550 600
Temperature (K)

Figure 5. Plots of experimentahGJ vs temperature for successive

association reactions of 8 to Nal* and Nal2* ions (reaction 1). The

filled circles are data for the NB"(H20)m adducts and the open circles are

data for the Ngl,™(H,O)m adducts.

Table 1. Experimental and Theoretical Enthalpies and Entropies
for the Salt—Water Association Reactions Na(NaI):,'(Hzo),,,fl +
H,0 = Na(Nal); (H20)m

experimental theoretical
n m -AHg® -ASYP -AHg? -ASybe
1 1 19.3 22.2 18.3 22.0
2 19.2 28.0 17.8 27.6
3 134 17.8 13.6 20.5
4 13.6 21.1 13.5 325
5 11.8 221 111 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

akcal molt. Experimental uncertainty1 kcal molL, ® cal mort K—1,
Valid for temperature range shown in Figure®®:or mean experimental
temperature.

structures, some water molecules cluster to the Mares

water molecules to the N and Nal; 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 entropyS%r, of Na(Nal), compared to the
Na(Nal}(H,0) and Na(Nalj(H,0), adducts. Statistical me-
chanics shows that the rotational entropies fod NaNal *(H20),

and Nal*(H0), under 400 K are 19.32, 24.59, and 24.90 cal
mol~1 K™, respectively. The overall change in rotational entropy
for the addition of a water molecule depends on the dif-
ference inS?, for the Na(Nalf(H.O)m 1 reactant and the
Na(NaI)T(HZO)m product. A smaller rotational entropy for
Na(Nal) (H20)m-1 leads to a less negati\AeS%, for the reac-
tion. The theoreticahS? for the association of the third 4@
molecule is noticeably greater than the experimental value, and
the deviation increases further for the association of the fourth
H>O 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 N&"(H,O); », the water association
energies are approximately 19 kcal mblFor Nal*(H20)s3 4,
the association energies are both nearly 6 kcal faleaker
than the first two. For Na"(H20)s 6, the binding energies drop
down by another 2 kcal mol. The Nal*(H,O)s adduct was
only observed below approximately 325 K in our experiment.
Because of this and other experimental conditions, only one
reliable value forAGY could be obtained for this adduct. To
determine an estimate fohH] of Nal*(H,0), AS? was
assumed to be-20 cal mot! K1 based on the values ofS?
for m = 1-5. This results in a value of-11 kcal moi? for

directly and the others form bridges from these directly clustered AH o, in line with the pairwise behavior observed for =
water molecules to the iodine center. Generally, the bridged 1—5. The DFT calculations show both the :NgHO), ion
adducts are much higher in energy than the nonbridged adductdstructurel in Figure 6) and Nglz"(H20) ion (structure2 in

and hence play marginal roles during hydration. For example,

the bridged isomer of N&"(H,O), adduct is 15.0 kcal mot

Figure 6) are linear with two water molecules added on oppo-
site sides of the salt center. The lowest-energy state of the

higher in energy than the lowest-energy structure we identified Nael " (H20)s ion has &zq symmetry with two water molecules

(structure5 in Figure 6). Also for large Nat(H,0)n, adducts,
various ways to distribute then H,O molecules between the
two Na' centers were considered. The way thgHnolecules
are divided turns out to be crucial in determining whether the
cluster is a CIP or an SSIP. For a givendistribution, few
symmetry restrictions were imposed and varioy®Hrienta-
tions were taken into account even for large,NéH,0)m
adducts.

Table 1 shows that the experimental and theoretical
binding energies for the N& (H20)m-1 + H20 (m= 1-6) and
Nagl2"(H20)m-1 + H20 (m = 1 and 2) association reactions
are in very good agreement. The theoret'maig values listed

clustering to each of the two sodium atoms (structureFigure

6). The lowest-energy NE (H,0)s ion hasCz, 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
AH{. The reduction in water association energies with in-
creasing ligand number is primarily due to ligarldyand
repulsion of the water molecules.

