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The gas-phase near-infrared spec tra of protonated wa ter clus ters [H+(H2O)n, n = 3 - 5] have been ob tained
us ing a vi bra tional predissociation ion trap spec trom e ter cou pled with a tun able op ti cal para met ric os cil la tor
la ser. The spec tral bands in the fre quency range from 7000 to 7500 cm-1 are as signed to the first over tone vi -
bra tions of non-hydrogen-bonded (free) OH stretches. As sign ments of the spec tra are made with ref er ence to
the data for H2O va por, (H2O)2 in Ar ma tri ces, and con sid er ing the pres ence of the ex cess pro ton in the clus -
ters. Blue shifts of the bands are ob served to in crease with clus ter size and are in ter preted in terms of a charge
screen ing ef fect. The ob ser va tions have al lowed de ter mi na tion of the anharmonicity co ef fi cients of these
clus ter ions on the ba sis of the cal cu la tions us ing the term value ex pres sion of vi bra tional en ergy.

IN TRO DUC TION

Over tone spec tros copy is a sen si tive probe of the
anharmonicity of a chem i cal bond. For the free wa ter mol e -
cule, a large da ta base of over tone tran si tions has been es tab -
lished for both fun da men tal un der stand ing of O-H vi bra tions
and at mo spheric spec tro scopic anal y ses.1 In con trast, no
over tone spec tra of neu tral wa ter clus ters (H2O)n have yet
been ob served ex cept that of Ar-H2O.2 Re cently, stud ies of
global cli mate changes in di cate the im por tance of over tone
spec tros copy of (H2O)n, sug gest ing that the wa ter dimer (in
ad di tion to H2O) is a po ten tial at mo spheric ab sorber of so lar
ra di a tion3,4 and the wa ter-nitric acid com plex may con trib ute
sig nif i cantly to at mo spheric OH rad i cal pro duc tion.4 We
have car ried out in fra red spec tro scopic mea sure ments of wa -
ter-containing clus ter ions in our lab o ra tory for sev eral years. 
As the protonated wa ter clus ter [H+(H2O)n] is one of the most
abun dant spe cies in the at mo sphere,5 we ini ti ate this over tone 
study and ex am ine these charged par ti cles in a size-selected
man ner.

Ta ble 1 gives the first over tone tran si tions of the pure
sym met ric stretch (2 1), the com bi na tion mode of sym met ric
and asym met ric stretches ( 1+ 3), and the pure asym met ric
stretch (2 3) of free H2O, com piled by Rothman et al.1 The
cor re spond ing data of free (H2O)n, even the sim plest dimer,
are still lack ing. With H2O trapped in solid Ar ma tri ces,

Perchard6 man aged to ob serve the first over tone tran si tions
of the ma trix-trapped wa ter dimer at 7151.5 cm-1 for 2 1, at
7235.9 cm-1 for 2 f (the free-OH stretch), and at 7207.1 cm-1

for 1+ 3. To gether with the tran si tions ob served in the fun -
da men tal and higher over tone re gions, har monic fre quen cies
and anharmonicity co ef fi cients of the wa ter mono mer and the 
dimer trapped in Ar ma tri ces are ob tained. The study serves
as a use ful guide for the search of the over tone tran si tions of
gas-phase wa ter clus ters if rea son able ma trix-induced fre -
quency shifts of the OH stretches are as sumed.

