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The hydrogen-bonded and free OH stretch modes oftGD), (n = 1—5) have been observed by vibrational
predissociation spectroscopy in the 2%2 um region. Besides demonstrating that all clusters form strong
ionic hydrogen bonds, the spectra provide clear evidence of wafgter hydrogen-bonding networksin=

4 andn = 5, with the broad spectrum of = 5 resembling that of large neutral water clusters. No water
water hydrogen bonding is seennr= 2 andn = 3, but these clusters appear to be solvated asymmetrically.
While the data suggest thatdbn is solvated on the surface of water clusters, there are discrepancies between
the observed spectra and ab initio predictions. This disagreement may stem from either zero-point motion or
high cluster temperature, which tend to disrupt hydrogen bonding among the waters.

. Introduction All previous ab initio calculatiorf§9.10a.11¢.1%9n CI-(H,0)
suggest that Clforms a nearly linear hydrogen bond with®l
(Figure 1,a). However, the ior-dipole interaction alone would
lead to a bridged structure (Figure Ib)) in which the Ct is

The structures that water molecules form about the chloride
ion CI~ in gas-phase clusters reflect the competition between
solvation of the ion vs hydrogen bonding among the waters. If
hydrogen bonding to the ion dominates, the ion will move to equally shared by both H atoms. When a secop@ I8 added,

the interior of a solvation shell. If hydrogen bonding among the key issue is its relationship to the first,®f SCF
the waters dominates, Clion will move to the surface of a  calculations by Jortner and co-work&indicate that the two
neutral water cluster. Molecular dynamics simulatioisind waters may bind either to the same side (Figuréid) or to
ab initio calculation&%102.11choth predict that surface states nearly opposite sides (resembling Figurélti). However, the
dominate in Ct(H,0), even at largen. However, the effects MP2 calculations of Xanthe#$ indicate that onlylla corre-
of temperature and zero-point energy leave open the possibilitySPonds to a minimum on the global potential. While the
of interior structuresgd.6.8b.10b minimum is expected to have a watewater hydrogen
Recent systematic ab initio studies of G#,0), clusters have ~ bond209.102114arge amplitude motions may greatly weaken this
been performed at the SCF level by Jortner and co-watkers bond3d4a.6
and Okund. Xanthea¥2has performed the most definitive study Both SCPE-° and MP29% calculations predict that ali = 3
to date, reporting MP2 geometries and vibrational frequencies isomers are surface structures. The ground stalg iyramidal
forn=1-4. with all waters equivalent. Each,® donates one OH to the
base of the pyramid, and the other OH to Clin the ring
88;‘(130rresponding author. E-mail: mo@cco.caltech.edu. FAX: (626) 568- isomer?1%two waters bind to the Cl (each has one free OH
" Present address: 313 Department of Chemistry, College of Science,20Nd), and the third forms a second solvation shell, binding to
Korea University, Anam-1-dong, Seougbuk-ku, Seoul, Korea 136-701.  the first two waters.
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jet with a continuous 750 eV electron beam. The plasma was
skimmed and entered a TOF mass spectrometer, where the ions
were pulse-extracted and mass-analyzed. Parentions, selected
by a mass gate, were excited by the®mJ IR beam from a
Nd:YAG-pumped LiNbQ OPO. Photofragment ions were
separated from the parent ions using a reflectron and then
detected by a MCP detector. Spectra were obtained by
measuring ion signal as a function of the laser frequency,
subtracting the background due to dissociation of metastable
parent ions, and normalizing with the laser fluence.

