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Hydration of ion pairs is an essential process in the solvation of NaClH,0
ionic crystals into watet,chemical reactions in aqueous solutfon,
and stability and functionality of biological systefmSince Winstein
et al* 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 diffractiand NMP

experiments and by theory using integral equafi@msl computer
simulations®

Interactions involved in the hydration of sodium chloride can
be evaluated in detail by studies of Na{H,0), clusters, to which
theory has mostly contributed at preserit. 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 calculationd yet performed predicted that each water NaClk{H20)3

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 NaCHH,0,'3 provided no definitive information on the

cluster structure, because the spectrum could not be reproduced as

any isomeric form predicted so fat® probably because of
significant matrix shifts in the observed frequencies. Figure 1. Structures of NaCt(H»0), derived theoretically and confirmed

. i by the present experiments. Coordinates are from our CCSD(T)/6-8Gt
Here WPT repo_rt_ the experimental characterization of NaCl (2d,2p) calculations using the MOLPRO packag®P2 calculations with
solvated with a finite number of water molecules. We measured ¢c.pyDz and aug-cc-pVDZ basis sétgive similar results. The barrier

rotational spectra of Na€l(H,0), (n = 1—3) by using a Fourier for the H, flipping motion below and above the plane is predicted to be
transform microwave (FTMW) spectrometer coupled with a laser quite low (~0.04 kcal)}® making the interconversion between the right-
ablation nozzle sourcé6The clusters were formed in an adiabatic nd left-handed enantiomers feasible, as indicated in the side view (right).
. . . o Because of this dynamical removal of chirality, the vibrationally averaged
expansion of laser-vaporized NaCl with an _Ar stream containing & structures belong t&€s, Cz,, and Ca, symmetries fom = 1, 2, and 3,
trace amount of water. More than 50 transitions were observed in respectively.
5—25 GHz, all of which show complicated hyperfine splitting
originating from the nuclear quadrupole interactions due to the Na
and ClI nuclei with®/, spins. The observed lines have been assigned
to two asymmetric tops(= 1 and 2) and one symmetric top €
3) for both the N&CI and the N&CI isotopomers. Then = 2
cluster has been confirmed to be ©f symmetry on the basis of
the observed intensity alternation and lack of a-type transitions.
Spectra of two deuterated species¥&&—D,H,O and N&Cl—
H.DpO, were also observed by using heavy water. (We hereafter
call the in-ring H atom as kand the other as §) Analyses with
a rotational Hamiltonian including centrifugal distortion terms and
hyperfine interactions have yielded the rotational constants, which
are in close match with those predictefbr the ring forms (Figure
1). They have been confirmed as the most stable isomers, becaus
no other isomeric forms have been observed in the present
experimental conditions with the rotational temperature-afK.
Quantum tunneling splitting due to permutation of bonded and

Hp

NaCk(H0),

i\
‘c-O e,

nonbonded H atoms has not been observed for all of the transitions
with the experimental resolution 010 kHz.

Experimentally determined rotational constants have been sub-
jected to nonlinear least-squares regressions for the structure
determination. Strong interactions between the®la ion pair and
water molecules are clearly evident in the determined cluster
structures. The(Na—O) andr(Cl—H,) distances inn = 1 are
determined as 2.27 and 2.28 A, respectively, much shorter than
the sum of the ionic and vdW radii. The most striking observation
is the substantial increase in théNa—Cl) distance with the
successive addition of water. The distance inrnhe 1 cluster is
longer by 0.06 (2) A than that of the free Na®€IThe increments

er one water addition for= 2 and 3 become much larger, yielding

e 0.48 (6) A increase far = 3 from free NaCl. The experimen-
tally determined (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

IThe University of Tokyo. the calculations slightly underestimate the incrementsnfer 1.
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Figure 2. Molecular parameters in Na€(H20), versus the number of
solvating watersn. (a) The experimental values for tmiéNa—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 agueous
solution predicted by the molecular dynamics simuldiémalso indicated.

(b) The experimenta} constants for the Na arfdiCI nuclei along the Na

Cl axis as compared to those from the MP2/6-8%1G(2d,2p) calculations
using the Gaussian 94 progré&firo derive the observed values for= 1,
calculated off-diagonal elements of thetensor are used after rescaling.

(commonly denoted gg) constants determined from the analysis
of the hyperfine splitting. Elements of thetensor are proportional

to the electric field gradients at a nucleus, so they sensitively probe
the charge distribution aroundft.The y components along the
Na—Cl axis have small negative values for both the Na and the CI
nuclei in free NaCF° representing the small covalent-bond character
in the ionic moleculé? They gradually increase as the number of
attached waters increases, finally being positivenfer 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 ;bf 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 MP2/6-31t+G(2d,2p) calculation shows that the electron
density between Naand CI is substantially reduced asecomes
larger in NaCt(H,O),. This correlated level of theory using a

In conclusion, solvation structure and internal dynamics of the
hydrated ion pairs, Na€l(H,0), (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 —CI~ 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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