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By isolating W, clusters in the gas phase, we eliminate the fluctuations and heterogeneity present in solution,
allowing us to follow how water molecules (W) sequentially lock into position and form supramolecular
complexes at the early stages of hydration. We report vibrational predissociation spectra eMhell<

n < 3, complexes quenched close to their minimum energy configurations by complexation with argon.
Structures are extracted from these spectra by comparison with the band patterns expected for the various
geometries.

I. Introduction course, the properties of the global minimum are of only limited
utility in characterizing weakly bound van der Waals clus-
ters3233where the observables arise from averaging over very
floppy zero-point motion. In the case of ionic hydration,

lonic hydration, a central theme of physical chemistry since
the time of Arrhenius;?is presently undergoing a renaissance

initi 11 i i 1
as ab initio methods** and experimental cluster techniqties however, ionic and interwater H-bonds (especially when several

are finally equal to the challenge of unraveling the molecular- .
level details of solvation. In the bulk, of course, we discuss the .Of these are networked) are so strong that partially hydrated

structure of the liquid in the context of coordination sphéres, lons should be much more rigid (as well as quite stable, if kept

where some water molecules are directly hydrogen-bonded to" |solat_|on). As such, the _propertles of _the|r equmt_mum
the ior?® while more distant molecules gradually adopt positions geometries should be more directly reflected in the experimental
in the ambient (fluctuating) H-bonding netwd#kin this paper, ~ SPectrum. For exazrlgle, the neutrah\(h = 3) networks are

we use size-selected cluster ioms\W,, to sequentially assemble ~ SUTPrisingly robust™” and then = 8 and 10 clusters even
this solvation “sphere” around the iodide ion and follow how ©OCcur as intact structural units binding organic moieties together

each water locks into position via the structures of the, in self-assembled supramolecular comple¥&8.In isolation,

species. the W, clusters yield simple band patterns in their OH stretching
In treating ionic hydration, perturbation methods are chal- wbratyonal spectra, and because the OH osc!llator frequencies

lenged because iorlf1618-21 and interwaté® 3! H-bonding are highly dependent on the H-bonding environnférthese

are of comparable magnitudes and, more importantly, the waterPatterns directly encode the cluster structdfe® Our goal here
molecule itself undergoes significant intramolecular relaxation is to study the ionic 1-W, supramolecular complexes in
upon engaging either type of bond. As a result, when only a isolation by cooling the first three waters sequentially around
few solvent molecules are present, one generally treats the entiréhe iodide anion and comparing their vibrational spectra with
ion—water cluster as a “supermolecule” with ab initio metffotls ~ those of the corresponding MWheutrals. We use the term
to directly calculate intramolecular distortions, intermolecular “supermolecule” advisedly, and by it we imply that the {on
topology, and harmonic vibrational frequenctéd>19.20 Of solvent complexes are governed by potential surfaces with
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TABLE 1: Comparison of the Experimental Frequencies

0 f) EA) (&3 cm?) for the | ~*W,Ar 3 and W,2526 Complexe$
(EA) assignment Wy Arg W, assignment
n=1
I O—Hs 3385 3657 Vs
\ . O—He 3695 3756 Va
b) He | W €) n=2
O—His (DA) 3331 3655-3660 v (A)
B He® w? O—Hye® (DD) 3500 3735 O-Hr (D)
| . O—Hw? (DD) 3616 3601 O-Hw (D)
N I L O—He (DA) 3675 3745 Va(A)
IHB IHB n=3
a) d)
O—He } ~3440
E O—Hym EA; 3462 3726 O-He
B O—Hring 3548 _
- O—Hring ] 7 3565 033 O-Hring
3200 3400 3600 3200 ~ 3400 ~ 3600 apD = H-bond donor; A= H-bond acceptorys, va = symmetric

Photon Energy (cm 1) Anharmonic Frequency (cm 1)

Figure 1. (Left) Vibrational spectra of the tW,-Ars clusters (recorded
via predissociation into*W,): (@)n=1, (b)n= 2, and (c)n = 3.
(Right) Ab initio simulations of the1-W,, OH stretch fundamentals
(corrected for anharmonicity) for (@)= 1, (e)n = 2, and (f)n = 3.
Labels correspond to IHB- ionic H-bonded, = free, IW= interwater

and a symmetric stretcheésWeak band not observed experimentally.

¢ Reference 62.