Stan dard ab in itio cal cu la tions pro vide a good de scrip -
tion of the fun da men tal vi bra tions of many clus ters and clus -
ter ions,7 but they fail in pre dict ing the spec tra of higher
vibrationally ex cited states. To de scribe these states, it is im -
per a tive to take vi bra tional anharmonicities into ac count.
Stannard et al.8 have elab o rated on cal cu la tions of the over -
tone/com bi na tion spec tra of XY2-type mol e cules, fo cus ing
on both elec tri cal and me chan i cal anharmonicities. Using a
three-dimensional har mon i cally cou pled an har mon ic os cil la -
tor model, Kjaergaard et al.9 cal cu lated the first over tone
band in ten si ties of the 2 1, 2 3 and 1+ 3 modes of H2O. The
cal cu lated in ten sity ra tio is about 15:1:50, in good agree ment
with ob ser va tions. Polyansky et al.10 have re cently built up a
po ten tial en ergy sur face of H2O from ex per i men tal data and
showed that no fur ther sig nif i cant im prove ment can be
achieved by ex tend ing their ex pres sion by in clud ing higher
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or der terms. The cal cu la tions for the fun da men tal, the first
over tone, and their com bi na tion bands agree quite well with
ex per i ments. To the best of our knowl edge, there is no po ten -
tial en ergy sur face avail able for wa ter clus ter ions (in ei ther
protonated or deprotonated forms) in the lit er a ture be cause
only very lim ited ex per i men tal term val ues have been re -
ported so far.

We have con ducted in this work near-infrared spec tro -
scopic mea sure ments of protonated wa ter clus ter ions
[H+(H2O)n, n = 3 - 5] at a clus ter tem per a ture around 170 K.
Iden ti fi ca tions of the ob served peaks in the spec tra are made
with ref er ence to the well-established da ta base of the neu tral
wa ter mono mer and ac count ing for the charge screen ing ef -
fect in the hydration shell. Since the ab sorp tion cross sec tions 
of the OH stretches from the first over tone ex ci ta tions of the
clus ter ions are much smaller than those from the fun da men -
tal ex ci ta tions (for in stance, 2 1 is one or der of mag ni tude
lower than 1 and 2 3 is three or ders of mag ni tude lower than

3 in free H2O),1 the spec tro scopic in ves ti ga tion in this field
has been a very dif fi cult and chal leng ing task. We pres ent in
this com mu ni ca tion the first spec tro scopic iden ti fi ca tions of
the first over tone and its com bi na tion bands in the near in fra -
red re gion of small wa ter clus ter ions us ing a home-built vi -
bra tional predissociation ion trap spec trom e ter.

COM PU TA TIONAL AND SPEC TRO SCOPIC
METHODS

Struc tures and energetics of H+(H2O)n, n = 3 - 5, were
ob tained from den sity func tional the ory (DFT) cal cu la tions
us ing the com mer cial GAUSSI AN 98 pack age.11 We op ti -

mized the ge om e tries of the clus ter ions uti liz ing a stan dard
an a lyt i cal gra di ent method with out im pos ing any sym me try
con straints at the B3LYP level of com pu ta tion with the
6-31+G* ba sis set (de noted as B3LYP/6-31+G*). Sin gle-
 point en ergy cal cu la tions were per formed us ing a larger ba sis 
set (aug-cc-pVTZ)12 for the ge om e tries op ti mized by the
B3LYP/6-31+G level of com pu ta tion (de noted as B3LYP/
aug-cc-pVTZ//6-31+G*). Ta ble 2 lists the DFT-calculated
val ues of the in ter ac tion en er gies ( En), the enthalpies ( Hn)
and the Gibbs free en er gies ( Gn) for the clus ter ing re ac tion,
H+(H2O) + (n-1)H2O H+(H2O)n, at 170 and 298 K for var i -
ous low-energy struc tures of H+(H2O)3-5. The cor re spond ing
ex per i men tal val ues of H n and G n ob tained from the
thermochemical mea sure ments13,14 are given in the same ta -
ble for com par i son. For in stance, the to tal bind ing enthalpy
of H+(H2O)3 ob tained by Kebarle,13 Meot-Ner,14 and their co -
work ers are 51.1 and 54.0 kcal/mol, re spec tively, while our
B3LYP/aug-cc-pVTZ//6-31+G* cal cu la tion pre dicts a value
of 56.0 kcal/mol af ter zero-point en ergy cor rec tions (Ta ble
2). Fig. 1 shows the iso meric struc tures of H+(H2O)3-5, out of
which only HW3I, HW4I and HW5I (the low est-energy iso -
mers of the re spec tive clus ters) have been iden ti fied in a su -
per sonic ex pan sion in our pre vi ous ex per i ments.15-17