It is interesting to compare the water association energies of
the Na", Nal™, and Nal," ions. The bare Nasystem has been
investigated both experimentallgind theoretical§/by a number
of research groups. The experimental studies result in an

include the ZPE and BSSE corrections. The basis of a single averagé® binding energy of 23.4 kcal mot for the first and
water molecule causes a Superpos|t|on energy of about 0.1 kcallg7 kcal mOTl for the second water molecule. The theoretical

mol~? for all the species involved in this work. The basis from
the massive Na(Naf(H20)m-1 group in the Na(Naf)(H2O)n

cluster leads to an overestimation in binding energy by 1.0 kcal

mol~1. As a result, the overall BSSE is approximately-1101
kcal mol® for the successive clustering of eackHmolecule.
The theoreticah S values for the association of the first two

studies give average binding energies of 24.7 and 22.1 kcal
mol~! for the first and second waters, respectively. Our current

(39) The average binding energies of 23.4 kcal Thébr the first and 19.7 kcal
mol~! for the second water molecule to bare™Np not include the values
measured by Marinelli and Squires (réf)because they are significantly
lower than those measured by Dalleska et al. (efahd by Dzidic and
Kebarle (ref E).
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n=1l.m=2 n=2.m=2
2.26 2.86 2.26 2.84 2.90
sl Q" o0—@
1 2

271 \
231 609

4.15

E=0 13 E=8.9 14

Figure 6. Representative structures for the Na(N&(H20)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 A and degrees, respectively. For species where more
than one isomer is showm & 1, m = 3—6, 8), energies are given in kcal mélrelative to the lowest-energy structure.

3346 J. AM. CHEM. SOC. = VOL. 125, NO. 11, 2003



Dissolution Processes of Small Sea Salt Clusters ARTICLES

calculations give values of 23.2 and 20.6 kcal nalith a Table 2. Properties of the Salt—Water Adducts, Na(Nal),,(H20)n?
BSSE correction of 1.1 kcal mol for both HO adducts. (The ~ from DFT Calculations (geometries shown in Figure 6)
geometry of the N&H.O) adduct is shown in Supporting structure (mxy)  E*® ABye (M) AEy(M)*® Ry Gua®  AQ
Information.) The first water association energies from the DFT n=1 Nal*(000) 0 0 0 2.85 0.592 0.408
calculations are 23.2, 18.3, and 17.2 kcal mdbr the Na', 1(211) © 0.0 36.1 2.86 0.558 0.390
Naol ™, and Nal,* ions, respectively. The chargédipole and 3321 0 0.2 49.9  2.93 0656 0.238
. . . . : 4(330) 6.0 1.7 454 3.11 0.670 0.206
charge—|r_1duced-d|pole interactions have the most important 5(422) 0 0.6 63.8 291 0.660 0.234
contributions to these energies. The DFT calculations indicate 6(440) 85 151 70.8 4.13 0.746 0.075
positive charges of 0.948, 0.637, and 0.589 on the sodium ;Egﬁ; 24 1%-% Z}g% 3;-112 %-7733 %-%)5717
i + + - : : : : : :
genters m NH(HZO), Nal*(H.0) and Nal, '(Hizo), respgc 9(633) 0 44 889 315 0730 0.146
tively. This indicates that the water association energies de- 10(642) 0.3 15.3 1015 4.10 0.741 0.080
crease as the chargdipole interactions decrease. For the 11(660) 181 244 92.7 524 0.803 0.039
; i 12(743) 0 19.1 1135 4.15 0.746 0.075
neutral_Nal(I—iO) gdduc_t, tlhe_re IS No oyerall c_hlargdlpole 13(844) © 35.1 140.7 415 0.750 0.071
interaction but a dipoledipole interaction is possible. Our DhI:T 14(862) 89  24.0 121.8 507 0803 0.039
calculations give aiwgter association energy of 14.2 kcaf ol h=2 Nal,’ (000) 0 0 0 281 0683 0317
fqr neu_tral Nal_. This is somewhat surprising because dipole 2211) 0 0.1 344 284 0581 0367
dipole interactions are usually of the magnitude of several kcal n—0 Na o 0 1,000
mol~1. Two factors, charge separation and geometry, account Na*(H0) 0 232 ® 0.948
for the high Nat-H,O binding energy. The DFT calculations Na*(H.0); 0 439 o 0.894
; i ; Na*(H0)' 0 60.2 «  0.876
s?%cgz/l; (.:h;rgel on tEe sNod:ulm r?‘e?]tler'm '.[heINaﬂI((j)(-jlaglducth Na“(H.O) 0 732 o 0821
(0] . , 1N ICatlng that Nal is gnly IOI']IC.' n a |t|0n, the Na+(H20)5i 0 83.6 o 0.812
Nal(H,0) adduct has a plan&@s symmetry with the oxygen Na"(H-0) 0 937 ® 0.842

atom oriented toward the sodium center and one hydrogen atom

oriented toward the iodine center, resulting in a quadrupole _ _* [(H20)Na:—N&(Hz0)J ", wherem=x + . °In units of kcal mot *.
. . . . . ¢ Energy relative to the lowest-energy st#t®ecrease in Nal interionic
charge interaction (geometry shown in Supporting Information). pond energye Pure hydration energy as defined in ed B —I bond length