TABLE 2: Structural Parameters (Distances in A) of the
Neutral (W) and lodide-Bound (I~-W,) Water Clusters
from ab Initio Calculations @

H-bonded, s= symmetric OH stretches, and=a asymmetric OH ionic I=-Wh W neutraf6°
stretches while B= bend overtone @). Symmetry Iat_)els are assigned n=1
to the (G) vibrations of the pyramidal+Ws; cluster in f. O—Hs 0.965 0.964 OHe

- I . . O—H 0.979 0.964 GH
sufficiently deep global minima that higher isomers are not e ) F

- i 1 1 n =
explqred at the zero-point Igvel (i.e., they are not fluctional on O—H: (DA) 0.966 0.963 OHe (D)
the time scale of the experiment). As a result, the complexes O—Hu (DD) 0.972 0972 O Hw (D)
yield vibrational spectra associated with the curvature at the o—H,; (DD) 0.972 0.965 GHe (A)
equilibrium geometry, just as is the case in “normal” molecules.  O—Hs (DA) 0.982 0.965 G-H: (A)
With the aid of ab initio calculations to define the properties of - 3.002 2.917 G0
the global minima, we deduce the structures at the heart of ionic n=3
hydration and discuss them in the context of simple zero-order O—Hw 0.976 0.9770.978 C-Hw
pictures of hydration. O—Hue 0.976 0.963-0.964 O-He
0-0 2.957 2.8042.812 o-0

Il. Experimental Section

aD = H-bond donor; A= H-bond acceptor.

Spectra are recorded by predissociation of the argon-solvated i
clusterd021,41,42 Spectra of the 1-W; > complexes have been reported previ-

ously?®21and are included here in the context of their interpreta-
tion with ab initio theory as well as to follow the evolution of

_ hw
I WAl = 1 =W, + mAr @ the bands in going from+W to |17-Ws.

for1 < n < 3and 0< m =< 3, upon excitation in the range
3000-4000 cnTl. Each species is isolated using a tandem time-
of-flight photofragmentation spectrometer described in detail

are degraded down to the more strongly bdantf bare W,

the order of several mJ/émper 8 ns pulse and a bandwidth of

during the scan.

complexe€?51We have, therefore, carried out detailed studies

Ill. Results and Discussion

A. The First Water Molecule: Asymmetric Structure of
previously?® Photoexcitation in this energy range can evaporate the Binary Complex. The I"-W spectrum (Figure 1a) is
up to six argon atom&,44so the small argon clusters used here dominated by an intense band at 3385 éritanked by weaker
features at 3695 and 3241 ck The -W features can be
complexes (eq 1). Excitation is carried out with a KTP-based reproduced (Figure 1&8) with the calculated (anharmonicity
optical parametric oscillator (Laser Vision) with fluences on corrected) OH fundamentals from ab initio theory (Gaussian
94y8 at the MP2 level using TruhlaP (effective core) basis
about 3 cmi. Spectra are corrected for laser power fluctuations for I~ and the 6-3+G(2d, p) basi® recommended by Jord&h
for neutral water clusters. The calculated spectra are displayed
Of course, it is possible that argon is not only serving to cool on the right side of Figure 1, with a few of the structural details
the system, but is actually changing the structures of the ionic collected in Table 2.
The binary complex adopts an asymmetric structure (Figure

of how the extent of argon solvation affects thew, spectr&’ 2a), with one hydrogen preferentially bonding to the ion and
and reached the general conclusion that the sharp featuresthe other free, in the double-minimum ground-state surface. The
usually embedded into bare cluster spectra, emerge as thestrong 3385 cm! band arises from the ionic H-bonded OH

dominant bands with the first argon and display sequential shifts
of about 5 cmi¥/Ar for the first four argon atoms before tapering
off. This shiftis in line with that expected from matrix isolation
studies’*52-57 and we therefore conclude that the primary effect
of argon solvation is to cool the clustéfsThe spectra of the
=Wy Arz, n = 1-3, complexes are displayed in Figure 1.

stretch (denoted IHB in Figure 1a, #)while the weak 3695
cm! band is assigned to the free OH (F). The remaining low-
energy band (B at 3241 crhin Figure 1a) is due to the overtone
of the intramolecular bending vibrationyz, which borrows
intensity from the strong IHB band through a Fermi interaction
with a matrix element of about 30 crh?!
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tors29 much like those which occur in the binary compfe519
In fact, the ionic H-bond formed by the DA watersgronger
than that of the binary complex, as evidenced by the red shift
in its OHK¥p band positiof? (relative to the Ol band in F-W)
and further elongated Qkk bond length (0.979 and 0.982 A
in I7*W and I"-W, respectivelyf®