Optimized geometries, harmonic frequencies, and absolute
IR intensities of Ct(H»0) and Ct (H,0), stationary points were
calculated at the MP2/6-3#HG** level using the Gaussian
92 system of program$. The calculations neglected the

2151 |

,m

2.190 @ correlation of core electrons.
lla Ib IIl. Results and Discussion
Figure 1. Ab initio stationary points predicted at the MP2/6- o
311++G** level for CI-(H.0) and Ct(H.0),. Hydrogen bond lengths The only photofragment channel observed upon IR excitation

are given in A.la is the Cs minimum. Ib is the Cy, transition state of CI~(H20), was loss of a single water molecule. Excitation
with AE; ~ 1.2 kcal/mol.lla is theCy minimum with three hydrogen  of CI~(H,0)(CCl) gave loss of CGlonly. The Ct(H,0), mass
Eoans.:lb is ags stationsrggplctaint SiT”ar t_?_ the iptfrioftflgaée preodié:ted spectrum peaked at= 0, indicating a hot cluster distribution.

y Jortner ana co-workers.It IS a transition state wi o~ U. — : .
kcal/mol. The H atoms obscured b are pointing into the plane of All Cl (HZO)Q clu§ters .have S"°r?9 |nfrar.ed bands in the
the page. 3200-3500 cnt? region (Figure 2) which dominate the spectra.

We assign these bands to OH stretches of ionic hydrogen bonds.
The twon = 4 MP2 isomers identified by Xanthéd3are A single band i = 1 splits into an asymmetric doublet m
surface structures. The ground stateCispyramidal with a ~ — 2 With the blue band being more intense. The higher
structure analogous to tf@; pyramidal isomer. In the “81” frequency band blue-shifts 3Gl0 cn* with the addition of
isomer, three waters form a pyramid and the fourf®Horms each water, indicating a weakening of the ionic hydrogen bonds.
a bridge between the base of the pyramid and Clortner and Addlng more waters also makes the blue band progrgsswely
co-workerg also find an interior isomer at the SCF level with ~More intense than the red band. By= 4, only one distinct

a ring of three waters on one side and an ion-boun® ldn band persists. - .
the other side. Then = 4 andn = 5 spectra have an additional band in the

3500-3650 cnT? region, which we assign to the OH stretch of
water—water hydrogen bonds. This band red-shifts b0
cm1fromn=4ton=5. Other bands that appear further to
the red are also likely due to cooperative hydrogen bonding
among the waters, but we cannot assign them definitively. The
spectra of Ct(H,0)(CCl) and CI(H20), (n = 2—5) all possess

a weak band appearing 3700 cnt?, which we assign to the

Experiments have yet to provide detailed cluster structures
as a function oh. Mass spectrometty reveals no breaks in
the stepwise hydration enthalpies of (H-0), (n < 4) that
may indicate the closing of solvation shells. Cheshnovsky,
Jortner, and co-workets$3 have tried to differentiate surface
and interior solvation states by assigning experimental ionization
potentials (IP) with ab initio predictions. However, the small
differences in the ab initio IPs of surface and interior isomers €€ OH stretch. ,
make assignments ambiguous. On the basis of a decrease in A~ N =1. Our spectrum (Figure 2a) demonstrates th#H
the reactivity of Ct(H.0), atn = 6, Viggiano and co-worket$ forms one strong hydrogen bond to QfFigure 1,1a). This

suggest a transition to an interior statenat 6, but this shell ~ 2drees with all previous ab initio results (Figure 3&):0211¢:12
closing is not predicted by either simulations or ab initio  The intense band at 3285 cfris clear evidence of a strong,
calculations. nearly linear ionic hydrogen bond. The observed frequency

agrees well with the prediction (3266 c#) for the ionic OH

Vibrational spectroscopy is a sensitive, size-specific probe ; :
b Py P b stretch ofla. The first bending overtone of 4@ at 3156 crm?!

of hydrogen bonding in both iorfie17 and neutrdf solvated )
is close to the free 0 monomer frequenéy of 3151 cnrl.

clusters. For example, the predissociation spectrum(sf,0) i S )
has established that the structure contains one strong ionicT e HO bending mode has significant oscillator strength, and

hydrogen bond5a16a Here we report the infrared spectra of the overtone may gain further intensity through a Fermi
CI~(H,0)n (n = 1-5). We consider cluster structures for= resonance interaction with the 3285 chband. We tentatively

