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Mid-infrared photodissociation spectra of H2O+-Arn (n ) 1-14) complexes have been recorded in the vicinity
of the OsH stretch vibrations of the water cation. The rovibrational structure of the transitions in the dimer
spectrum (n ) 1) are consistent with a planar, proton (H)-bound HsOsHsAr equilibrium geometry. The
slightly translinear intermolecular bond in the ground vibrational state is characterized by a bond angleæ0 )
175(5)°, an interatomic HsAr separationR0 ) 1.929(15) Å, and an intermolecular stretching force constant
ks ∼ 29 N/m. The assignment of the vibrational transitions is confirmed by spectra of partly deuterated species.
The relaxation dynamics depend strongly on the excited vibrational state and do not obey statistical theories.
Analysis of the spin-rotation constants indicates that the electromagnetic properties of the H2O+ cation in its
2B1 ground electronic state are not significantly affected by the formation of the intermolecular bond to Ar.
The vibrational bands in the spectra of larger clusters (n ) 2-14) are assigned to OsH stretch fundamentals
and their combination bands with the intermolecular HsAr stretch modes. The observed systematic band
shifts as a function of cluster size provide information about the cluster’s geometries and the occurrence of
structural isomers. The most stable trimer (n ) 2) geometry has two equivalent intermolecular H-bonds. This
stable trimer core is further solvated by two Ar ligands attached to opposite sites of the 2py orbital of oxygen
(n ) 3,4) and subsequently by less strongly bound Ar ligands (n ) 5-14) to form an Ar solvation shell,
probably around an interior H2O+ ion.

I. Introduction

Ion-ligand interactions are of fundamental importance for
many processes in physics, chemistry, and biology.1,2 To
understand these phenomena from the microscopic point of
view, detailed knowledge of the interaction potential between
the ion (A() and the surrounding ligands (L) is required. Ionic
complexes (A(-Ln) isolated in the gas phase are attractive
model systems to investigate ion-ligand potentials both ex-
perimentally and theoretically. Mass spectrometric studies have
resulted in the determination of ion-ligand binding energies
for a vast number of A(-Ln combinations and provided some
insight into the cluster growth process (i.e., the closure of
solvation shells via the observation of magic numbers).3-5

However, these studies are not sensitive to the details of the
potential energy surface (PES). During the past 15-20 years,
the combination of high-resolution spectroscopy and quantum
chemical calculations has provided a more sensitive probe of
the detailed shape of PESs in ionic complexes.6-11

The present work reports IR spectra of mass selected H2O+-
Arn (n ) 1-14) complexes to investigate the H2O+-Ar
interaction and the stepwise microsolvation process of the water
cation in argon. The experimental approach is complemented
by ab initio calculations for the smaller species (n ) 0-4), the
results of which are discussed in detail in the preceding paper
(henceforth referred to as article I).12 Similar theoretical and
experimental studies have previously been reported for related
AH+-Arn complexes, including A) CO (n ) 1-13),13 N2 (n
) 1-13),14 SiO (n ) 1-10),15 CH2 (n ) 1-8),16 and NH3 (n
) 1-7).17-20 In all these cases, rotationally resolved spectra

have been observed for the dimers (n ) 1), the analysis of which
provided information about details of the intermolecular po-
tential (e.g., structure, binding energy, intermolecular stretching
and bending force constants, nonrigidity, barriers for internal
motions). For larger complexes (n g 2), usually only spectra at
the level of vibrational resolution have been obtained. Nonethe-
less, the observed systematic shifts in vibrational frequencies
as a function of cluster size, as well as the analysis of
photofragmentation branching ratios, provided useful informa-
tion about the cluster growth (e.g., structures, binding energies,
closure of solvation shells, occurrence and stability of different
isomers).

The H2O+-Arn series differs in several aspects from the
previously studied AH+-Arn systems. (1) H2O+ is a bent
dihydride cation, that is, H2O+-Arn represents a prototype for
AH2

+-Arn systems having the possibility of forming two proton
bonds.12 The analysis of the spectra reveals that this property
significantly influences the cluster growth, which largely differs
from that of AHk

+-Arn with k * 2. For example, AH+-Arn

systems with linear closed-shell triatomic cores (AH+ ) OCH+,
N2H+, SiOH+) have icosahedral-like structures with first sol-
vation shell closure atn ) 12.13-15 In contrast, mass spectra of
H2O+-Arn feature magic numbers atn ) 3, 5, 7, 9, and 15
(but not atn ) 12), indicating that the cluster structures must
deviate significantly from icosahedral-like geometries.21 (2) As
a consequence of the large spin-rotation interaction of H2O+ in
its 2B1 electronic ground state,22 the H2O+-Ar dimer is the first
ionic complex for which the spin-rotation splitting is resolved.
In addition to the rotational constants, the change in the spin-
rotation constants upon Ar complexation provides valuable
information about the dimer geometry and the influence of Ar* Corresponding author. E-mail: otto.dopfer@unibas.ch.
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complexation on the electromagnetic properties of the electronic
ground state of H2O+. So far, the only ionic open-shell
complexes, for which fine structure caused by electron spin have
been resolved in IR spectra, are the linear proton (H)-bound
OH+-He/Ne23 and HNH+-He/Ar dimers,24,25which all has3Σ-

electronic ground states. (3) Most of the AH+-Ar dimers (e.g.,
A ) CO, N2, SiO, NH, OCO, HCl) possess strongly directional
(near) linear H-bonds.13-15,24,26,27The H2O+ cation has a partially
filled 2py orbital at oxygen, which can act as electron acceptor
and stabilize via partial charge transfer from Ar to H2O+ a
p-bound H2O+-Ar structure (in which the Ar is attached in a
T-shaped fashion to the 2py orbital). Although ab initio
calculations predict the H-bound minimum of H2O+-Ar to be
lower in energy than the p-bound minimum,12 it was hoped to
observe the p-bound structure in the present experiment. In
addition, the existence of two different competing minima on
the dimer PES was expected to have strong influence on the
cluster growth.