To ob tain the first over tone spec tra of the protonated
wa ter clus ters, ex per i ments were car ried out us ing an ion
beam mass spec trom e ter in con junc tion with a pulsed tun able
OPO (op ti cal para met ric os cil la tor) la ser. De tails of the spec -
trom e ter have been de scribed else where.18 The OPO la ser
(In fin ity XPO, Co her ent, USA), used for the first time in this
ex per i ment, has an out put en ergy of 9 mJ/pulse with a beam
di am e ter of ~5 mm at a rep e ti tion rate of 20 Hz when in op er a -
tion. The la ser beam was fo cused with an f = 120 cm lens into
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Table 1. Vibrational Frequencies (cm-1) and Assignments of the Observed OH-stretch Absorption Bands of
Free Water, the Water Dimer in Ar Matrices, and the Gas-phase Cluster Ions H (H2O)3-5

Free-OH stretch modes

Fundamental First overtone/combination

Species 1 f 3 2 1 2 f 1+ 3

H2O
a 3657.1 - 3755.9 7201.5 - 7249.8

(H2O)2/Arb 3633.1 3708.0 3737.8 7152 7236 7207.1
H+(H2O)3

c 3637.4 3667.0 3721.6 7150 (22) 7163 (22) 7190 (15)
H+(H2O)4

c 3645 - 3731 7174 (12) - 7216 (14)
H+(H2O)5

c 3647 3709 3736 7181 (19) d 7224 (18)
a Ref. 1.
b Ar matrix studies (Ref. 6).
c Fundamental frequencies of 1, f , and 3 are adapted from Refs. 15-17. Numbers in parentheses denote

the bandwidths (full widths at half maxima) obtained from band deconvolution of the spectra in Fig. 2.
d Not observed.



the la ser-cluster in ter ac tion re gion, es tab lish ing an es ti mated
en ergy of ~5 mJ/pulse. We cal i brated the la ser fre quency and
linewidth with the use of the ab sorp tion bands of at mo spheric 
wa ter, ob tained by us ing a Fou rier trans form in fra red spec -
trom e ter (MB100, Bomem, Can ada) op er at ing in the near-
 infrared re gion. The la ser is found to have a linewidth of ~2
cm-1.

We pro duced the wa ter clus ter ions from a su per sonic
ex pan sion of co rona-discharged H2O va por seeded in pure H2

at a back ing pres sure of 30-120 Torr be hind a room- tem -
perature noz zle. The clus ter ions of in ter est [H+(H2O)n] were
first mass-selected by a 60º sec tor mag net and stored in an
octopole ion trap for both tem per a ture es ti ma tion and spec -
tro scopic mea sure ments. The in ter nal tem per a ture of the
clus ter ions pro duced un der var i ous su per sonic con di tions
typ i cally ranges from 170 to 200 K, as es ti mated from their
self-dissociation rates.19,20 In per form ing the spec tro scopic
mea sure ments, la ser pho tons were in tro duced into the ion
trap to pump the clus ters to their sec ond vibrationally ex cited
states. Frag ment ions from the wa ter loss chan nel as a re sult
of the vi bra tional ex ci ta tion, H+(H2O)n + h H+(H2O)n-1 +
H2O, were se lected by a quadrupole mass fil ter and then col -
lected by a Daly de tec tor. The ion sig nals were re corded as a
func tion of the ex ci ta tion la ser wave length to at tain the vi bra -
tional predissociation spec tra. It should be noted that no
H+(H2O)2 spec tra are at tain able in the pres ent study be cause
the dis so ci a tion en ergy of H+(H2O)2 is higher than the near-
 infrared sin gle pho ton en ergy (20.0-21.5 kcal/mol in the
7000-7500 cm-1 re gime) by more than 10 kcal/mol.13,14

