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On the First Overtone Spectra of Protonated Water Clusters [H'(H,0)3.5] in
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The gas-phase near-infrared spectraof protonated water clusters[H*(H.0),, n = 3 - 5] have been obtained
using avibrational predissociation ion trap spectrometer coupled with a tunable optical parametric oscillator
laser. The spectral bands in the frequency range from 7000 to 7500 cm™ are assigned to the first overtone vi-
brations of non-hydrogen-bonded (free) OH stretches. Assignments of the spectra are made with reference to
the data for H»O vapor, (H20). in Ar matrices, and considering the presence of the excess proton in the clus-
ters. Blue shifts of the bands are observed to increase with cluster size and are interpreted in terms of acharge
screening effect. The observations have allowed determination of the anharmonicity coefficients of these
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cluster ions on the basis of the cal culations using the term value expression of vibrational energy.

INTRODUCTION

Overtone spectroscopy is a sensitive probe of the
anharmonicity of achemical bond. For the free water mole-
cule, alarge database of overtone transitions has been estab-
lished for both fundamental understanding of O-H vibrations
and atmospheric spectroscopic analyses.* In contrast, no
overtone spectra of neutral water clusters (H,O), have yet
been observed except that of Ar-H,0.? Recently, studies of
global climate changes indicate the importance of overtone
spectroscopy of (H»0)n, suggesting that the water dimer (in
addition to H,0) is a potential atmospheric absorber of solar
radiation®* and the water-nitric acid complex may contribute
significantly to atmospheric OH radical production.* We
have carried out infrared spectroscopic measurements of wa-
ter-containing cluster ionsin our laboratory for several years.
Asthe protonated water cluster [H*(H20).] isone of the most
abundant speciesin the atmosphere,® weinitiatethis overtone
study and examine these charged particles in a size-selected
manner.

Table 1 gives the first overtone transitions of the pure
symmetric stretch (2v1), the combination mode of symmetric
and asymmetric stretches (v1+vs), and the pure asymmetric
stretch (2vs) of free H,O, compiled by Rothman et al.* The
corresponding data of free (H.O),, even the simplest dimer,
are still lacking. With H,O trapped in solid Ar matrices,

Perchard® managed to observe the first overtone transitions
of the matrix-trapped water dimer at 7151.5 cm™ for 2v,, at
7235.9 cm™ for 2v, (the free-OH stretch), and at 7207.1 cm™
for vi+vs. Together with the transitions observed in the fun-
damental and higher overtone regions, harmonic frequencies
and anharmonicity coefficients of the water monomer and the
dimer trapped in Ar matrices are obtained. The study serves
as auseful guide for the search of the overtone transitions of
gas-phase water clusters if reasonable matrix-induced fre-
guency shifts of the OH stretches are assumed.

Standard ab initio calculations provide a good descrip-
tion of the fundamental vibrations of many clusters and clus-
ter ions,” but they fail in predicting the spectra of higher
vibrationally excited states. To describe these states, it isim-
perative to take vibrational anharmonicities into account.
Stannard et al.® have elaborated on calculations of the over-
tone/combination spectra of XY »-type molecules, focusing
on both electrical and mechanical anharmonicities. Using a
three-dimensional harmonically coupled anharmonic oscilla-
tor model, Kjaergaard et al.® calculated the first overtone
band intensities of the 2v4, 2v; and v1+vs modes of H,O. The
calculated intensity ratio isabout 15:1:50, in good agreement
with observations. Polyansky et al.* have recently built up a
potential energy surface of H,O from experimental data and
showed that no further significant improvement can be
achieved by extending their expression by including higher
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Table 1. Vibrational Frequencies (cm™) and Assignments of the Observed OH-stretch Absorption Bands of
Free Water, the Water Dimer in Ar Matrices, and the Gas-phase Cluster lons H*(H,0)4.5

Free-OH stretch modes

Fundamental First overtone/combination
Species 2 2 2v; 2v, Vi+V3
H,0O? 3657.1 - 3755.9 7201.5 - 7249.8
(H20)2/Arb 3633.1 3708.0 3737.8 7152 7236 7207.1
H*(H,0)5° 3637.4 3667.0 3721.6 7150 (22) 7163 (22) 7190 (15)
H*(H,0), 3645 - 3731 7174 (12) - 7216 (14)
H*(H,0)s° 3647 3709 3736 7181 (19) d 7224 (18)
aRef. 1.