1—4 with the aid of Xantheas’ calculatiod® We also report ~ 25Sign @ weak feature at3440 cnt* to a combination of the
new MP2 predictions afi = 2 transition states and repeat MP2 OH bonded stret.ch and the CtH mtermolecul?r_stretch. The
calculations of previously identified = 1 andn = 2 stationary ~ frequency of the intermolecular stretch].55 cm™, is somewhat
points to provide a consistent set of geometries and vibrational €SS than the ab initio harmonic value of 184°¢m
frequencies. We observe the free OH stretch at 3698 iy loss of CCJ,
which we assume only weakly perturbs G,0). We do not
see this band for C(H,0) itself. This may be due to the
predissociation mechanism. Since the complex is bound1sy
Details have been given elsewhétand only a brief account  kcal/mol}! it dissociates by a stepwise-resonant two-photon
is presented here. A mixture o8 and CC} vapor seeded in  process. A large anharmonicity in the free OH stretch shifts
CH, at a stagnation pressure ofL500 Torr was pulsed into  the second step out of resonance 200 cnt! and could
vacuum throug a 1 mmnozzle. Ct(H.0), and CI(H20),- greatly reduce the Clphotofragment yield. In contrast, one-
(CClg)m clusters were formed in the expansion by crossing the photon excitation of the broad ionic OH stretch band may couple

Il. Experiment and Calculations
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Figure 2. Infrared spectra of C{H.O), recorded by vibrational

predissociation with loss of #. Then = 1 inset shows loss of C¢l
from the CI(H,O)(CCL) parent. The intensity of the inset peak is
arbitrary.

to a quasi-continuum, allowing for facile dissociation with a
second photon. A similar mechanism may account for intensity
anomalies in the spectrum of N(H,0).15¢

We find no spectroscopic evidence for tkie, isomerIb
(Figure 1), which is predicté@12%o be a transition state with
two highly bent hydrogen bonds. While the barrier to H atom
exchangeAE, is only ~1 kcal/mol, both OH stretches ¢b
are red-shifted by only 6090 cnt? (Figure 3a). However, we
observe no bands in the 3568650 cnt? region.

B. n=2. The spectrum (Figure 2b) demonstrates that ClI
ion is solvated by two nearly equivalent and independent waters.
The dominant doublet with maxima at 3245 and 3317 &tm
provides clear evidence of two strong ionic hydrogen bd#ds.
The absence of peaks from 3500 to 3650 ¢nimdicates that
the waters do not hydrogen bond to each other.

We report two new MP2 stationary pointilb (Figure 1) is
a nonplanats transition state for the exchange of the two waters
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Figure 3. Ab initio vibrational stick spectra of C(H,0), stationary
points. Results fon = 1 andn = 2 are from this work; results fan

= 3 andn = 4 are adapted from the work of Xanthé&The
frequencies are scaled by the average of the experimental stretches of
H-0, and all infrared intensities are on the same scale for a given cluster
size. In each spectrum, the solid lines correspond to the global
minimum; the dotted lines, to the less stable minimum or transition
state. (a)Cs minimum andC,, transition state. (b; minimum andCs
transition state. (ds pyramidal global minimum an@s ring minimum

with AEe = 2.6 kcal/mol. (d)C4 pyramidal global minimum an@; “3

+ 1" minimum with AE; = 2.1 kcal/mol.

of lla, with a barrier heighiAE, of ~0.6 kcal/mol. Rotation
of the waters into the HCI—H plane gives rise to a W-shaped
C,, second-order transition state (not shown) wiE, only
~0.02 kcal/mol abovedlb. The gradients of both structures
were minimized to<1 x 1078 hartreedo.

Our spectrum is not consistent with the predictiond a2
The spectrum of the ab initio minimum (Figure 3b) contains
four distinct bands whose intensities decrease monotonically
with increasing frequency. The experimental spectrum contains
only three bands, and the two red-shifted bands are of
comparable intensity. The structure probed by our experiment
cannot be the asymmetric isomiéat (Figure 1).