RE SULTS AND DIS CUS SION

Band as sign ments
Fig. 2 shows the vi bra tional predissociation spec tra of

H+(H2O)n for n = 3 - 5 in the near-infrared re gion (7000-7500
cm-1), along with the per cent age trans mis sion of the OPO la -
ser power in the open at mo sphere (Fig. 2). Vari a tions of the
la ser in ten sity in the scanned fre quency range re veal many
ab sorp tion bands due to the pres ence of at mo spheric wa ter in
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Table 2. Experimental and DFT-calculated Total Energies (kcal/mol) of the Clustering Reaction, H+(H2O)
(n-1)H2O H+(H2O)n, for n 3 - 5

Calc.b Expt.c

Isomersa En Hn
298 Gn

298 Gn
170 H°n G°n

HW3I -54.4 -56.0 -39.3 -46.5 -51.1, -54.0 -37.4, -37.9
HW4I -71.8 -73.9 -49.0 -59.7 -68.6, -71.0 -46.8, -46.0
HW4II -69.8 -72.0 -47.4 -58.0
HW4III -66.6 -69.8 -41.8 -53.8
HW5I -83.5 -85.9 -53.3 -67.3 -81.3, -84.0 -52.5, -51.0
HW5II -80.8 -83.5 -50.6 -64.7
HW5III -82.8 -85.8 -50.9 -65.9
a Structures depicted in Fig. 1.
b Using B3LYP/aug-cc-pVTZ//6-31 G with zero-point vibrational energies corrected.
c Refs. 13 and 14.

Fig. 1. DFT-optimized ge om e tries of (a) H+(H2O)3, (b) 
H+(H2O)4 and (c) H+(H2O)5. The O and H at oms 
are de noted by large open and small open cir -
cles, re spec tively. All the struc tures are op ti -
mized with the same level (B3LYP/6-31+G*)
of com pu ta tion. Iso mers HW3I, HW4I, and
HW5I have been iden ti fied in pre vi ous ex per i -
ments (Refs. 15-17).



the light path be tween the la ser and the spec trom e ter. Three
prom i nent peaks are found at 7155, 7190 and 7254 cm-1 for
H+(H2O)3. Cor re sponding to the cal cu lated min i mum-energy
struc ture HW3I (Fig. 1a), the sig na tures in the spec trum (Fig. 
2a) are ex pected to arise from the sym met ric (2 1), the dan -
gling free (2 f), the asym met ric (2 3), and a com bi na tion
( 1+ 3) mode of OH stretches in this fre quency re gime. From
the lo ca tions of the over tone bands ob served for free H2O,
(H2O)2 in Ar ma tri ces (cf. Ta ble 1), and con sid er ing the ex -
cess pos i tive charge dis tri bu tion pres ent in the clus ter ion, we 
are led to iden ti fi ca tion of these over tone bands as dis cussed
be low.

Ac cord ing to Rothman et al.,1 the ab sorp tion cross sec -
tion of 2 3 is 17 times smaller than that of 2 1 in H2O va por,
and so the sig na ture of 2 3 is not ex pected to ap pear in the
spec trum. To iden tify the ob served fea tures as so ci ated with
the three pos si ble vi bra tions 2 1, 2 f, and 1+ 3, we no tice