The water cation, which serves as the IR chromophore in
the H2O+-Arn complexes, is an important ion in the ion-
molecule reaction chemistry of water-containing plasmas,
planetary atmospheres, and interstellar media.28,29 The 2B1

ground electronic state of H2O+ has been characterized in the
gas phase by photoelectron spectroscopy30-33 and high-resolu-
tion rotational,34-36 rovibrational,37-39 and rovibronic spectros-
copy.22,40,41Neon matrix isolation studies yielded the missing
fundamental frequencies of all H/D isotopomers.42 In addition,
ab initio calculations at various levels of theory have been
applied to H2O+,43-50 and the recent study by Brommer et al.49

reproduces the experimental data to high accuracy. The proper-
ties of H2O+ and its isotopomers relevant to the present study
are summarized in Tables 1 and 2 of article I.12

Complexes of H2O+ with Ar21,51,52and various closed-shell
molecular ligands28,29have been identified in mass spectrometric
experiments. Some of them correspond to collisionally stabilized
intermediates of chemical reactions. However, no spectral data
seem to exist on H2O+-L complexes, except low-resolution
photoelectron spectra.53,54 Hence, the spectrum of H2O+-Ar
presented in the present work provides the first high-resolution
spectroscopic information about structure and stability of
H2O+-L dimers. The article is organized in the following
way: after describing the experimental procedure, the results
are separately discussed for H2O+-Arn with n ) 1, 2, and 3-14
in strong conjunction with the ab initio calculations presented
in article I.12

II. Experimental Section

Mid-IR photodissociation spectra of H2O+-Arn are recorded
in a tandem mass spectrometer apparatus described elsewhere.8,13

The complexes are produced in a cluster ion source that
combines a supersonic expansion with electron impact ioniza-
tion. Argon is bubbled at a stagnation pressure of 5-15 bar
and room temperature through a reservoir filled with distilled
water, and the resulting vapor is expanded through a pulsed
nozzle (Ø 1 mm). A 1:1 mixture of H2O and D2O is used for
the production of HDO+-Arn. Close to the nozzle orifice the
expansion is crossed by two electron beams (kinetic energy
∼100 eV) emitted from heated tungsten filaments. Electron
impact ionization of the gas mixture is followed by ion-
molecule and clustering reactions to form a variety of (cluster)
ions. A typical mass spectrum of the ion source (Figure 1) is
composed mainly of the series Arn

+, H+-Arn, H2O+-Arn,
H3O+-Arn, and H3O+-(H2O)n. The dimerization efficiency,
IH2O

+-Ar/IH2O
+, is about 10%. Several other gas mixtures

containing H2, O2, He, and Ar in a broad range of mixing ratios
and backing pressures are tried as well; however, the H2O+-
Arn currents achieved are in all cases lower than those of the
Ar/H2O mixture. Small currents of unprotonated (H2O)m+-Arn

clusters are also observed (marked by asterisks in Figure 1),
presumably through ionization of larger neutral (H2O)m-Ark

complexes (k > n) and subsequent cooling by evaporation of
Ar ligands.51,52

Part of the plasma created in the ion source is extracted
through a skimmer (Ø 1 mm) into a first quadrupole mass
spectrometer (QMS), which is tuned to the mass of H2O+-
Arn. The mass selected parent beam is then focused into an
octopole ion guide, where it overlaps with the counter propagat-
ing IR laser pulse. Resonant absorption of H2O+-Arn in the
mid-IR spectral range leads to the excitation of rovibrational
levels above the lowest dissociation limit and subsequent
fragmentation into H2O+-Arm and (n-m) Ar atoms. The
H2O+-Arm fragment ions are selected by a second QMS located
after the octopole and directed onto a Daly ion detector coupled
to a boxcar integrator. A photodissociation spectrum of the
parent cluster ion is obtained by monitoring the fragment ion
current as a function of the IR laser frequency. To separate the
contribution of fragment ions caused by laser-induced dissocia-
tion from the background signal, which mainly originates from
metastable decomposition of hot parent clusters and collision-
induced dissociation in the octopole region, the ion source is
triggered at twice the laser frequency, and the signal acquired
with the laser off is subtracted from that with the laser on. This
procedure is less important for cluster sizes withn g 4, because
these evaporate more than one Ar ligand upon mid-IR excitation.
Metastable decay and collision-induced dissociation processes
lead almost exclusively to the production ofm) n - 1 fragment
ions, that is, they interfere with the laser-induced dissociation
signals only for small cluster sizes (n e 3). All photofragmen-
tation spectra are normalized for variations in the IR intensity
measured with an InSb detector.

Pulsed and tunable IR radiation with a bandwidth of 0.02
cm-1 is produced by a seeded Nd:YAG pumped single-mode
optical parametric oscillator (OPO) laser system operating at
20 Hz (tuning range 2500-6800 cm-1). The laser frequency

Figure 1. Mass spectrum of the cluster ion source in the range 15-
85 u for the expansion of the H2O/Ar mixture. The Ar+ peak is
saturated. The spectrum is dominated by the cluster ion series Arn

+,
H+-Arn, H2O+-Arn, H3O+-Arn, and H3O+-(H2O)n. The dimerization
efficiency, IH2O+-Ar/IH2O+, is of the order of 10%. Asterisks indicate the
occurrence of unprotonated (H2O)m+-Arn clusters.
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is calibrated by optoacoustic reference spectra55 of NH3, HDO,
and C2H2 recorded with either the signal or idler outputs of the
OPO, and interpolation is facilitated by transmission e´talon
fringes of the OPO oscillator. The calibrated rotational line
positions of the H2O+-Ar (HDO+-Ar) dimer are corrected for
the Doppler shift induced by the kinetic energy of the ions in
the octopole,Ekin ) 5.5 ( 1 eV. The absolute accuracy of
rotational line positions is limited to(0.02 cm-1 by a
combination of the laser bandwidth (0.02 cm-1) and the
uncertainty in the kinetic energy of the ions. The Doppler width,
estimated as<0.005 cm-1 for the dimer, provides only a minor
contribution to the instrumental line width. For rotationally
resolved transitions at least three scans are recorded, and the
extracted rotational line positions are averaged over the indi-
vidual scans.