® Ar matrix studies (Ref. 6).

¢ Fundamental frequencies of v;, v, and v; areadapted from Refs. 15-17. Numbersin parentheses denote
the bandwidths (full widths at half maxima) obtained from band deconvolution of the spectrain Fig. 2.

4 Not observed.

order terms. The calculations for the fundamental, the first
overtone, and their combination bands agree quite well with
experiments. To the best of our knowledge, thereis no poten-
tial energy surface available for water cluster ions (in either
protonated or deprotonated forms) in the literature because
only very limited experimental term values have been re-
ported so far.

We have conducted in this work near-infrared spectro-
scopic measurements of protonated water cluster ions
[H*(H20)n, n = 3 - 5] at acluster temperature around 170 K.
I dentifications of the observed peaks in the spectra are made
with reference to the well-established database of the neutral
water monomer and accounting for the charge screening ef-
fectinthe hydration shell. Since the absorption cross sections
of the OH stretches from the first overtone excitations of the
cluster ions are much smaller than those from the fundamen-
tal excitations (for instance, 2v. is one order of magnitude
lower than vi and 2vsisthree orders of magnitude lower than
vz in free H,0),* the spectroscopic investigation in this field
has been a very difficult and challenging task. We present in
this communication the first spectroscopic identifications of
the first overtone and its combination bandsin the near infra-
red region of small water cluster ions using a home-built vi-
brational predissociationion trap spectrometer.

COMPUTATIONAL AND SPECTROSCOPIC
METHODS

Structures and energetics of H(H20),, n = 3 - 5, were
obtained from density functional theory (DFT) calculations
using the commercial GAUSSIAN 98 package.* We opti-

mized the geometries of the cluster ions utilizing a standard
analytical gradient method without imposing any symmetry
constraints at the B3LYP level of computation with the
6-31+G* basis set (denoted as B3LY P/6-31+G*). Single-
point energy calculationswere performed using alarger basis
set (aug-cc-pVTZ)* for the geometries optimized by the
B3LYP/6-31+G level of computation (denoted as B3LY P/
aug-cc-pVTZ//6-31+G*). Table 2 lists the DFT-cal cul ated
values of theinteraction energies (AE,), the enthal pies (AHp)
and the Gibbs free energies (AG,,) for the clustering reaction,
H*(H.0) + (n-1)H,0 — H*(H20),, at 170 and 298 K for vari-
ous low-energy structures of H*(H20)3.s. The corresponding
experimental values of AH°, and AG°, obtained from the
thermochemical measurements™** are given in the same ta-
ble for comparison. For instance, the total binding enthal py
of H*(H,0); obtained by K ebarle,*® Meot-Ner,** and their co-
workers are 51.1 and 54.0 kcal/mol, respectively, while our
B3LY P/aug-cc-pV TZ//6-31+G* calculation predicts avalue
of 56.0 kcal/mol after zero-point energy corrections (Table
2). Fig. 1 showsthe isomeric structures of H*(H20)s-s, out of
which only HW31, HW41 and HWS5I (the lowest-energy iso-
mers of the respective clusters) have been identified in a su-
personic expansion in our previous experiments.™*’

To obtain the first overtone spectra of the protonated
water clusters, experiments were carried out using an ion
beam mass spectrometer in conjunction with a pul sed tunable
OPO (optical parametric oscillator) laser. Details of the spec-
trometer have been described elsewhere.'® The OPO |aser
(Infinity XPO, Coherent, USA), used for thefirst timein this
experiment, has an output energy of 9 mJ/pulse with a beam
diameter of ~5 mm at arepetition rate of 20 Hz whenin opera-
tion. Thelaser beam wasfocused with an f = 120 cm lensinto
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Table 2. Experimental and DFT-calculated Total Energies (kcal/mol) of the Clustering Reaction, H*(H,0) +

