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Hydration of ion pairs is an essential process in the solvation of
ionic crystals into water,1 chemical reactions in aqueous solution,2

and stability and functionality of biological systems.3 Since Winstein
et al.4 proposed a contact ion pair (CIP) and a solvent-separated
ion pair (SSIP) as intermediates in solution, the microscopic nature
of the ion pairs has been the subject of numerous studies. Especially,
because of its familiarity and simplicity, sodium chloride (NaCl)
has been examined most extensively by diffraction5 and NMR6

experiments and by theory using integral equations7 and computer
simulations.8

Interactions involved in the hydration of sodium chloride can
be evaluated in detail by studies of NaCl-(H2O)n clusters, to which
theory has mostly contributed at present.9-14 Several isomeric forms
have been identified, and their relative stability is sensitive to the
level of calculations or adopted empirical potentials. The highest
level ab initio calculations10 yet performed predicted that each water
molecule makes close contact with both ions to form a four-
membered ring at the global minimum (Figure 1). The only
experimental study, which reported the infrared spectrum of matrix-
isolated NaCl-H2O,13 provided no definitive information on the
cluster structure, because the spectrum could not be reproduced as
any isomeric form predicted so far,9,10 probably because of
significant matrix shifts in the observed frequencies.

Here we report the experimental characterization of NaCl
solvated with a finite number of water molecules. We measured
rotational spectra of NaCl-(H2O)n (n ) 1-3) by using a Fourier
transform microwave (FTMW) spectrometer coupled with a laser
ablation nozzle source.15,16The clusters were formed in an adiabatic
expansion of laser-vaporized NaCl with an Ar stream containing a
trace amount of water. More than 50 transitions were observed in
5-25 GHz, all of which show complicated hyperfine splitting
originating from the nuclear quadrupole interactions due to the Na
and Cl nuclei with3/2 spins. The observed lines have been assigned
to two asymmetric tops (n ) 1 and 2) and one symmetric top (n )
3) for both the Na35Cl and the Na37Cl isotopomers. Then ) 2
cluster has been confirmed to be ofC2 symmetry on the basis of
the observed intensity alternation and lack of a-type transitions.
Spectra of two deuterated species, Na35Cl-DaHbO and Na35Cl-
HaDbO, were also observed by using heavy water. (We hereafter
call the in-ring H atom as Ha and the other as Hb.) Analyses with
a rotational Hamiltonian including centrifugal distortion terms and
hyperfine interactions have yielded the rotational constants, which
are in close match with those predicted10 for the ring forms (Figure
1). They have been confirmed as the most stable isomers, because
no other isomeric forms have been observed in the present
experimental conditions with the rotational temperature of∼1 K.
Quantum tunneling splitting due to permutation of bonded and

nonbonded H atoms has not been observed for all of the transitions
with the experimental resolution of∼10 kHz.

Experimentally determined rotational constants have been sub-
jected to nonlinear least-squares regressions for the structure
determination. Strong interactions between the Na+Cl- ion pair and
water molecules are clearly evident in the determined cluster
structures. Ther(Na-O) and r(Cl-Ha) distances inn ) 1 are
determined as 2.27 and 2.28 Å, respectively, much shorter than
the sum of the ionic and vdW radii. The most striking observation
is the substantial increase in ther(Na-Cl) distance with the
successive addition of water. The distance in then ) 1 cluster is
longer by 0.06 (2) Å than that of the free NaCl.18 The increments
per one water addition forn ) 2 and 3 become much larger, yielding
the 0.48 (6) Å increase forn ) 3 from free NaCl. The experimen-
tally determinedr(Na-Cl) distances are compared with the results
from the ab initio calculations (Figure 2a). Changes by the
microscopic hydration are well reproduced theoretically, although
the calculations slightly underestimate the increments forn g 1.