III. Results and Discussion

A. H2O+-Ar dimer ( n ) 1). 1. Vibrational analysis.Figure
2a shows the mid-IR photodissociation spectrum of H2O+-Ar
recorded between 2630 and 3410 cm-1. Four bands centered at
2672, 2767, 2905, and 3284 cm-1 are assigned to theν1, 2ν2,
ν1 + νs, andν3 transitions of a H-bound HOH+-Ar dimer based
on their frequencies, isotopic shifts, IR intensities, and rotational
structure. The assignments are also supported by the results of
ab initio calculations described in article I.12 The reader is
referred to Figures 1 and 3 of article I for the calculated structure
and normal coordinates of the H-bound dimer.12 If not stated
otherwise, the experimental data for the dimers (n ) 1) are
compared to the ab initio results obtained at the MP2/aug-cc-
pVTZ# level.

The intense unresolved transition at 2672 cm-1 is attributed
to theν1 fundamental of HOH+-Ar, which corresponds to the
bound OsH stretch. The large observed red shift (∆ν1 ) -541
cm-1) from the monomer value (ν1 ) 3212.9 cm-1)39 is
somewhat larger than the predicted shift (∆ν1 ) -477 cm-1),12

as the calculations underestimate the large anharmonicity of the

proton motion along the proton-transfer coordinate. The calcu-
lated equilibrium structure of the H-bound HOH+-Ar dimer is
very close to a prolate symmetric top (κe ) -0.99989) with
thea-axis almost parallel to the intermolecular bond.12 Conse-
quently, the transition dipole moment of theν1 fundamental lies
nearly parallel to thea-axis giving rise to a hybrid band with
an intense parallel (∆Ka ) 0) and a very weak perpendicular
(∆Ka ) (1) component. Assuming that theν1 mode is a pure
OsH donor stretch, the intensity ratio between both components
is estimated as∼200. Indeed, the band shape of theν1 transition
is characteristic of a pure parallel transition with overlapping
∆Ka ) 0 subbands, leading to the coarse appearance of single
P, Q, and R branches. The observed sharp P branch head
indicates that the intermolecular separation decreases uponν1

excitation. Further analysis of theν1 band contour is presented
in section III.A.3.

A weaker unresolved band centered at 2904.5( 1 cm-1 is
interpreted as theν1 + νs combination band, giving rise to an
intermolecular stretching frequency in theν1 state,νs ) 232.3
( 1 cm-1. Similar to theν1 fundamental, the transition dipole
moment of theν1 + νs vibration lies nearly parallel to thea-axis
of the complex, leading to the appearance of a parallel band.
Weak signals in the blue wing of theν1 band are attributed to
sequence transitions of the typeν1 + νx r νx, whereνx are
intermolecular vibrations. Such transitions were previously
observed in related H-bound ionic complexes.15,24,26 The
strongest of them with a strong P branch head has a band origin
at 2705( 2 cm-1 and is attributed tentatively to theν1 + νs r
νs transition (indicated by an asterisk in Figure 2a). Combining
this value with theν1 + νs position gives rise to a ground-state
intermolecular stretching frequency,νs ) 200 cm-1, in close
agreement with the calculated value,νs ) 207 cm-1.12 Ap-
proximating H2O+-Ar as a diatom, the force constant for the
intermolecular bond can be estimated asks ∼ 29 N/m. A further
broad and unresolved transition centered at 2767( 5 cm-1 is
assigned to the first overtone of theν2 vibration of the dimer
(ν2 is the intramolecular HsOsH bend). The small red shift
of ∆2ν2 ) -4 cm-1 from the monomer value, 2ν2 ) 2771.3
cm-1,38 compares favorably with the harmonic ab initio predic-
tion of -5 cm-1.12

The intense transition centered at 3284 cm-1 is assigned to
theν3 fundamental, which corresponds to the free OsH stretch
vibration of HOH+-Ar. Consequently, its transition moment
has both large perpendicular and parallel components giving
rise to the observed hybrid band. Assuming that the transition

Figure 2. Mid-IR photofragmentation spectra of H2O+-Ar (a) and
HDO+-Ar (b) with assignments. As the spectra are composed of several
shorter scans recorded separately, only the relative intensities of closely
spaced transitions are reliable. The weak signal in the blue wing ofν1

is attributed to sequence bands,ν1 + νx r νx, where νx are
intermolecular modes. The P branch heads marked by asterisks are
assigned toν1 + νs r νs. In the HDO+-Ar spectrum, transitions of
both possible isotopomers, HOD+-Ar and DOH+-Ar, are identified.