(n-1)H,0 — H*(H,0),, forn=3-5

Cacl Expt.

| somers® AE, AH, 2% AG 28 AG,IT0 AH°, AG°,
HW3I -54.4 -56.0 -39.3 -46.5 -51.1, -54.0 -37.4,-37.9
HW41 -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

HWA4III -66.6 -69.8 -41.8 -53.8

HWS5I -835 -85.9 -53.3 -67.3 -81.3,-84.0 -52.5, -51.0
HWSII -80.8 -835 -50.6 -64.7

HWSIII -82.8 -85.8 -50.9 -65.9

& Structures depicted in Fig. 1.

P Using B3LY P/aug-cc-pV TZ//6-31+G* with zero-point vibrational energies corrected.

¢ Refs. 13 and 14.

the laser-cluster interaction region, establishing an estimated
energy of ~5 mJ/pulse. We calibrated the laser frequency and
linewidth with the use of the absorption bands of atmospheric
water, obtained by using a Fourier transform infrared spec-
trometer (MB100, Bomem, Canada) operating in the near-
infrared region. The laser is found to have alinewidth of ~2

cm™.

HW3I

HWA4llI

.,3’*’~-~q;° ‘}’}b
%O o0 \‘i" O:QD? Q°

HWS5I HWS5II HWSIII

Fig. 1. DFT-optimized geometriesof (a) H*(H20)s, (b)
H*(H20)4 and (c) H*(H20)s. The O and H atoms
are denoted by large open and small open cir-
cles, respectively. All the structures are opti-
mized with the same level (B3LY P/6-31+G*)
of computation. Isomers HW31, HW4I, and
HWS5I have been identified in previous experi-
ments (Refs. 15-17).

We produced the water cluster ions from a supersonic
expansion of corona-discharged H.O vapor seeded in pure H,
at a backing pressure of 30-120 Torr behind a room-tem-
perature nozzle. The cluster ions of interest [H*(H20).] were
first mass-selected by a 60° sector magnet and stored in an
octopoleion trap for both temperature estimation and spec-
troscopic measurements. The internal temperature of the
cluster ions produced under various supersonic conditions
typically ranges from 170 to 200 K, as estimated from their
self-dissociation rates.**?° In performing the spectroscopic
measurements, laser photons were introduced into the ion
trap to pump the clustersto their second vibrationally excited
states. Fragment ions from the water loss channel as a result
of the vibrational excitation, H*(H20)n + &v — H*(H20)n.1 +
H.0, were selected by a quadrupole mass filter and then col-
lected by a Daly detector. The ion signals were recorded asa
function of the excitation laser wavelength to attain thevibra-
tional predissociation spectra. It should be noted that no
H*(H,0), spectra are attainable in the present study because
the dissociation energy of H*(H»0) is higher than the near-
infrared single photon energy (20.0-21.5 kcal/mol in the
7000-7500 cm™ regime) by more than 10 kcal/mol .*3*

RESULTS AND DISCUSSION

Band assignments

Fig. 2 shows the vibrational predissociation spectra of
H*(H,0), for n = 3 - 5in the near-infrared region (7000-7500
cm'?), along with the percentage transmission of the OPO la-
ser power in the open atmosphere (Fig. 2). Variations of the
laser intensity in the scanned frequency range reveal many
absorption bands due to the presence of atmospheric water in
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the light path between the laser and the spectrometer. Three
prominent peaks are found at 7155, 7190 and 7254 cm™ for
H*(H,0)s. Corresponding to the cal culated minimum-energy
structure HW3I (Fig. 1a), the signaturesin the spectrum (Fig.
2a) are expected to arise from the symmetric (2v1), the dan-
gling free (2v;), the asymmetric (2vs), and a combination
(v1+v3) mode of OH stretchesin thisfrequency regime. From
the locations of the overtone bands observed for free H,O,
(H20); in Ar matrices (cf. Table 1), and considering the ex-
cess positive charge distribution present in the cluster ion, we
are led to identification of these overtone bands as discussed
below.