3. Geometries: CIP and SSIPTwo components contribute  in A. ¢ Mulliken charge population on the leaving Neenter as described
to the enthalpy for reaction 1. m.easured in this experimeqt: the '[?Hi%)ig\-laglfie’\fg}ﬁ'ez Cl)r;d&hgrsgzec]:ir;] Elz\(ljaigegéei (I)TIG[L\IJQH"'IBGD;%G sg?eN:;] g\wn
energy gained by the association of water molecules with the in Supporting Information.
reactant ion and the energy lost due to the weakening of the
Na—I bonds in the product. To analyze the saliater interac-
tions for the Nal* and Nal," systems, we need to compare
just the hydration component ofAHg as a function of the
number of associated water molecules. Therefore we define the

200 7F
1 <& Symmetric bond variation
X Asymmetric bond variation
w/ optimization
1 O Asymmetric bond variation
150 w/o optimization ;

pure hydration energy %\
< 100 ]
AE(m) = —AHJm) + AE, ,(m) 9) A
L
where —AH g(m) is the total hydration energy calculated for 501 Na' +Nal ]

the Na(NaI}L'2 ion with m associated water molecules and
AEna-1(m) is the total decrease of the Nabond energies with
m water molecules clustering to the Na(Nfag)eore. To
determine AE,(m) values using eq 9, theoreticatAH 8(m)
values were taken from Table 1 addEn.- (M) values were Figure 7. Relative energies of the Md ion as a function of the Nal
calculated using DFT. BothEp(m) and AEna— (M) values are bond distances obtained from DFT. The diamond symbols were obtained
listed in Table 2. by symmetrically varying both of the Nél bonds. The cross symbols and
The plots in Figure 7 shiow the change in the-Neond e 2Yele Symbas were oblened by varying one of e o Neonds
energy of Nal™ obtained by varying the Nal bond distance
in the DFT calculations. Three different calculations were 119.2 kcal mot? to break Nal apart into Naand . The
performed. First, the bond energy was calculated by varying symmetric elongation of the bonds in Nal~—Na" results in
the two Na-1 bond lengths symmetrically. The bond energy more charge separation than in the asymmetric cleavage and
was also calculated by varying one of the two-Ndonds with hence requires more energy.
and without the other Nal bond optimized. The two curves One interesting aspect of the salt dissolution processes is the
for asymmetric bond variance almost overlap. This is not variation in charge separation in alkali halides with the number
surprising since the optimized N& bond varies no more than  of associated kD molecules. For instance, the charge on the
0.05 A from the equilibrium position for the range from 1.6 to Na center in an isolated Nal molecule is 0.557 according to the
5.2 A of this plot and because the change in bond energy atMulliken charge population from the GAUSSIAN98 program.
R(eq)+ 0.05 A is approximately 0.1 kcal mol. Figure 7 also The charge on an isolated Naon is +1. Thus, there is a
shows that symmetric Na bond cleavage in N&™ requires difference of 0.443 between isolated Nand Na in Nal. For a
more than twice as much energy as asymmetric bond cleavagehydrated salt cluster ion, [@®)/(Nal);—Na (HO)]*, it is
The Na-Na* bond energy is 39.5 kcal mdl. However, it takes convenient to define a similar quantity as
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AQ = Oya ~ Ong (10)
where gua is the charge on the Na center in an isolated
[Na(Hx0)* ion andgua is the Mulliken charge on the Na
center that is being dissolved in the cluster. The quam@ys
presented in Table 2.