Figure 3. The Ka ) 1r0 subband of theν3 transition of HOH+-Ar
along with assignments and a simulation based on the molecular
constants in Table 1, a bimodal Boltzmann distribution withT ) 6.8
and 18.3 K with equal weight, and a convolution width of 0.06 cm-1.
The forbiddenrR0(0) F2rF1 and allowedrQ0(1) F2 lines are indicated
by an asterisk and a filled circle, respectively. The spin-rotation splitting
(F1/F2) decreases with increasingN in both P and R branches.
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dipole lies along the free OsH bond of the calculated dimer
geometry,12 the intensity ratio between perpendicular and parallel
components is estimated as∼5, in qualitative agreement with
the experimental observation (∼2). The observed complexation
induced blue shift,∆ν3 ) 25 cm-1, is comparable with the
calculated value,∆ν3 ) 17 cm-1.12 A blue shift of similar
magnitude (∼20 cm-1) has been observed recently for the free
Cl-H stretch fundamental of the related H-bound HClH+-Ar
dimer.27

The vibrational assignments of the H2O+-Ar bands are
supported by the corresponding spectrum of the complex with
HDO+ (Figure 2b). In the latter dimer, two structural isomers
may exist: the Ar atom can bind either to the H or D atom of
HDO+ to form either HOD+-Ar or DOH+-Ar. Vibrational
analysis of the spectrum in Figure 2b clearly reveals the presence
of both isomers in the expansion. The spectral fingerprints of
DOH+-Ar are considered first. The bound OsH stretch
vibration of DOH+-Ar (denotedν1) occurs at 2688.5( 1 cm-1

and is shifted 16 cm-1 to higher frequency than HOH+-Ar.
The ab initio calculations predict a significantly smaller blue
shift of ∼1 cm-1,12 indicating that the harmonic approach (with
subsequent scaling) is certainly not sufficient to accurately
predict the shift of this highly anharmonic vibration upon
deuteration of the free OsH bond. Theν1 + νs combination
and ν1 + νs r νs sequence bands are observed at 2918( 2
and 2724( 1 cm-1, implying νs ) 194 and 229 cm-1 in the
ground andν1 vibrational states. They are lower than those of
HOH+-Ar (200 and 232 cm-1) owing to the 4% decrease of
the reduced mass upon deuteration (treating the dimer as a
diatom). Calculations predict that deuteration of the dangling
proton shifts the free O-D stretch (ν3 ) 2369 cm-1) and ν2

overtone (2ν2 ∼ 2490 cm-1) of DOH+-Ar out of the scanning
range of the OPO (>2500 cm-1).12 Consequently, they are not
observed in the spectrum of Figure 2b. Similarly, deuteration
of the donating proton shifts the bound O-D stretch (ν1 ) 1990
cm-1) and 2ν2 (∼2364 cm-1) of the second isotopomer, HOD+-
Ar, out of the investigated spectral range.12 However, the free
OsH stretch fundamental is observed at∼3286.5 cm-1, and
the small observed shift upon deuteration (∼2.5 cm-1) is
consistent with the theoretical prediction (-0.4 cm-1).

All vibrational features in the spectra of H2O+-Ar and
HDO+-Ar in Figure 2 are attributed to the H-bound structure,
which is calculated to be the global minimum on the PES. There
is no spectral signature of a less stable p-bound dimer which is
predicted to be a local minimum.12 The small population of this
local minimum under the present experimental conditions may
either be due to a significantly lower binding energy or a small
barrier for isomerization to the H-bound global minimum.

2. Rotational Analysis.In contrast to all other observed bands,
the ν3 hybrid transition of the H2O+-Ar dimer displays
rotational resolution. Adjacent unresolved Q branches of∆Ka

) (1 subbands of the perpendicular component are separated
by 2(A′-B′)∼40 cm-1 (Figure 2a), and the overlapping∆Ka

) 0 subbands of the parallel component appear between theKa

) 1r0 and 0r1 subbands. The Hamiltonian used for the
analysis contains terms for the vibrational and rotational motions
as well as the spin-rotation interaction:

The vibrational Hamiltonian,Ĥvib, gives rise to the band
origin, ν0. For the rotational structure, a standard semirigid
prolate symmetric top Hamiltonian including quartic centrifugal
distortion terms is used56:

The term (C - B)N̂2δka1 accounts for the small but resolved
asymmetry splitting of each rotational level in theKa ) 1 state
into thec andd parity doublets arising fromB - C ∼ 0.0013
cm-1 (δKa1 ) 1 for Ka ) 1 andδKa1 ) 0 otherwise), andBh )
(B + C)/2. Because the asymmetry parameterκ is very close to
-1, the asymmetry splitting is only resolved forKa ) 1 at the
present spectral resolution.56 The Hamiltonian used for the
description of the spin-rotation interaction in the2A′′ electronic
state of HOH+-Ar is appropriate for symmetric tops in doublet
electronic states57:

According to Hund’s case (b), the electron spin,Ŝ, couples
with the rotational momentum,N̂, to form the total angular
momentum,Ĵ ) N̂ + Ŝ. Thus, in a doublet electronic state (S
) 1/2) each rotational level withN g 1 is split into two
components by the spin-rotation interaction with total angular
momentumJ ) N + 1/2 (F1) andN - 1/2 (F2), respectively.
The selection rules for allowed transitions areFi r Fi (i ) 1,2),
∆J ) 0, (1, and∆J ) ∆N. Additional selection rules for the
parallela-type band are∆Ka ) 0, + + T - +, and+ - T
- -, whereas transitions in the perpendicularb-type band
connect levels with∆Ka ) (1, + + T - -, and+ - T - +,
respectively.56

In total, 729 P and R branch transitions in the parallel and
perpendicular components ofν3 are assigned (see Figures 3 and
4 for theKa ) 1 r 0 andKa ) 2 r 1 subbands):∆Ka∆NKa(N)
) rP1(4-13), rR1(1-21), rP0(2-16), rR0(1-13), pP1(2-38),
pR1(1-21),pP2(2-21),pR2(2-6), qP0(1-41),qR0(0-19),qP1(2-
36), qR1(1-24), qP2(3-29), qR2(3-16). One forbidden line is
identified asrR0(0) F2 r F1 and occasionally single Q branch
lines are resolved, for example, therQ0(1) F2 line (Figure 3).
The molecular constants of the ground andν3 vibrational states
of HOH+-Ar obtained from a least-squares fit of the positions
of the identified P and R branch lines to Hamiltonian (1-3)
are summarized in Table 1. The standard deviation of the fit,σ
) 0.015 cm-1, is consistent with the observed line width (0.02
cm-1) and the accuracy of the calibration (0.02 cm-1). The
constants in Table 1 reproduce all line positions to within 0.04
cm-1. Experimental and fitted line positions are available upon
request.