that the ab sorp tion band at 7155 cm-1 in Fig. 2a is much
broader than that of the band at 7190 cm-1 and also the bands
stand ing over al most the same fre quency span for n = 4 and 5.
A band deconvolution by multi-peak fit ting has been thus
con ducted to re solve this fea ture into two peaks at 7150 and
7163 cm-1, as shown by the dot ted lines in Fig. 3. The sep a ra -
tion of these two peaks (~13 cm-1) is less than the width (22
cm-1) of the in di vid ual deconvoluted band. For free H2O, the
pure sym met ric, the pure asym met ric, and the com bi na tion
bands of the first over tone re ported by Rothman et al.1 are lo -
cated at 7201.5, 7445.1 and 7249.8 cm-1, re spec tively. Taking 
into ac count the fre quency red-shift in duced by the charge
(i.e. H+), the pres ently deconvoluted peaks at 7150 and 7163
cm-1 can be as signed to the first over tone tran si tions of the
sym met ric stretch (2 1) and the dan gling free-OH stretch
(2 f), whereas the band at 7190 cm-1 can be at trib uted to the
over tone/com bi na tion mode of two OH stretches ( 1+ 3), as
in di cated in Ta ble 1. It is likely that the broad fea ture at 7254
cm-1, which is too low to be as signed to 2 3, orig i nates from
the first over tone bands of ei ther 2 1 or 1+ 3 (or both) modes 
cou pled with lower-frequency vi bra tions of this clus ter ion.

Figs. 2b and 2c dis play the ex per i men tal spec tra of
H+(H2O)4 at two dif fer ent clus ter tem per a tures, 200 and 170
K. The re spec tive spec trum shows two strong ab sorp tion
bands at 7174 and 7216 cm-1, and they are as crib able to 2 1

and 1+ 3 of the four equiv a lent H2O mol e cules of iso mer
HW4I (Fig. 1b). Compared to the spec trum of H+(H2O)3,
these two bands are blue-shifted by 24 cm-1 for 2 1 and by 26
cm-1 for 1+ 3. Sim i lar to the case of H+(H2O)4, the spec trum
of H+(H2O)5 at 170 K (Fig. 2d) is dom i nated by two in tense
but slightly broader peaks at 7181 and 7224 cm-1 for 2 1 and

1+ 3, re spec tively, of the sol vent H2O mol e cules. Blue-
 shifting of both modes by ~8 cm-1 with re spect to those of n =
4 has also oc curred (cf. Ta ble 1). For the three clus ter ions, no
sig nif i cant change in rel a tive in ten sity of the 2 1 and 1+ 3
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Fig. 2. Power-normalized vi bra tional predissociation
spec tra for the first over tone/com bi na tion
bands of (a) H+(H2O)3 at 200 K, (b) H+(H2O)4 at 
200 K, (c) H+(H2O)4 at 170 K, (d) H+(H2O)5 at
170 K in the fre quency range 7000-7500 cm-1.
The ver ti cal dash line is drawn to in di cate the
fre quency shift of the ab sorp tion bands with
clus ter size. The top curve shows the vari a tion
of the OPO la ser power in ten sity due to ab sorp -
tion of at mo spheric wa ter, and the scale on the
right in di cates the per cent age trans mis sion of
the la ser power in the open at mo sphere.

Fig. 3. Deconvolution of the ab sorp tion bands of
H+(H2O)3 in the first over tone free-OH stretch
re gion.



bands in the spec tra (Figs. 2a  2d) is found as the clus ter
tem per a ture is raised from 170 to 200 K. Fur ther more, the
bands that are as crib able to the com bi na tion modes of 2 1 (or

1+ 3) stretches and low-frequency vi bra tions can all be
iden ti fied at n = 3 - 5.

In con trast to the ob ser va tion of n = 3, we failed to de -
tect any ab sorp tion fea ture that can be as so ci ated with the
free-OH over tone stretch (2 f) of n = 5. We con sider that this
is be cause the sta tus of the free O-H of clus ters n = 3 and 5 are
very dif fer ent from each other; the for mer be longs to H3O+ of
iso mer HW3, whereas the later is part of the first-shell H2O
mol e cule be hav ing as a sin gle-donor-single-acceptor of iso -
mer HW5 (Fig. 1). While the 2 f band is not seen at n = 5, we
may es ti mate where it is lo cated as fol lows. Since the fun da -
men tal free-OH stretch for n = 5 is higher than that for n = 3
by 42 cm-1 (Ta ble 1), the po si tion of the free-OH over tone
band for n = 5 is likely to be found at a fre quency higher than
7163 cm-1. So con sid er ing a dif fer ence of 84 cm-1 in the first
over tone re gion, the 2 f band is ex pected to peak at around
7247 cm-1. From the spec trum dis played in Fig. 2d, it seems
that the 2 f band is very weak and ei ther is over lapped with
the 1 + 3 mode or it sinks into this broad fea ture.