The second water, on the other hand, adopts a double-donor
(DD) configuration in I-W, (see Figure 2b), with bands closer
together (116 cmt) than the widely split pattern (344 cr
associated with the DA water. As their splitting is similar to
that of the bare water molecule (99 th%2 the vibrations of
the DD water remain more collective in character (and as such
are labeled Olgg® and OHw2 in Table 1 to emphasize their
symmetric and asymmetric OH stretching contributiofig)he
band associated with the interwater OH stretch (IW) is, in fact,
slightly blue-shifted (by 15 cmt) compared to its position in
the neutral dimer (see Table 1). When the interwater bond
completely breaks, this band will ultimately become local in
character and shift back to the position of the free OH. Thus,
the observed blue shift suggests a weakening of the W
bondf*66-68 in the presence of the ion. This conjecture is born
out in the calculations, which predict that the-O distance is
0.085 A larger in W, than in W83.6469(Table 2).

Figure 2. Ab initio structures of *W,: (@)n=1, (b)n= 2, and (c) C. The Third Water: Onset of a Symmetrical Solvent

n = 3 using 6-31G-(2d, p) for watef® and SP\# for iodide?* Network. Unlike the situation in the dimer, the W5 spectrum
(Figure 1c) displays fewer bands than the number of hydrogens,
an unambiguous signature of high symmetry. The spectrum
consists of two groups of bands spaced by about 100'cm
similar to the splitting in the bare water molecule. BothWs
bands appear red-shifted by about 50 émelative to the DD
bands in the dimer (connecting lines in Figure 1), while the
widely spaced bands associated with the DA water are missing

cm-Y) is much larger than that of the bands in isolated water (along with the weaker band assigned to its intramolecular bend

(99 cn1l), a value which reflects the intrinsic coupling between overtong (B_"? Figure 1b)).
the OH oscillators. The larger splitting im-W indicates that The simplicity of the T-Ws spectrum suggests that the three

the two oscillators are decoupled in the complex, becoming Watér molecules adopt identical binding motifs. However, the
much more local in charactéf.1519At the same time, note the similarity of the I"-W3 spectra with that of the DD water in the
significant elongation (0.014 A) of the Qi bond length (Table dimer coérl]pl_ex rules_ out the open, propeller-type _(plf_jmar)
2) concomitant with the red shifting of this oscillator (following ~ Structures*with very high Csn) symmetry. Thus, on qualitative
Badger's rule)3 This indicates that the binary complex is itself 9rounds, one anticipates a,(yramidal structure where the
not well described in terms of unperturbed,GH and I waters form a cyclic trimer with each molecule having one
components; 1-W is already a distinct entity, a “supermolecule” hydrogen atom participating in a doresicceptor (homodromic)

a)’

We compare the frequencies and bond lengths of the water
in the binary complex relative to those in the neutral complex
in Tables 1 and 2, respectively. Note that the free OH band (F)
at 3695 cm! appears quite close to the centroid of the
symmetric {s) and asymmetricif) stretches in bare water (3707
cm~1)62 while the IHB band occurs much farther to the red.
The splitting between the F and IHB bands in the complex (310

in the context of our present discussion. interaction in the ring and its other hydrogen donated to the
B. The Second Water: Solvation of the Binary Complex. 'O . .
The "W, spectrum (Figure 1B is more complex, consisting This G structure has, in fact, been reported previotifty

of five bands spread more-or-less evenly throughout the 3000 the I"-W3 species, and we have carried out additional ab initio
4000 cnt? range. The ab initio global minimum structure is calculations to extract the vibrational pattern expected for this
displayed in Figure 2b, indicating that the complex adopts an complex. The results are included in the stick spectrum in Figure
asymmetric structufavhere each water binds to the ion as well 1f, which nicely anticipates the locations of the observed bands.
as to each other. In this geometry, all four hydrogens are distinct Moreover, the fine structure within the main features is also
(on the time scale of the experiment), and therefore, eacheéXplained as each subband is associated with closely spaced
contributes a unique band to the spectrum. The calculateddegenerate E and.Amodes, accounting for the expected six
patterr® of the four (anharmonicity corrected) OH stretching OH bands grouped into two doublets. The character of the
fundamentals is included as the stick spectrum in Figure 1e, modes is intuitive, with the lower energy doublet associated
providing a reasonable account of the observed spectrum.  largely with OH stretches toward the ion (all in phase)(and