Figures 3 and 4 show the observed spectra of theKa ) 1 r
0 and Ka ) 2 r 1 subbands, along with assignments of
identified transitions and simulations using the constants in Table
1 and intensities appropriate for a symmetric top molecule.56

For the simulation of theKa ) 1 r 0 band, a bimodal
Boltzmann distribution usingT1 ) 6.8 andT2 ) 18.3 K with
equal weights is used. Such a population distribution is obtained
from a Boltzmann plot of therR0 line intensities (Figure 5).
For the simulation of theKa ) 2 r 1 subband,T1 ) 30 K and
T2 ) 90 K are used with equal weights. In agreement with
previous observations for cluster ions produced in the ion source
used, levels with higher rotational quantum numbers have
populations corresponding to higher effective temperatures.23,58

The vibrational temperature derived from theν1 + νs r νs

sequence bands of H2O+-Ar and DOH+-Ar, Tvib ) 150( 50
K is even higher. The spectra in Figures 3 and 4 illustrate that,
as expected, the spin-rotation splittings decrease with increasing
N, whereas the asymmetry splittings in subbands involvingKa

Ĥ ) Ĥvib + Ĥrot + Ĥsr (1)

Ĥrot ) BhN̂2 + (A - Bh)N̂z
2 ( (C - B)N̂2δKa1

- DNN̂4 -

DNKN̂2N̂z
2 - DKN̂z

4 (2)

Ĥsr ) a0(N̂xŜx + N̂yŜy + N̂zŜz) + a(2N̂zŜz - N̂xŜx - N̂yŜy)
(3)
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) 1 increase withN. The width of single rotational lines in
individual scans is limited by the laser bandwidth (0.02 cm-1)
and independent ofJ, N, andKa, providing a lower limit to the
lifetime of theν3 state,τ3 > 250 ps.

Several smaller Q branches are observed at 3330.70, 3341.68,
3341.93, 3342.67, 3353.20, 3354.00 cm-1 (indicated by asterisks
in Figure 4a). They can be assigned to the various internal
rotation subbands of theν3 fundamental of the NH4+-Ar dimer
investigated previously.17,19,20The NH4

+ ion is produced in the
electron impact source from H2O and impurities of N2. Because
H2O+ has the same mass as NH4

+, the absorptions of NH4+-
Ar occur in the photodissociation spectrum of H2O+-Ar owing
to identical masses of both parent and daughter ions (within
the mass resolution of the QMSs employed). Several weaker
P/R branch series occurring in the vicinity of theν3 fundamental
of H2O+-Ar (see for example the weak series marked by
asterisks in the top panel of Figure 4b) cannot be attributed to
NH4

+-Ar. They probably arise from sequence hot bands of
H2O+-Ar of the typeν3 + νx r νx, whereνx are intermolecular
modes.

The coarse rotational structure of theν3 band of HOD+-Ar
is similar to the rotational structure of HOH+-Ar (Figure 2).

The Q branches of the perpendicular component have similar
spacings in both spectra, confirming that the bound proton is
replaced by deuterium leaving theA rotational constant almost
unaffected. The spectrum of HOD+-Ar displays a lower
signal-to-noise ratio than HOH+-Ar, as for statistical reasons
the parent ion intensity is reduced by a factor of 4: HOH+-
Ar, HOD+-Ar, DOH+-Ar, and DOD+-Ar occur roughly with
the same abundance as they have similar binding energies,12

and a 1:1 mixture of H2O and D2O is used to prepare HOD+-
Ar (complete H/D scrambling is assumed). Consequently, single
P and R branch lines could not be identified for HOD+-Ar
preventing a detailed rotational analysis. Only the approximate
positions of the six observed Q branch maxima originating from
Ka e 3 are reported here (FWHM) 0.6-0.8 cm-1): rQ0 )
3307.4 cm-1, rQ1 ) 3347.3 cm-1, rQ2 ) 3384.8 cm-1, pQ1 )
3264.6 cm-1, pQ2 ) 3221.5 cm-1, and pQ3 ) 3177.5 cm-1.
The estimated band origin,ν0 ) 3286.5( 0.5 cm-1, is blue-
shifted by∼2.5 cm-1 compared to the corresponding HOH+-
Ar transition. Similar to the H2O+-Ar spectrum, the HOD+-
Ar spectrum features absorptions attributed to Q branches of
theν3 band of NH3D+-Ar (at 3303.2, 3314.9, 3326.6, 3337.9,
3349.1 cm-1).

3. Discussion. Both the vibrational and rotational analyses
of the mid-IR spectrum of H2O+-Ar clearly show that the most
stable isomer of this dimer has a H-bound HOH+-Ar structure,
in agreement with the ab initio calculations.12 Only this geometry
is compatible with the large observed red shift in theν1 mode
and its large intensity enhancement compared with theν3 mode.
Moreover, the observedA constant of the complex,A ∼ 22
cm-1, is consistent only with geometries in which one H atom
of H2O+ lies on the axis of the two heavy atoms. Furthermore,
C2V symmetric structures with two equivalent H atoms (like the
bridged or oxygen-bound geometries in Figure 1 of article I)
would lead to 1:3 intensity alternations in the spectrum for levels
with A and B symmetry (corresponding to their nuclear spin
statistical weights), in disagreement with the observations. For
similar reasons, the p-bound structure withCs symmetry can
be excluded. The inertial defect,∆0 ) 0.112(8) uÅ2, is close to
zero confirming the near-planarity of the complex. It is
approximately two times larger than the value for H2O+, ∆0 )
0.053 uÅ2,39 and most of the difference arises from the large
zero-point amplitude of the intermolecular out-of-plane bending
motion of the complex. The related neutral OC-HOH complex,
which also has a planar H-bonded equilibrium structure with
rotational constants and asymmetry (A ) 19.83,B ) 0.09214,
C ) 0.09127,B-C ) 0.00087 cm-1) similar to HOH+-Ar,
has a much larger inertial defect,∆0 ∼ 0.9 uÅ2, because of
larger out-of-plane zero-point motions in this relatively weakly
bound complex.59