Structures for the Nt (H,0O)n—2—g ions are shown in Figure
6. The lowest-energy N (H,O); structure is linear with two

(structurel in Figure 6). The Nal bonds are almost intact
with a bond distance of 2.86 A (also see Table 2). The Mulliken

charge population shows that there is a 0.558 positive charge

on the sodium centers in Nd(H20),. The charge on Na in
Naf(H20), is 0.948. Using eq 10 giveAq = 0.390, a drop
from Agq = 0.443 for Nal. This structure for NE(H.0),
corresponds to a CIP with no water molecules lying between
the Na" and I~ ions22 The lowest-energy N#i"(H,0)s structure
has aC,, symmetry with one water molecule clustering to one
sodium center and two to the other (struct@rén Figure 6).
The distance of the [(}0)Nal—Na(H,0),]* bond is 2.93 A,
0.08 A longer than the [(#0)Na—INa(H,O),] " bond. An isomer

of Nal™(H,0)s (structure4) has all three KO molecules
clustering to one sodium center and lies 6.0 kcal Thbigher

in energy than structur®. The [NakNa(HO)s]* bond is
elongated to 3.11 A and the loss of the-Na-Na backbone
energy is 1.7 kcal mot. The F - -HOH bond distances are
3.65 A, showing a tendency to form {1 *HOH bonds.

The lowest-energy N&™(HO), structure has 8,3 symmetry
with two water molecules clustering to each sodium center
(structureb in Figure 6). The Nal bond is elongated by 0.05
A with respect to Ngl T (H;0),. This structure is also a CIP since
all the water molecules lie at the outer edge of thelNaore.
The Mulliken charge on the sodium center increases to 0.660
andAqis reduced to 0.234, significantly closer to the dissolved
state (where\q = 0) than Nal™(H,O),. In addition to the CIP,

)

water molecules added to the two sodium centers at the endsrjgure 8. Plots of the electron-density isosurface for (a) theBsolvated

(@)

Naol *(H20)4 adduct and (b) the 6-4D-solvated Na *(H20)s adduct. The
Na-atoms and I|-atoms are both purple. The color legend of electrostatic
potential is shown on the right.

crease in hydration energy is due to the stabilization between
the iodine and the hydrogen atoms of thgoHigands. However,
the electron-density isosurface plotted in FiguaesBows there
is little overlap of the electron population between the iodine
atom and the hydrogen atoms. The calculations show that the
Nal—Na" backbone in this structure is bound by 24.4 kcal mhol
and the diabatic NatNa*"(H,0)4 bond dissociation energy is
26.4 kcal mot®. To dissociate NatNa"(H,O), into Nal and
Na'(H20)s, one Na-1 bond and three:l- -HOH bonds need to
be broken. Therefore, the stabilization energy for eachHOH
bond is slightly less than 0.7 kcal mdl As a comparison, the
Nal- - -HOH binding energy is calculated to be 0.6 kcal riol
for Nal and BO with the same orientation. By subtracting the
[+ -+ ‘HOH binding energy, the hydration energy for water
molecules associating to the Naenter in structuré is still
5.0 kcal mot? greater than that in structufe Structure6 has
a much bigger charge separation than struchaed hence has
a stronger Na&—H,O bond. Therefore, the SSIP structure in-
creases the hydration energy in two ways: (1) by having
stronger Na—H,0 bonds and (2) by introducing the:I-HOH
bonds.

The lowest-energy structure for la(H,0)s is shown as
structure 7 in Figure 6. The distance of the [(B).Nal—

another stable structure has been characterized. This Spede%\la(HzO)gr bond is 3.17 and 2.96 A for the [¢@)Na—

shown as structuré in Figure 6, lies 8.5 kcal mol higher in
energy than the global ground state (structbeand 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 b
4.13 A, 1.22 A farther apart than in the CIP structGrand
1.01 A farther apart than in structude The electron-density
isosurfacé® plotted in Figure & shows that the hydrated sodium
center is well separated from the iodine while the othel Na
binds tightly to the T forming a CIP. Second, the charge on
the solvated sodium center increases to 0.746/mt 0.075,

INa(H2O)3]™ bond. Structure8 is another stable geometry
characterized by four $#D molecules clustering to one of the
two sodium centers and one® molecule to the other sodium
center. The energy of structuds 2.4 kcal mot? higher than
structure?. This energy difference corresponds to the prefer-
ential formation of species at a factor of approximately 50 to

1 over formation of specie8 in the 275-300 K temperature
range. Thus, DFT results indicate that thelN¢H,O)s observed

¥n our experiment is predominantly a species with a structure

like that shown for7 in Figure 6.