The microhydration effect on the Na+Cl- ion pair is also apparent
from substantial changes of the nuclear quadrupole coupling
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Figure 1. Structures of NaCl-(H2O)n derived theoretically and confirmed
by the present experiments. Coordinates are from our CCSD(T)/6-311++G-
(2d,2p) calculations using the MOLPRO package.17 MP2 calculations with
cc-pVDZ and aug-cc-pVDZ basis sets10 give similar results. The barrier
for the Hb flipping motion below and above the plane is predicted to be
quite low (∼0.04 kcal),10 making the interconversion between the right-
and left-handed enantiomers feasible, as indicated in the side view (right).
Because of this dynamical removal of chirality, the vibrationally averaged
structures belong toCs, C2V, and C3V symmetries forn ) 1, 2, and 3,
respectively.
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(commonly denoted asø) constants determined from the analysis
of the hyperfine splitting. Elements of theø tensor are proportional
to the electric field gradients at a nucleus, so they sensitively probe
the charge distribution around it.19 The ø components along the
Na-Cl axis have small negative values for both the Na and the Cl
nuclei in free NaCl,20 representing the small covalent-bond character
in the ionic molecule.19 They gradually increase as the number of
attached waters increases, finally being positive forn ) 3 (Figure
2b). The changes indicate that the principal directions of the electron
distribution in the atoms are rotated away from those in the free
molecule because of polarization and/or charge transfer by the
directly contacting O and Ha of waters. Such a charge rearrangement
around Na and Cl will be the initial step toward the complete charge
separation in the ion pair at the extended level of hydration. The
present MP2/6-311++G(2d,2p) calculation shows that the electron
density between Na+ and Cl- is substantially reduced asn becomes
larger in NaCl-(H2O)n. This correlated level of theory using a
moderately large basis set is sufficient to reproduce the gross feature
of the charge rearrangement, as seen in the reasonable agreement
between the calculated and observedø constants.

The previous theoretical studies7,8 of NaCl in aqueous solution
have revealed CIP and SSIP as two distinct minima in the potential
of mean force, which expresses the free energy of the ion pair as
a function of the ion separation. The first minimum corresponding
to CIP has been located at∼2.9 Å. The position of the second
(i.e., SSIP) minimum depends on the model potential, and the most
sophisticated one8e considering the polarizability of water located
it at ∼5.1 Å. The ion separation in CIP is substantially larger than
that in the free NaCl molecule, even though the Na+ and Cl- ions
“directly” contact with each other in CIP. It is the consequence of
the large modification on the electrostatic interaction between the
ions by nearby waters in solution. The present experimental
investigation has confirmed that such a modification is already
operative in NaCl-(H2O)n (n ) 1-3). Especially, ther(Na-Cl)
distance forn ) 3 reaches the value estimated for CIP. This implies
considerable similarity between the local solvation structure in CIP
and the clusters with small size.

In conclusion, solvation structure and internal dynamics of the
hydrated ion pairs, NaCl-(H2O)n (n ) 1-3), have been studied in
detail by the measurement of their rotational spectra. The ion-pair
structural transition from a free ionic-bond molecule to a hydrated
CIP in finite system has been established as a pronounced increase
in the Na+-Cl- separation with an increasing degree of solvation.
The present experimental results will be useful to refine the
interaction models adopted in the molecular dynamics or Monte
Carlo simulations for the microscopic description of the ion pair
in solution.
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Figure 2. Molecular parameters in NaCl-(H2O)n versus the number of
solvating waters,n. (a) The experimental values for ther(Na-Cl) bond
distance plotted along with the theoretical results from our CCSD(T)/6-
311++G(2d,2p) calculations. The distance in the CIP state in aqueous
solution predicted by the molecular dynamics simulation8e is also indicated.
(b) The experimentalø constants for the Na and35Cl nuclei along the Na-
Cl axis as compared to those from the MP2/6-311++G(2d,2p) calculations
using the Gaussian 94 program.21 To derive the observed values forn ) 1,
calculated off-diagonal elements of theø tensor are used after rescaling.
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