The rotational constants of HOH+-Ar in Table 1 are used
to estimate the geometrical parameters of the intermolecular
bond in the ground vibrational state assuming a rigid geometry.
(See Figure 1 of article I for the designation of bond lengths
and angles.) For this purpose, the H2O+ geometry in the complex
is approximated by the experimental H2O+ monomer geometry
(r0 ) 0.999( 0.015 Å,θ0 ) 110.5( 2.5°)22,34,37,39modified
by the complexation-induced changes predicted by the ab initio
calculations (∆rae) -0.004 Å,∆rbe ) 0.029 Å,∆θe ) 0.4°).12

The parametersR0 ) 1.929(15) Å andæ0 ) 175(4)° reproduce
under these conditions the experimental rotational constants to
within 2% (including the quoted errors in the experimental H2O+

structure). They are also compatible with the ab initio values,
Re ) 1.9154 Å andæe ) 176.1°.12

Figure 4. (a) ExperimentalKa ) 2r1 subband of theν3 transition of
HOH+-Ar. Asterisks indicate identified Q branch heads of theν3 band
of NH4

+-Ar. (b) Comparison of experimental (top) and simulated
(bottom) part of the R branch of theKa ) 2r1 subband with
assignments. The asymmetry splitting (c/d) increases withN, whereas
the spin-rotation splitting (F1/F2) decreases. Asterisks mark unidentified
rotational lines. The simulation is based on the rotational constants in
Table 1, a bimodal Boltzmann distribution withT ) 30 and 90 K with
equal weight, and a convolution width of 0.04 cm-1.

Figure 5. Boltzmann plot of theF1 andF2 components of theKa )
1r0 R branch lines of theν3 transition of HOH+-Ar. The intensities,
I, are approximated by the symmetric top formulas. The parameterg
accounts for the Ho¨nl-London and degeneracy factors. The population
of energy levels withN e 7 is best represented byT1 ) 6.8 K, whereas
for the higher levelsT2 ) 18.3 K is obtained in a least-squares fit.
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The dissociation energy of the complex is calculated as
D0∼2200 cm-1.12 The modest blue shift of theν3 vibration upon
complexation,∆ν3 ) 24.9 cm-1, reflects the relatively small
decrease in the intermolecular binding energy uponν3 excitation
(∼1%). It is therefore justified to assume that the large decrease
in the rotationalA constant uponν3 excitation of 5% (B andC
decrease by<0.5%) mainly arises from an effective stretching
of the free OsH bond associated with excitation of one quantum
of this mode. From the change in the rotational constants, the
increase in the effective free OsH separation uponν3 excitation
can be estimated as 0.022( 0.003 Å. A very similar increase
in the interatomic distance is observed forν1 excitation in OH+

(0.024 Å).60 The increase in the inertial defect of 13% uponν3

excitation of H2O+-Ar is contrasted with a decrease of 11%
in the monomer,37 presumably because of the large change in
the normal modes upon Ar complexation.

In contrast toν3, excitation ofν1 has a great effect on the
intermolecular interaction. The observed red shift,∆ν1 ) -541
cm-1, implies that the dissociation energy of the complex
increases by as much as 20%. This is consistent with the
observed increase of the intermolecular stretching force constant
from 29 to 39 N/m. Theν1 mode is mainly a stretching motion
of the OsH donor bond, and vibrational excitation leads to an
enhanced proton shift toward the Ar atom, with the effect of
stabilizing and shortening the intermolecular bond. This effect
is typical for neutral and ionic hydrogen bonds and its magnitude
is related to the interaction strength.10,26,61,62The intermolecular
bond contraction is indicated by the heads in the P branches of
the overlapping∆Ka ) 0 subbands of theν1 fundamental. Figure
6 shows the experimental contour of theν1 band together with
a simulation using the molecular constants of Table 1 for the
ground state, a convolution width of 0.2 cm-1 and Boltzmann
distributions with temperatures of 20 K forKa ) 0r0, 90 K
for Ka ) 2r2, and 20 and 90 K (with 9:1 weight) forKa )
1r1. Theν1 state constants are approximated by the ground-
state parameters, exceptν0 ) 2672.22 cm-1, Bh ′ ) 0.1615 cm-1,
and A′ ) 21.64 cm-1, which are adjusted to reproduce the
observed band profile (A′, DK′, andν0 are highly correlated).
The change in theBh constant (which could reliably be estimated
from the Q and P branch heads of theKa ) 1r1 subband)
corresponds to an intermolecular bond contraction of the order
of 0.05 Å uponν1 excitation, a value typical for related AH+-
Ar complexes.13,15,24 The intermolecular stretching frequency
in theν1 state (232 cm-1) is 16% higher than the corresponding

value for the ground state (νs ) 200 cm-1). This observation is
consistent with the increase in the intermolecular interaction
upon ν1 excitation. The band contour of the parallelν1 + νs

transition is almost unshaded, as the effective bond lengthening
upon νs excitation approximately compensates for the bond
contraction caused byν1 excitation.