The lowest-energy structure for la(H,0)s 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

indicating a substantial separation of charge between sodiuma CIP with the Na-| bonds slightly elongated by 0.30 A to

and iodine. Third, the loss in the N& binding energy is 15.1
kcal mol® for this structure compared to Nd, whereas the
corresponding quantities are only 1.7 and 0.6 kcal thébr
structured4 and5. The pure hydration energy for structuses
70.8 kcal mot?, which is 7.0 kcal moit greater than the lowest-
energy species (structutg. One might conclude that the in-

(40) Flikiger, P.; Lithi, H. P.; Portmann, S.; Weber, NIOLEKEL 4.0 Swiss
Center for Scientific Computing: Manno (Switzerland), 2000.
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3.15 A compared to bare Md. Structurel0 in Figure 6 is
almost isoenergetic to the lowest-energy.INéH,0)s species,
only 0.3 kcal mot? higher in energy, indicating structurs
and 10 equally contributes under our experimental conditions.
In structurel0, 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, structd@is classified
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K
Table 3. Energetics and Efficiencies for the Reaction Na(Nal);_; ,(H20)xty-1 + H20 ool Na(Nal);_q ;(H20)x + (Nal)(H20),?
AH) reaction efficiency extent of
reactants products (kcal mol~1) ® (T =300)° reaction ¢
Nl + Hz0 Na'(H,0) + Nal 158 2.9x 1078 0.00
Nal *(H20) + H.0 Na"(H20), + Nal 13.5 2.1x 107 0.01
Napl *(H20), + H20 Na*(H20)s + Nal 15.2 1.6x 1077 0.00
Napl *(H20)s + H20 Na"(H20), + Nal 15.9 2.7x 1077 0.00
Napl t(H20)4 + H20 Na"(H20)s + Nal(H20) 14.7 1.1x 10°© 0.01
Napl *(H20)s + H20 Na*(H20)s + Nal(H20), 12.7 2.8x 10°° 0.17
Naz|+(Hzo)e + Hzo Na*(H20)4 + NaI(H20)3 12.1 2.5x 1075 0.15
Napl (H20); + H20 Na*(H20)s + Nal(H20)3 11.8 2.3x 1075 0.14
Nat(H20)s + Nal(H20), 13.2 6.6x 1076 0.04
Na*(H20)s + Nal(Hz0)4 13.2 3.8x 10°® 0.02
Nagl2t + H0 Nal *(H20) + Nal 10.2 5.9x 10°° 0.32
Nagl,"(H20) + H,0 Nal *(H20), + Nal 9.6 1.8x 104 0.69

2 Geometries of the neutral (Nal)¢B), species are shown in Supporting Informati®ifrom DFT calculationst Defined in eq 7. Details of the efficiency
calculations can be found in Supporting InformatiiCalculated with eq 8 using= 1 ms,Py,0 = 0.3 Torr andT = 300 K.

as an SSIP. A comparison of the symmetric ZHigated 5.5

structure 9 in Figure 6) and the asymmetric 4,2@kligated 6-H,0-solvated SSIP l:‘
structure L0 in Figure 6) shows that the Nd bond energy in . 501

the SSIP species is decreased by 11 kcaltn@dee Table 2), “5'-:'7

indicating that shifting one D ligand results in a major change mg 451

in the Na—1 bond strength. In addition to this 4-8-molecule- 8 ,o| 4HOsovaledSSP & 4 . v
solvated SSIP, a second SSIP structure exists fari{td,0)s. 8

This SSIP has six water molecules between one of the sodium & 35

ions and the iodine center (structdrgin Figure 6), a structure g

analogous to the SSIP of NaCl@8)s found by Jungwirtis @ 304 T RS
The second N#t(H,0)s SSIP differs from structur&0in that = = =« * "

it has hydrogen bond bridges between water molecules. Three o5l
water molecules cluster to one sodium center and the other three o 1 2 3 4 5 6 7 8
cluster to the iodine center. These two sets of water molecules Number of H,0

are then connected via-H -O- - -H hydrogen bonds. The  Figure 9. Variation of the N&-I bond distances from DFT in the
isosurface wrapping of the electron density is shown in Figure [(HzOWNal-Na(H,0)J* adducts with total number of associated water