Size-dependent fre quency shifts
Red shifts of vi bra tional fre quen cies are found in both the

fun da men tal and the first over tone tran si tions of H+(H2O)3-5

with re spect to those of the neu tral wa ter mono mer (Ta ble 1).
Ac cord ing to Yeh et al.15 and Crofton et al.,16 the fre quency
red-shift of the asym met ric stretch ( 3) of the clus ter ions
from that of the mono mer ranges from 34 cm-1 in H+(H2O)3 to
20 cm-1 in H+(H2O)5. For the sym met ric stretch ( 1), the cor -
re spond ing shift var ies from 20 cm-1 of H+(H2O)3 to 10 cm-1

of H+(H2O)5. These fre quency red-shifts are all no tice ably
smaller than the cor re spond ing shifts in the first over tone re -
gion.

In Ta ble 1, an in crease in clus ter size is seen to give rise
to blue shifts of the pure over tone and the over tone/com bi na -
tion bands, anal o gous to that in the fun da men tal re gion. The
blue shift for the change in clus ter size from n = 3 to n = 4 is
about three times larger than that when it goes from n = 4 to n
= 5 for 2 1. This dif fer ence in blue shift is at trib uted to two
dif fer ent as pects in step wise clus ter ing from n = 3 to n = 5.
First, the first sol va tion shell of the H3O+ ion is filled as the
clus ter size in creases to n = 4 and, sec ond, the sec ond-shell
ef fect is switched on with fur ther in crease of the clus ter size
to n = 5. The charge screen ing ef fect, where the cen tral ion is
sur rounded by in creas ingly more sol vent mol e cules, clearly
co mes to play upon the sec ond-shell for ma tion at n = 5. Not

sur pris ingly, it is the ionic char ac ter of the clus ter that de ter -
mines the ob served fre quency shift.

Eval u a tion of anharmonicity co ef fi cients
The o ret i cal ap proach for cal cu lat ing the anharmonicity 

co ef fi cients from the ob served G(0,0,0)  G(v1,v2,v3) over -
tone tran si tions of H+(H2O)3-5 is car ried out with help of the
fun da men tal tran si tions mea sured by Yeh et al.,15 Crofton et
al.,16 and Jiang et al.17 (Ta ble 1), along with the over tone/
com bi na tion bands ob served in this work us ing the quan tum
me chan i cal term value equa tions of vi bra tional en ergy.21 De -
ter mi na tion of the anharmonicity co ef fi cients re quires a pre -
lim i nary anal y sis of clus ter struc ture. In Ta ble 2, the
B3LYP/aug-cc-pVTZ//6-31+G* cal cu la tions pre dict that the
low est-energy iso mers of the clus ter ions H+(H2O)4 and
H+(H2O)5 are more sta ble than the cor re spond ing sec ond-
 lowest en ergy iso mers by ( Gn

170) = 1.7 and 1.4 kcal/mol,
re spec tively. Pre vi ously,15-17 we have ex per i men tally iden ti -
fied iso mers HW3I, HW4I, HW5I (Fig. 1) for these gas-
 phase ions in the tem per a ture range from 170 to 200 K. In this 
work, with sim i lar ion-beam con di tions, we rule out the pos -
si bil ity for the ex is tence of other iso mers in the su per sonic
ex pan sion and so the ob served over tone spec tra should be
mainly con trib uted from the iso mers HW3I, HW4I, HW5I.
Once the prob lem of struc tural iden ti fi ca tion is solved, the
anharmonicity co ef fi cients xij and the har monic fre quen cies

i ap pear ing in the quan tum me chan i cal term value ex pres -
sion of vi bra tional en ergy can be eval u ated:21