According to Rothman et al.,* the absorption cross sec-
tion of 2v3is 17 times smaller than that of 2v; in H,O vapor,
and so the signature of 2v; is not expected to appear in the
spectrum. To identify the observed features associated with
the three possible vibrations 2v,, 2v;, and vi+vs, we notice

100%
90%
80%

7000 7100 7200 7300 7400 7500
Frequency (cm™)

Fig. 2. Power-normalized vibrational predissociation
spectra for the first overtone/combination
bandsof (a) H*(H20)s at 200K, (b) H*(H20)4 at
200 K, (c) H*(H20)4 at 170 K, (d) H*(H20)s at
170 K in the frequency range 7000-7500 cm't,
The vertical dash line is drawn to indicate the
frequency shift of the absorption bands with
cluster size. The top curve shows the variation
of the OPO laser power intensity due to absorp-
tion of atmospheric water, and the scale on the
right indicates the percentage transmission of
the laser power in the open atmosphere.
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that the absorption band at 7155 cm™ in Fig. 2a is much
broader than that of the band at 7190 cm™ and also the bands
standing over almost the same frequency span for n=4and 5.
A band deconvolution by multi-peak fitting has been thus
conducted to resolve this feature into two peaks at 7150 and
7163 cm™?, as shown by the dotted linesin Fig. 3. The separa-
tion of these two peaks (~13 cm™) is less than the width (22
cm'l) of the individual deconvoluted band. For free H,O, the
pure symmetric, the pure asymmetric, and the combination
bands of the first overtone reported by Rothman et al.* arelo-
cated at 7201.5, 7445.1 and 7249.8 cm’™, respectively. Taking
into account the frequency red-shift induced by the charge
(i.e. HY), the presently deconvoluted peaks at 7150 and 7163
cm' can be assigned to the first overtone transitions of the
symmetric stretch (2v;) and the dangling free-OH stretch
(2v)), whereas the band at 7190 cm™ can be attributed to the
overtone/combination mode of two OH stretches (vi+vs), as
indicatedin Table 1. It islikely that the broad feature at 7254
cm'®, which is too low to be assigned to 2vs, originates from
thefirst overtone bands of either 2v; or v1+v3 (or both) modes
coupled with lower-frequency vibrations of this cluster ion.
Figs. 2b and 2c display the experimental spectra of
H*(H,0), at two different cluster temperatures, 200 and 170
K. The respective spectrum shows two strong absorption
bands at 7174 and 7216 cm™, and they are ascribable to 2v;
and v;+vs of the four equivalent H.O molecules of isomer
HWA4I (Fig. 1b). Compared to the spectrum of H*(H,0)s,
these two bands are blue-shifted by 24 cm™ for 2v; and by 26
cm™ for vi+vs. Similar to the case of H*(H,0)4, the spectrum
of H'(H,O)s at 170 K (Fig. 2d) is dominated by two intense
but slightly broader peaks at 7181 and 7224 cm™ for 2v; and
vit+vs, respectively, of the solvent H,O molecules. Blue-
shifting of both modes by ~8 cm™ with respect to those of n =
4 hasalso occurred (cf. Table1). For thethree cluster ions, no
significant change in relative intensity of the 2v; and vi+vs

7200 7300 7400

Frequency (cm™)

7000 7100

Fig. 3. Deconvolution of the absorption bands of
H*(H20)3 in the first overtone free-OH stretch
region.
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bands in the spectra (Figs. 2a — 2d) is found as the cluster
temperatureis raised from 170 to 200 K. Furthermore, the
bands that are ascribable to the combination modes of 2v; (or
vi+vs) stretches and low-frequency vibrations can all be
identifiedatn=3-5.