. . . S moleculesm = x + y for m = 0—8. Three separate zones from bottom to
8b. The separation of the sodium ion and the iodine center, astop correspond to the CIP, 4,8-solvated SSIP and 6-8-solvated SSIP.
well as the { - -:O- - -H bonding are clearly shown in this
depiction. Although the second SSIP (structfi¢ is a stable molecules. Considering the loss of NBbinding energy, it is
local minimum, it lies 18.1 kcal mot higher in energy than  energetically unfavorable to elongate both of the-N&onds
the lowest-energy state and thus is significantly energetically symmetrically (Figure 7) relative to unsymmetrical extension.
unfavored compared to both structu@esndl0. In this second The loss of Na-| binding energy is 35.1 kcal mol for structure
SSIP, the solvated sodium center is separated from iodine by13. However, the iodine center has a much stronger ionic
5.24 A, 1.14 A more than in the 449-solvated SSIP, structure  character compared to the asymmetrically extended structures
10. The charge on the solvated sodium ionlif is 0.803, (6, 8, 10, and12). As a consequence, the-+H,0 bond strength
corresponding to @q of 0.039. is enhanced dramatically, resulting in a binding energy of

The optimized structure of NE'(H,O)7 is shown as structure  13.9 kcal mot? for these six T—H,O bonds in t(H20)s. The

12in Figure 6. Four HO molecules solvate an Naenter and net result is that addition of the eighth water molecule to
form an SSIP to the iodine center. It is interesting to note that Naol*(H,O)7, which is a 4,3-HO-ligated structure, has a
all three water molecules clustering to the sodium atom on the significant binding energy (10 kcal mdifrom DFT). Structure
left in 12 angle into the iodine center, unlike the MNgH2O0)s 14 is in the 6,2 water configuration. It has a larger Na
adduct, where one water molecule on each sodium atom is onseparation for the hexasolvated sodium center and lies 8.9 kcal
the outer edge of the Nd—Na core. Mulliken population anal-  mol~ higher in energy than structude. This SSIP structure
ysis shows that the charge on the iodine center@s664 for is analogous to structurgl in that they both have one long
the Nal*(H,O); adduct and-0.544 for the N& *(H,0)s adduct. Na—I bond and extensive charge separation (Smaj).
The separation of charge achieved by forming the SSIP in the The trend of migrating from CIP to 44@-solvated SSIP and
Naol *(H,0)7 adduct also helps induce the ionic character in the to 6-HO-solvated SSIP with increased number of associated
iodine center. Water molecules are attracted toward the iodinewater molecules is summarized in Figure 9. Three separate zones
center, resulting in an Nal(H,0)3 CIP within the overall struc- are clearly shown in this plot of Nd bond distance versus
ture of 12 analogous to the lowest-energy Nai®)s; species number of water molecules. The 4®Fsolvated SSIP structure
(structure shown in Supporting Information). Two optimized appears when four water molecules or more are associated to
structures of Ng ™(H,0)s are shown as structurd8 and14in Nal™. The 6-HO-solvated SSIP structure appears when the
Figure 6. For the lowest-energy structr® four water mole- number of water molecules reaches six or more. The CIP
cules solvate each of the two sodium cations, forming two sets structure is unfavored when more than six water molecules
of Na"—I~ pairs, and the iodine center is stabilized by six water associate with N4.
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Figure 10. Lowest-energy reaction paths for the association of the first Figure 11. Lowest-energy reaction paths for the association g® Ho
H20 to Nal* and Nal,* obtained from DFT. The dotted curve is the Nél*(H20) and Nal2*(Hz0) obtained from DFT. The Boltzmann energy
Boltzmann energy distribution of the orbiting Ma + H,O reactants. The distributions of the reactants are shown on the left. The structures of

dashed curve is the Boltzmann energy distribution of the orbitingzNﬁ interme_zdiate gpe_cies are {n_dicated along the reaction paths. The energies
H.,O reactants. of the isomerization transition states were not calculated. Therefore, the

barriers associated with these states are shown as dotted lines on the reaction-

4. Reaction Paths.Figure 10 shows the lowest-energy path diagram.

reaction paths calculated by DFT for the association of the first

H>0O molecule to Ng* and to Nal,* (reactions 11 and 12) For reactants Nt (H20) + H20 and Nal,*(H20) + Hz0,
the lowest-energy reaction paths calculated by DFT are shown
Nayl Ty H,0— Na+(H20) + Nal (11) in Figure 11. Reactions 13 and 14
Nayl,” + H,0 — Na,l "(H,0) + Nal (12) Nayl "(H,0) + H,0 — Na'(H,0), + Nal ~ (13)
Formation of Nal(HO) is not favored in either the reaction of Na3I2+(HZO) + H,0— Na2I+(H20)2 + Nal (14)