(1)

where i and xij are in cm-1 and vi (v1 = sym met ric stretch, v2 = 
bend ing, v3 = asym met ric stretch) are the vi bra tional quan -
tum num bers. From eqn. (1), we have

(2)

where

(3)

and xij
0 = xij when higher or der terms are ne glected. Now, a set 

of five equa tions can be de rived from eqn. (2) with G0(1,0,0),
G0(0,0,1), G0(2,0,0), G0(1,0,1) and G0(0,0,2), and there are
five anharmonicity co ef fi cients x11, x12, x13, x23, and x33 to be
eval u ated. Using the set of those five equa tions, the x11, x13
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and x33 can be ex pressed as 

x11 = [G0(2,0,0) - 2G0(1,0,0)]/2 (4)
x13 = G0(1,0,1) - [G0(1,0,0) + G0(0,0,1)] (5)
x33 = [G0(0,0,2) - 2G0(0,0,1)]/2 (6)

Since we have not yet ob served the 2 3 band, i.e. G0(0,0,2),
we can cal cu late only x11 and x13 out of the five co ef fi cients.
Placing the val ues of the ob served fre quen cies for the fun da -
men tal and the over tone/com bi na tion bands from Ta ble 1 in
eqns. (4) and (5), we ob tain the val ues of x11 and x13, and the
vi bra tional con stant ( 1

0) from the re la tion [ 1
0 = G0(1,0,0) -

x11]21 for all three clus ter ions H+(H2O)3-5, as given in Ta ble 3.
We note that the anharmonicity co ef fi cients x11 and x13

in Ta ble 3 show a dis crete change from H+(H2O)3 to H+(H2O)4,
but these terms for H+(H2O)4 and H+(H2O)5 reach al most the
same value. From a struc tural anal y sis of H+(H2O)3 (Fig. 1),
the iso mer HW3I con tains a hydronium ion core bound to
two wa ter mol e cules with C2v sym me try. Ad di tion of an other
wa ter mol e cule to it fills up the first sol va tion shell, yield ing
the min i mum-energy iso mer HW4I. Com ple tion of the first
sol va tion shell clearly makes the anharmonicity to reach a
steady value for n = 4 and 5. These char ac ters of dis crete
change from H+(H2O)3 to H+(H2O)4 are also found in the blue
shifts of vi bra tional fre quen cies (Ta ble 1) and in the thermo -
chemical mea sure ments of dis so ci a tion en er gies (Ta ble 2).

CON CLU SION

We have cho sen the most fun da men tal clus ter ions, the
protonated wa ter clus ters [H+(H2O)n, n = 3 - 5], as the can di -
date for spec tro scopic stud ies in the near-infrared re gion
(7000-7500 cm-1). The study pres ents the first step to ward ex -
plo ra tion of the mys tic re gion of hy dro gen-bonded clus ter
ions by photo-excitation to the first over tone level of OH
stretch ing modes and in duc ing vi bra tional predissociation.

We have iden ti fied two pure over tone bands 2 1 and 2 f, and
a com bi na tion band 1+ 3. A blue shift is ob served for each
ab sorp tion band as the clus ter size in creases from n = 3 to n =
5. Di rect com par i son of the fun da men tal and the first over -
tone band po si tions clearly shows how the anharmonicity of
the free OH stretch ing is cor re lated with clus ter size. With the 
help of model cal cu la tion of the term value of vi bra tional en -
ergy, two anharmonicity co ef fi cients have been de duced. The 
data should help to cal i brate the re sults from com puter sim u -
la tions and may also serve to map out the po ten tial sur faces
and the in ter ac tion modes at a quan tum state-to-state level.
This work rep re sents the first spec tro scopic study in the
near- infrared re gion to ob serve the first over tone bands of
wa ter-containing clus ter ions and we ex pect to ob tain more
in for ma tion in the fu ture.
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