Itis instructive to consider the distortions of the neutral water piston-like, up-down (degenerate E) stretchéapd the upper
dimer which occur upon Comp|exation to the iodide, and we band is associated with the collective ring motiéh% 0This
compare the frequencies and bond lengths of the two speciescharacteristic gpattern has been predicted for related systems
in Tables 1 and 2, respectively. The basic structural motif of (Cl™*Ws,* OH™-Wy5/), although the present study is the first to
the neutral diméP64is distorted as it attacks the ion such that experimentally verify its spectral motif.
the interwater H-bond acceptor in the bare dimer forms a very  The bond lengths of the waters in-W3 bear little resem-
strong donor H-bond to the ion. We denote this water as DA in blance to the KO moiety in the binary comple¥,82linstead
light of its donor-acceptor configuration, and the bands appearing most similar to the “solvating” DD water in-W
associated with this molecule correspond to local OH oscilla- (Table 2). In fact, one can view the;Gtructure (Figure 2c) as
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being derived from that of W, by simply locking a water (26) Huisken, F.; Kaloudis, M.; Kulcke, Al. Chem. Phys1996 104,

molecule into the gap left in the {W, structure (Figure 2b). 17-(27) Liu, K Cruzan, J. D.; Saykally, R. Science1696 271, 820
In closing the cycle, each water adopts a DDA (double-donor/ (28) Cruzan, J. D.: éraly' L. B.: Liu, K.. Brown, M. G.: Loeser, J. G.:

acceptor) H-bonding configuration. The collective fof8es  saykally, R. JSciencel99§ 271, 59.

binding the water trimer network appear to overcome the  (29) Liu, K;Brown, M. G.; Cruzan, J. D.; Saykally, R.Sciencel996
enhanced ionic H bond gained by the terminal water in a chain. 27%33)2-Liu K. Brown, M. G. Carter, C.: Saykally, R. J.: Gregory. J. K.
In Table 2, we also compare the structural parameters for cjary, 'p. C.Nature 1996 381, 501. T T
the free and ion-bound water trimer. While the ring bears a close  (31) Gregory, J. K;; Clary, D. C.; Liu, K.; Brown, M. G.; Saykally, R.
resemblence to its neutral cousin, the iodide-bound trimer 3-50'9”06199|7v 275 814'b‘ 5 ch he1991 95 7

displays a much longer ©0 distance, indicating that the gg gg‘f(‘;@ Féé’ JN-e?3|g|t£eDé "AScieeTéelzgézlzsjé 155'770 1.
interwater interaction is reduced as the free OH’s are bound to  (34) Huisken, F.; Kaloudis, M.; Vigasin, A. AChem. Phys. Letl1997,
the ion. Consistent with this picture, the ring OH bond length 269 235. _ _

shortens and the interwater (@ nominally ring) modes are . t(t3?)gé3u‘é|8 L21-5?7%tt'SChef, I.; Melzer, M.; Buch, V.; SadlejRhys. Re.
slightly blue-shifted (by~20 cnT! compared to the neutral e(és) Paribb'le R. N.: Zwier, T. SSciencel994 265, 75

cluster (Table 1)) as the waters relax back toward their free  (37) Gruenloh, C. J.: Ca}ney, J. R.; Arrington, C. A.; Zwier, T. S.;
OH positions. Fredericks, S. Y.; Jordan, K. CBciencel997 276, 1678.

(38) Barbour, L. J.; Orr, G. W.; Atwood, J. INature 1998 393 671.
(39) Jordan, K. D. Private communication.

(40) Kim, K.; Jordan, K. D.; Zwier, T. SJ. Am. Chem. S04994 116,

The mid-IR spectra of W, complexes characterize the 11568. o _
distinct supermolecules which occur upon sequential addition 10é4}111£‘y°tte’ P.; Bailey, C. G.; Johnson, M. 8. Chem. Phys1998

of the first three water molecules to the iodide ion. These  (42) Dopfer, O.; Nizkorodov, S. A.; Meuwly, M.; Bieske, E. J.; Maier,

molecules display quite different intramolecular distortions of J. P.Int. J. Mass. Spec. lon. Prod997 167, 637.

the water component in each subcluster, becoming more like _(43) Johnson, M. A.; Lineberger, W. C. [rechniques for the study of
s . . . gas-phase ion molecule reactignBarrar, J. M., Saunders, W., Eds.;

unpgrturbed water_wnh increasing size. TheWg, _cluster is Wiley: New York, 1988; p 591.

particularly aesthetic, forming a pyramid with the ion on top of (44) Zhao, Y.; Yourshaw, |.; Reiser, G.; Arnold, C. C.; Neumark, D.

a symmetrical water trimer, an arrangement which yields a very M. J. Chem. Phys1994 101, 6538.

simple vibrational spectrum in the OH stretching region. 49(;;51)7 Kebarle, P.; Arshadi, M.; Scarborough,JJ.Chem. Phys196§

. . (46) Arshadi, M.; Yamdagni, R.; Kebarle, P. Phys. Cheml97Q 74,
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IV. Summary
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