According to the simulations, the rotational line width in the
experimentalν1 spectrum has to be>0.4 cm-1 to completely
wash out the rotational fine structure (Figure 6), but<0.8 cm-1

to still display the observed coarse structure. It is assumed that
the homogeneous broadening arises from fast relaxation pro-
cesses in theν1 state, that is, intracomplex vibrational energy
redistribution and/or vibrational predissociation. From the upper
and lower limits for the line width, the lifetime of theν1 state
can be bracketed asτ1 ) 10 ( 5 ps. In contrast, the lifetime of
the higher-lyingν3 state is much longer (τ3 > 250 ps), implying
that the relaxation dynamics are highly mode selective and
cannot be rationalized by statistical theories. In general, the
coupling strength between intramolecular and intermolecular
degrees of freedom is correlated with the complexation-induced
frequency shift of the excited intramolecular state: the larger
the shift, the stronger the coupling, and the shorter the
lifetime.10,24,63-66 For example, in H-bound AHk+-B dimers
involving ions with more than 1 equivalent proton (e.g., HNH+-
Ar or H3O+-H2)24,65the bound AsH stretch states always have
significantly shorter lifetimes and larger frequency shifts than
the free AsH stretch states. The values for HOH+-Ar (τ1 ∼
10 ps,τ3 > 250 ps,∆ν1 ) -541 cm-1 and∆ν3 ) 25 cm-1) are
qualitatively similar to those of the related HNH+-Ar complex
(τ1 ∼ 25 ps,τ3 > 130 ps,∆ν1 ) -300( 50 cm-1, and∆ν3 )
-73.6 cm-1).24 The HOH+-Ar dimer has a larger binding
energy (De ) 2484 cm-1) compared to HNH+-Ar (De ∼ 1750
cm-1), which accounts for the stronger coupling, the largerν1

red shift, and the shorterν1 lifetime.
The rotational structure of theν3 band of H2O+-Ar allows

for the determination of the spin-rotation constants in both the
ground andν3 vibrational states. The derived spin-rotation
constantsa and a0 are listed in Table 1. (The spin-rotation
parameterb is set to zero, as H2O+-Ar is very close to a
symmetric top.) Thea, a0, andb constants are related to another
equivalent set of constants, namelyεaa, εbb, and εcc,57 which
are more convenient for comparison with the corresponding
constants of H2O+.39 In the present case, onlyεaa andεbb + εcc

can be determined for each vibrational state (Table 1). Assuming
that the electromagnetic properties of the2B1 electronic ground
state of H2O+ are not affected by the weak interaction with Ar,
the εii parameters of H2O+ and H2O+-Ar are related to each
other by scaling them with the ratios of the respective moments

TABLE 1: Experimental Molecular Constants (in cm-1) of
the Ground and ν3 Vibrational States of HOH+-Ar
Compared with Calculated Equilibrium Valuesa

constant ground state ν3 state calculatedb

ν0 0.0 3283.9062(17)c

A 21.9795(22) 20.9803(22) 21.4650
Bh 0.156991(48) 0.156309(50) 0.158476
(B-C) × 103 1.285(16) 1.348(18) 1.1700
Bd 0.157634(49) 0.156983(51) 0.159061
Cd 0.156349(49) 0.155635(51) 0.157891
DN × 107 2.96(62) 2.88(68)
DNK × 105 0.40(31) 2.54(31)
DK × 102 4.855(47) 3.622(47)
a 0.21717(100) 0.20391(93)
a0 0.2195(16) 0.2068(15)
εaa -0.6539(26) -0.6146(24)
(εbb + εcc) × 103 -4.6(38) -5.8(35)
∆ [uÅ2] 0.1120(79) 0.1266(82)

a Standard deviations are given in parentheses.b Equilibrium con-
stants calculated at MP2/aug-cc-pVTZ MP2 level of theory (ref 12).
c Absolute accuracy is 0.02 cm-1. d Derived fromBh andB-C.

Figure 6. Experimental (a) and simulated IR spectrum (b) of theν1

band of HOH+-Ar. The qQ2 (y) andqQ1 (z) branches and the heads of
theqP2 (w) andqP1 (x) branches are indicated. The additional signal in
the blue wing of the experimental transition arises from sequence hot
bands, which are not included in the simulation.
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of inertia. Moreover, the rotation of the inertial axis system upon
complexation by an angleR around thec-axis has to be taken
into account. From the structures derived from the analysis of
the rotational constants, a value ofR ) 34° is obtained for the
ground vibrational state. This value differs somewhat from that
estimated from the spin-rotation constants,R ) 26 ( 1°. The
difference may arise from small changes in the electronic wave
function of H2O+ upon Ar complexation and/or the neglect of
nonrigidity arising from large amplitude motions in the dimer.
Excitation of ν3 leads to a 5% decrease in theA constant of
H2O+-Ar, compatible with the 6% reduction inεaa.

The preliminary analysis of IR spectra of H2O+-He and
H2O+-Ne reveals splittings that are attributed to hindered
internal rotation of H2O+.67 To estimate the magnitude of the
tunneling splittings in H2O+-Ar, two tunneling paths for proton
exchange are considered: internal rotation of H2O+ around its
b- and c-axes, respectively. Both tunneling motions are ap-
proximated by one-dimensional potential expansions of the form

The one-dimensional Schro¨dinger equation is solved using
the B and C rotational constants of H2O+ as internal rotor
constants, respectively (B0 ) 12.42 cm-1, C0 ) 8.47 cm-1).36

The potential for the in-plane rotation (i.e., rotation around the
c-axis) is obtained by fitting the coefficientsVn to the points of
the rigid monomer PES along the minimum energy path
calculated at the MP2/aug-cc-pVTZ# level12: Vn ) -1742.2,
-745.0, 748.2, and-224.3 cm-1 for n ) 1-4. The tunneling
splitting obtained for this potential is of the order of 0.002 cm-1

for the ground vibrational state. The potential for rotation around
theb ()C2) axis of H2O+ is approximated by a 2-fold barrier;
theV2 parameter is estimated to be larger than 550 cm-1, which
corresponds to the difference between the energies of the
H-bound and p-bound minima calculated at the MP2/aug-cc-
pVTZ# level.12 An upper limit for the tunneling splitting arising
from this motion is derived as 0.003 cm-1 for the ground
vibrational state. Based on these simple one-dimensional model
calculations, the expected tunneling splittings arising from
proton exchange are well below the experimental resolution. A
similar situation was recently observed for the related HClH+-
Ar and HNH+-Ar complexes.24,27 Tunneling splittings of the
order of 1-2 cm-1 are observed in the spectra of H3