Naol™ or Nal,™ with water because, according to DFT, the

binding energy of the neutral Nal to water is only 14.2 kcal are 13.5 kcal mol' and 9.6 kcal mol* endothermic, respec-
mol~%, whereas water binds 9.0 and 4.1 kcal nmtomore tively. The efficiency for reaction 13 calculated by PST is 2.1
strongly to ionic Na and Nal™, respectively. As a result, the  x 1075, which results in a 1% extent of reaction under the
H,O molecule would prefer to stay with the ionic species. The experimental conditions specified in Table 3. For reaction 14,
binding energy from DFT is 39.5 kcal mdifor the Na"—Nal the efficiency is calculated to be 18 10~4, which leads to a
bond and 29.2 kcal mot for the Nal™—Nal bond. Reactions  69% extent of reaction. The Boltzmann distribution indicates
11 and 12 are endothermic by 15.8 kcal mahnd 10.2 kcal 27% of the Nal;"(H.0O) + H,O reactants have energy higher
mol~1, respectively. For reaction 11, the efficiency calculated than the threshold for formation of the N&(H,O), + Nal

with phase space theory (PST) is 291078, Essentially, all products. The PST calculations show that reactants with energies
Nal™ + H,O remain unreacted under our typical experiment in the highest 12% of the Boltzmann energy distribution are
conditions (1 ms reaction time, 0.3 Torr water pressure and 300 predominately the ones that go on to form products.

K temperature). Table 3 summarizes the energetics, reaction For the Nal*(H,O) + H,O system, the product NéH,0),
efficiencies and extents of reaction for the salt dissolutions given has a linear structure with two water molecules adding on
in reaction 6. For the reactions of pla(H,0)o-4, the extent of opposite side on sodium center (geometry shown in Supporting
dissolution of the Ng* ion is minor. These calculated reaction Information). To produce this species, a rearrangement of the
efficiencies coincide with the experimental observations shown water molecules to form structule in Figure 11 occurs along

in Figures 1 to 4. the reaction path. This is followed by an®linsertion into an
In contrast, the calculated efficiency for loss of Nal from Na—I bond to form the SSIP structur&8 which leads to
nascent Ng,"(H,0) (reaction 12) is 5.9x 1075 which dissociation. The lowest-energy ionic product,NgH,0); in

corresponds to a 32% extent of reaction. Again, these calcula-reaction 14, has the same structure as the intermediate in reaction
tions are in agreement with experimental observations as shownl3 (structurel). Similar to reaction 13, the N&*(H-0) + H,O

in Figures 2 and 4. It may be considered surprising that we system includes O migration to form structurd9 followed
observe reaction 12 experimentally, given that it is 10.2 kcal by a cooperative insertion to form the SSIP structk@eand
mol~! endothermic. However, consideration of the Boltzmann dissociation to products. All the intermediates in reactions 13
energy distribution for the N&* + H,O reactants reveals that and 14 have energies lower than the Na(ﬁléi-li)zo) + Hy0

there is a 1% probability the reactants have energies higher thanln = 1 and 2) reactants. Although inclusion of the detailed
the product threshold. It is these high-energy reactants thatmechanisms indicated in Figure 11 would have some effect on
contribute to the small, but significant reaction efficiency of the PST reaction efficiencies, these effects are expected to be
5.9 x 1075, minor and hence were not included in the calculated efficiencies
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Figure 12. Lowest-energy reaction path for the association @©Ho
Nagl *(H20)s obtained from DFT. The 4-D-solvated Na "(H20)s inter-
mediate can dissociate directly to the \id,0), + Nal(H20), products.