In contrast to the observation of n = 3, we failed to de-
tect any absorption feature that can be associated with the
free-OH overtone stretch (2v;) of n = 5. We consider that this
isbecausethe status of thefree O-H of clustersn=3and 5 are
very different from each other; the former belongsto HsO" of
isomer HW3, whereas the later is part of the first-shell H,O
molecule behaving as a single-donor-single-acceptor of iso-
mer HW5 (Fig. 1). Whilethe 2v,band isnot seen at n =5, we
may estimate where it islocated as follows. Since the funda-
mental free-OH stretch for n = 5is higher than that for n= 3
by 42 cm™ (Table 1), the position of the free-OH overtone
band for n=5islikely to be found at afrequency higher than
7163 cm™. So considering a difference of 84 cm™ in the first
overtone region, the 2v, band is expected to peak at around
7247 cm™. From the spectrum displayed in Fig. 2d, it seems
that the 2v, band is very weak and either is overlapped with
the vy + vz mode or it sinksinto this broad feature.

Size-dependent frequency shifts

Red shifts of vibrational frequenciesarefound in both the
fundamental and the first overtone transitions of H*(H20)s.5
with respect to those of the neutral water monomer (Table 1).
According to Yeh et al.™ and Crofton et al.,"® the frequency
red-shift of the asymmetric stretch (vs) of the cluster ions
from that of the monomer rangesfrom 34 cm™ in H*(H-0)s to
20 cm™* in H*(H20)s. For the symmetric stretch (v1), the cor-
responding shift varies from 20 cm™ of H*(H,0)3 to 10 cm™
of H*(H»0)s. These frequency red-shifts are all noticeably
smaller than the corresponding shiftsin thefirst overtone re-
gion.

InTablel, anincreasein cluster sizeisseento giverise
to blue shifts of the pure overtone and the overtone/combina-
tion bands, analogous to that in the fundamental region. The
blue shift for the changein cluster sizefromn=3ton=4is
about threetimes larger than that when it goesfromn=4ton
= 5 for 2v,. This difference in blue shift is attributed to two
different aspects in stepwise clustering fromn=3ton=5.
First, the first solvation shell of the H3O" ion isfilled as the
cluster size increases to n = 4 and, second, the second-shell
effect is switched on with further increase of the cluster size
to n=5. The charge screening effect, where the central ionis
surrounded by increasingly more solvent molecules, clearly
comes to play upon the second-shell formation at n = 5. Not
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surprisingly, it is theionic character of the cluster that deter-
mines the observed frequency shift.

Evaluation of anharmonicity coefficients

Theoretical approach for calculating the anharmonicity
coefficients from the observed G(0,0,0) — G(v1,V2,V3) over-
tone transitions of H*(H20)s 5 is carried out with help of the
fundamental transitions measured by Yeh et a.,'® Crofton et
al.,'® and Jiang et al.»” (Table 1), along with the overtone/
combination bands observed in this work using the quantum
mechanical term value equations of vibrational energy.?* De-
termination of the anharmonicity coefficients requires a pre-
liminary analysis of cluster structure. In Table 2, the
B3LY P/aug-cc-pVTZ//6-31+G* calculations predict that the
lowest-energy isomers of the cluster ions H*(H,0)4 and
H*(H.0)s are more stable than the corresponding second-
lowest energy isomers by A(AG,'"®) = 1.7 and 1.4 kcal/mol,
respectively. Previously,*>*’ we have experimentally identi-
fied isomers HW3I, HW4I, HWS5I (Fig. 1) for these gas-
phaseionsin thetemperaturerangefrom 170to 200 K. Inthis
work, with similar ion-beam conditions, we rule out the pos-
sibility for the existence of other isomersin the supersonic
expansion and so the observed overtone spectra should be
mainly contributed from the isomers HW31, HW41, HW5I.
Once the problem of structural identification is solved, the
anharmonicity coefficients x;j and the harmonic frequencies
; appearing in the quantum mechanical term value expres-
sion of vibrational energy can be evaluated:*