For llb, although the absence of a water-bound OH stretch
and the small splitting in the ion-bound OH stretches are
consistent with the experimental data, the red band (the
antisymmetric linear combination) is nearly four times more
intense than the blue band (Figure 3b). The structure probed
by our experiment is considerably more bent than isoltier
Although we could not find an ab initio minimum lacking
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water-water hydrogen bonding, our spectrum is consistent with with its ring of four waters, has a water-bound OH stretch

a very bent structure with two nearly equivalent ionic hydrogen
bonds and no watetwater hydrogen bonds.

predicted by Xanthed¥to be at~3540 cnT! which is more
intense than the ion-bound OH stretch. However, the water-

The discrepancy between experiment and theory may be duebound OH stretch we see (3590 cthis much weaker than

to large amplitude motions. The small differences in the
energies of the ab initio stationary points reveal a very flat

the ionic OH stretch (3408 cm) (Figure 2d). The smaller red-
shift seen for the water-bound OH stretch may be due to a

potential. Either zero-point motion or high cluster temperature smaller ring of waters, as in the8 1 isomer. This isomer has

could make the complex less rigid. Using classical simulations,

Asada et af find that when Ct(H20), is warmed to~100 K,

a series of peak¥®from 3375 to 3650 cm! which is consistent
with the broad absorption underlying our spectrum. However,

the cluster undergoes a phase transition that breaks the-water the 3+ 1 isomer cannot account for the free OH stretch at

water hydrogen bond. Quantum simulations by Dang and co-

worker$d indicate that the H atoms in QIH,0), are highly
delocalized forT < 100 K, weakening the hydrogen bonding
between the waters. A more dynamical simulation of the
spectrum with explicit treatment of the large-amplitude motions
appears to be necessary.

Our results suggest that GH,0), is asymmetrically solvated
in the absence of watewater hydrogen bonds. This has also
been observed for (CH3CN), by Johnson and co-worke¥&
The stability of this geometry may be due not only to residual
water-water interactions but also to a cooperative effect in
which the binding of one water to the polarizable"Gbn

3694 cntl. Our spectrum suggests a more open structure with
at least one free OH bond. We cannot rule out a structure
resembling the SCF interior state identified by Jortner and co-
workers® but MP2 theorj?2 indicates that the fourth #D is
attracted to the remaining waters. The appearance of several
weak peaks may indicate the presence of more than one isomer.
The n = 5 spectrum (Figure 2e) differs considerably from

the others. Itis dominated by a broad absorption from 3100 to
3750 cnt! and has several distinct peaks. The spectrum
resembles that of large neutral water clus#é#s. Experiments

now in progress suggest that the spectra reported here were taken
at high cluster temperatures. These conditions would produce

induces a dipole that favors and is enhanced by the binding of & Mixture of low-lying isomers that would broaden the spectrum
a second water to the same side of the ion. The role of ion s observed here.

polarizability in asymmetric solvation has been simulated for
CI=(H20)3 by Sung and Jorddmand calculated for C&(H,0),
by Bauschlicher et &%

C. n = 3-5. The spectra of larger clusters (Figure2x
differ from then = 2 spectrum in two ways. First, the intensity
of the water-bound OH stretch increases with Then = 3
spectrum may contain peaks-aB530 and~3630 cnt! barely
discernible above the background. For 4, we observe a
peak at 3590 cm with an intensity~20% of that of the ion-
bound OH stretch. Im =5, this band red-shifts to 3548 cth
and is almost as intense as the ®ound OH stretch. Second,
all three spectra contain an underlying broad absorptionn At

Despite the breadth of the spectrum and the lack of ab initio
calculations, we can assign the major features. The free OH
stretch is clearly present at 3696 thand implies that not all
OH bonds patrticipate in hydrogen bonding. We assign the peak
at 3441 cm to the ion-bound OH stretch, on the basis of the
blue-shift of this band with increasing We assign the peak
at 3548 cn! to the water-bound OH stretch, assuming the red
shift of this band with increasing.