resulting in three KO ligands on each sodium atom or
asymmetrically with two HO 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 The
asymmetric adductO has an SSIP structure and can lead to
the Na'(H20), + Nal(H20), products directly. The overall
dissolution reaction is 12.7 kcal mdl endothermic. The
calculated reaction efficiency is 2:8 105, which corresponds

to a 17% extent of reaction. The endothermicity for the disso-
lution reaction upon addition of the seventh and the eighth H
ligands drops down slightly compared to the sixtbCOH The
reaction efficiencies are 26 105 and 2.3x 1075, respectively,
similar to the efficiency of dissolution upon addition of the sixth
water molecule. The lowest-energy path for the reaction
Napl 7(H20); + H2O leads to dissolution species of &l,0)s

+ Nal(H0)s. The dissolution channels producing the products
Na*(H20)s + Nal(H,0), and Na (H,0), + Nal(H,0), are both
more endothermic by 1.4 kcal md| resulting in smaller

The energies of the isomerization transition states were not calculated. reaction efficiencies.
Therefore, the barriers associated with these states are shown as dotted lines

on the reaction-path diagram.

given in Table 3. The approximation used in the PST calcula-

Conclusions

(1) Dissolution of Nal* occurs when six kD molecules are

tions is adequate to give semiquantitative agreement with the ligated to the salt cluster. Although the experiment cannot verify

experimental result&.
Different reaction pathways without water migration were

which Nal*(H20)s isomer (structure® and10) produces the
dissolution species NgH,0),, DFT calculations suggest that

also considered for reactions 13 and 14. One possibility is that the dissolution process takes place via an SSIP species with
two water molecules cluster to a single sodium center, insteadfour H,O ligands solvating the Nacenter that will leave the

of one migrating and then inserting into the Nabond. For
the Nal* system, DFT calculations put this N&(H,0), adduct
2.6 kcal mot™ 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 NH,0), product
remains the same. For the Ma system, the corresponding
intermediate is 3.9 kcal mot higher in energy than the lowest-
energy structur@. But unlike the Nal™ 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 [(HO)Nal—Na(HO)]*, [Nal—Na(HO),]*

is formed. As mentioned, this isomer is higher in energy by
2.6 kcal mot™?, resulting in an endothermicity of 12.2 kcal mbl

for reaction 14. The reaction efficiency for this channel is
calculated to be 5.2 1075, significantly smaller than the more
efficient channel, formation of [(bD)Nal—Na(H0)]".

cluster, consistent with dissociation of structdi@

(2) Dissolution of Nal,* occurs when only one or twoJ@
molecules are ligated to the salt cluster. DFT calculations suggest
that a migration followed by insertion of an,& ligand into an
Na—I bond occurs during the dissolution process ofsla
(H20),. The loss of an Nal unit from N&' is the only
dissolution channel; loss of Nds not observed.

(3) The fact that 6 water molecules are required for solvent-
assisted loss of Nal from N and only one or two water
molecules for loss of Nal from solvated Ma" reflects the
difference in energies for binding Nal to Nand to Nalt,
respectively.

(4) Two types of solvent-separated ion pairs for thelNa
(H20)m adducts in = 4) were characterized with DFT calcula-
tions. One has four ¥D molecules solvating one of the sodium
atoms, whereas the second SSIP has spO Hnolecules

Species resulting from the dissolution processes are only solvating one sodium atom.

observed when six or more water molecules cluster to ati'Na

(5) For all the Nal*(H.O)n clusters, an increase in charge

core (as indicated in Figures 1 and 2). This result is consistentSepara»[iOn with an increase in the number eOHigands was

with the reaction efficiencies calculated with PST that the
dissolution reaction

Na2I+(HZO)X+y,1 + H,0— Na'(H,0), + Nal(H,0), (15)

occurs when the number of associated water moleculesy,

is six or more (see Table 3). Figure 12 shows the reaction path

for the sixth HO molecule associating to Ma(H,O)s. The
sixth water molecule can cluster to M&(H,0)s symmetrically,

(41) A complete treatment would also require inclusion of an energy transfer
mechanism between the bath gas (primarily He) and the nascent

Na(Naml):;1 A{H20)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.

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 N& SSIP to form.

(6) Experimental sequential association energies and entropies
for one through six water molecules clustering to thelN#n,
and one and two water molecules clustering to thel Ndon
are reported. The water association energies show a pairwise
behavior, indicating a symmetric association of water molecules
to the linear Nal™ and Nal,*t ions. This pairwise behavior is
well reproduced by DFT calculations.

(7) The association energy of the first water molecule
decreases in the order NaNal*, and Nal;*, an effect due
primarily to reduction of the chargalipole interaction.
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