S 1 S 1 1
GV V,V3) = YoV, +2)+ D x(v+3)(v, +2) +... (D)
i=1 2 i,j=1i<j 2 2
where o and x; areincm™ and v; (v1 = symmetric stretch, v, =
bending, vs = asymmetric stretch) are the vibrational quan-
tum numbers. From egn. (1), we have

Gy (V1,V,,V3) = G(Vy,V,,V;) - G(0,0,0)
3
=Y o+ Y VYV 4., (2
i=1 i,j j
where

1 3
0
o = @ +x,+Z Y x, .., (3)

i£]
and x;° = x;; when higher order terms are neglected. Now, aset
of five equations can be derived from egn. (2) with Go(1,0,0),
Go(0,0,1), Go(2,0,0), Go(1,0,1) and Go(0,0,2), and there are
five anharmonicity coefficients x11, x12, x13, x23, and xs3 to be
evaluated. Using the set of those five equations, the x11, x13
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and x33 can be expressed as

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

Since we have not yet observed the 2v; band, i.e. Go(0,0,2),
we can calculate only x11 and x13 out of the five coefficients.
Placing the values of the observed frequencies for the funda-
mental and the overtone/combination bands from Table 1 in
eqgns. (4) and (5), we obtain the values of x11 and x13, and the
vibrational constant (0,°) from therelation [ «;° = Go(1,0,0) -
xu)?* for al threecluster ionsH*(H20)35, asgivenin Table 3.
We note that the anharmonicity coefficients x1; and x13
in Table 3 show adiscrete change from H*(H,0)s to H*(H20)a,
but these termsfor H*(H20)4 and H*(H,0)s reach almost the
same value. From a structural analysis of H*(H.0)s (Fig. 1),
the isomer HW3I contains a hydronium ion core bound to
two water moleculeswith C,, symmetry. Addition of another
water moleculeto it fillsup thefirst solvation shell, yielding
the minimum-energy isomer HW4I. Completion of the first
solvation shell clearly makes the anharmonicity to reach a
steady value for n = 4 and 5. These characters of discrete
change from H*(H,0)3 to H*(H,0), are also found in the blue
shifts of vibrational frequencies (Table 1) and in the thermo-
chemical measurements of dissociation energies (Table 2).

CONCLUSION

We have chosen the most fundamental cluster ions, the
protonated water clusters [H*(H20)n, n = 3 - 5], as the candi-
date for spectroscopic studies in the near-infrared region
(7000-7500 cm™). The study presentsthefirst step toward ex-
ploration of the mystic region of hydrogen-bonded cluster
ions by photo-excitation to the first overtone level of OH
stretching modes and inducing vibrational predissociation.

Table 3. Harmonic Frequencies (cm™) and Anharmonicity
Coefficients (cm™) of the Free-OH Stretches of H,0 and
H*(H,0).5 Extracted from Experimental Values Using
the Term Vaue Expression of Vibrational Energy®

0

(] X11 X13
HZOb 3693.8 -43.8 -155.0
H*(H,0)s 3699 -62 -169
H*(H,0), 3703 -58 -160
H*(H,0)s 3703 -56 -159
2 See eqgns. (4) and (5) in text.
® Ref. 1.

Wou et al.

We have identified two pure overtone bands 2v; and 2v;, and
a combination band vi+vs. A blue shift is observed for each
absorption band asthe cluster sizeincreasesfromn=3ton=
5. Direct comparison of the fundamental and the first over-
tone band positions clearly shows how the anharmonicity of
thefree OH stretching iscorrelated with cluster size. With the
help of model calculation of the term value of vibrational en-
ergy, two anharmonicity coefficients have been deduced. The
data should help to calibrate the results from computer simu-
lations and may also serve to map out the potential surfaces
and the interaction modes at a quantum state-to-state level.
This work represents the first spectroscopic study in the
near-infrared region to observe the first overtone bands of
water-containing cluster ions and we expect to obtain more
information in the future.
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