Of the remaining bands, the peak at 3233~éns most
notable. Although the most red-shifted band of ionic cluster
spectra is typically an ion-bound OH stretch, the 3233 &tm
band does not follow the trend we see for smaller clusters. It is

= 4, the red band of the ionic OH stretch doublet merges into €ven more red-shifted than the ion-bound OH stretahn 1.
this continuum. A number of peaks appear besides the mainSuch alarge red-shift could be caused by cooperative hydrogen

Cl=-bound OH stretch band. By = 5, the spectrum is
dominated by this broad absorption.

The increase in the red-shift and intensity of the water-boun
OH stretch is consistent with the trends predicted by Xantfeas
for the ground-state isomers (Figure 3c,d). Howevempro3
orn =4 ab initio isomer by itself fully accounts for the spectra

we observe. As a result, we cannot assign explicit structures

for then = 3 andn = 4 clusters.
For n = 3, a mixture of the pyramidal and ring isomers

(Figure 3c) may account for the strong ion-bound OH stretches

at 3257 and 3357 cm (Figure 2c). However, any water-bound
OH stretches are weak at best, while Xanth&gwedicts that
for either isomer this band has an intensit#0% of that of
the ion-bound OH stretch. Itis possible that i ¢1,0); three
equivalent waters form hydrogen bonds to ®ut not to each
other. The splitting of the ionic OH stretches would then be
due to modes of A and E symmetry of @, complex.

bonding in cyclic (HO), structures. Vernon et & and
Huisker?* have observed a similar band in the spectra of large

g neutral water clusters. Xantheas and Duntifigave predicted

that the water-bound OH stretch can red-shift by as much as
~500 cnttin (H20)s. Therefore, we assign the peak at 3233
cm~1 to the ring OH stretch of cyclic water structures within
the cluster. From the red-shift we infer that the= 5 cluster
contains rings of at least four waters.

IV. Conclusion

The structures we infer from our spectra have less hydrogen
bonding than predicted by theory. These discrepancies are most
likely due to either to zero-point effects or high cluster
temperature, which would favor large-amplitude motions and
lead to the breaking of watemwater hydrogen bonds. As a
result, we would not observe the ab initio ground-state isomers,
but rather a mixture of low-lying isomers, particularly for=

Observation of the totally symmetric stretching mode means 5. Because the clusters are hot, we cannot tell if zero-point

that CI(H,O); is not internally solvated in a planar complex.

motion alone would cause the breaking of hydrogen bonds

Our spectrum is consistent with a pyramidal-like structure as among the waters.

predicted by ab initio theof?1%2 but without water-water
hydrogen bonding. Quantum or temperature effects # 3

Despite the ambiguity from high temperature and multiple
isomers, the current data provide strong evidence thati<l

may account for the same discrepancy between theory andsurface-solvated for larger clusters. Tine= 4 and 5 spectra

experiment seen fan = 2.

Similarly, theory seems to overestimate the extent of water
water association far = 4 (Figure 3d). The pyramidal isomer,

reveal water-water hydrogen-bonding networks, and the=
5 spectrum itself resembles that of large neutral water clusters.
It is noteworthy that we observe surface solvation even at high
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temperature, which favors interior solvation states in molecular 1995 117, 12819.

dynamics simulation® Forn = 2 and 3 we observe that Cl
ion is asymmetrically solvated without hydrogen bonding

(12) (a) Zhao, X. G.; Gonzalez-Lafont, A.; Truhlar, D. G.; Steckler, R.
J. Chem. Phys199], 94, 5544. (b) Zhan, C.-G.; lwata, £hem. Phys.
Lett. 1995 232, 72.

bet\_"’e__en the waters. This disagreement with the ground staté  (13) Markovich, G.; Pollack, S.; Giniger, R.; Cheshnovsky,JOChem.
ab initio structures may be due to temperature or zero-point Phys.1994 101, 9344.

energy effects that lead to breaking of the watgater hydrogen
bonds. Further experiments with colder@#,0), are ongoing.
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