+-Ar and
NH4

+-Ar,19,68 and these have been rationalized by the larger
ratios of the effective internal rotor constant and the barriers
for hindered internal rotation.27 It appears that in H-bound
AH2

+-Ar dimers the probability for proton exchange is smaller
than for related AHk+-Ar dimers withk ) 3,4. This observation
follows the rough rule of thumb for AHk+-Ar dimers: the more
H atoms in the AHk+ ion, the shorter the tunneling path between
equivalent minima and the smaller the barriers for internal
rotation, giving rise to higher tunneling probabilities between
these minima.10,19

Table 2 compares several properties of H2O+-Ar with those
of related H-bound AH+-Ar dimers studied by the same
experimental and theoretical methods. The listed binding
energies are calculated at the MP2/aug-cc-pVTZ# level, whereas
the ν1 red shifts (ν1 ) νA-H stretch), the intermolecular
separations (RH-Ar), and the intermolecular stretching force
constants (ks) are experimental values. All considered AH+-
Ar complexes feature (near) linear H-bonds and the relative
strengths of the A-H and HsAr bonds are related to the
difference in the proton affinities (PA) of the two bases,
∆PAA-Ar ) PAA - PAAr.10,15,69 As PAA . PAAr for all
considered bases (A) SiO, CO, NH, OH, CO2, and N2), the
AH+-Ar dimers are composed of an AH+ ion, which is more
or less perturbed by the Ar ligand. The perturbation results in
a flattening of the potential for the proton motion, which is
reflected in the red shift of the A-H stretch vibration,∆ν1. In
general, the smaller∆PAA-Ar, the stronger and shorter the
intermolecular bond (i.e.,De and ks increase, whereasRH-Ar

decreases) and the larger the perturbation of AH+ upon Ar
complexation (i.e., the magnitude of∆ν1 increases). The
intermolecular bond in H2O+-Ar appears to be somewhat
stronger than expected from the PA of OH, and this effect may
be attributed to the radical character of H2O+ in its 2B1 electronic
ground state (see article I).12

Comparison of the properties of H2O+-Ar with those of the
corresponding neutral dimer reveals that ionization greatly
influences the PES. The PES of H2O-Ar derived from
microwave and IR data (AW2 potential) features also a planar
global minimum with a translinear H-bond.70 However, in
contrast to H2O+-Ar,12 the bond is much weaker (De ∼ 140
vs 2484 cm-1) and the barriers to internal rotation are much
smaller (Vb < 60 vsVb > 500 cm-1). The latter are comparable
to the H2O rotational constants leading to only slightly hindered
internal rotation. In general, the presence of the charge causes
the cationic complex to be more rigid with a much stronger
and more directional intermolecular bond. This effect is, for
example, visible in the significantly different intermolecular
stretch frequencies (νs ∼ 30 vs 200 cm-1 for H2O-Ar vs
H2O+-Ar). Moreover, the effects of Ar complexation on H2O
are very small and, as a result of the weak coupling, the
predissociation lifetimes are long and the complexation-induced
frequency shifts are small (< few cm-1).71,72

B. H2O+-Ar 2 Trimer ( n ) 2). According to the IR spectrum
and the calculated PES of H2O+-Ar,12 the H-bound configu-
ration corresponds to the most stable dimer structure, whereas
other binding sites (e.g., the p-bound structure) are less stable.
Consequently, the most stable H2O+-Ar2 trimer geometry is
expected to have two H-bonds leading to a planar Ar-HOH+-
Ar structure withC2V symmetry (Figure 1f, article I). Indeed,
the IR spectrum of H2O+-Ar2 (Figures 7 and 8, Table 3) is
consistent with such a trimer structure. Similar to H2O+, both
OsH bonds are equivalent in Ar-HOH+-Ar and the O-H
stretch normal modes are symmetric and antisymmetric com-
binations of the two OsH local oscillators,ν1 and ν3. Com-

TABLE 2: Comparison of Several Properties of Proton-bound AH+-Ar Dimers

AH+-Ar SiOH+-Ara OCH+-Arb HNH+-Arc HOH+-Ar OCOH+-Ard NNH+-Are

∆PAA-Ar [kJ/mol]f 410 225 221 224 171 125
De[cm-1] 1117 1541 1773 2484 2379 2881
∆ν1 [cm-1] -217 -274 -300( 50 -541 -704 -728
ks[N/m] 13 17 20 29 38
RH-Ar [Å] 2.19 2.13 2.06 1.93 1.90

a Ref 15.b Refs 13 and 14.c Ref 24.d Ref 26.e Refs 10, 82, and 83.f Refs 80 and 81.

V(φ) ) ∑
n

Vn

2
(1 - cos(nφ)) (4)
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plexation with Ar weakens the OsH bonds, leading to
substantial red shifts of both vibrations with respect to H2O+

(Figure 8). Theν1 andν3 fundamentals of Ar-HOH+-Ar occur
as strong transitions at 2875 and 2821 cm-1 (Figure 7) and the
derived red shifts of-337 and -438 cm-1 are in good
agreement with the calculated values (-303 and-410 cm-1).12

Theν3 band is more intense thanν1 and the order of both modes
inverts upon complexation with two Ar atoms, again in
agreement with the theoretical predictions. The assignments of
ν1 andν3 are also supported by the observed band profiles:ν1

is a broader perpendicular band with unresolved∆Ka ) (1
subbands, whereasν3 is a narrower parallel band composed of

overlapping∆Ka ) 0 subbands. Theν1 andν3 modes in Ar-
HOD+-Ar are localized OsD and OsH stretch oscillators and
the spectrum features thus only one transition in the 2800-
2900 cm-1 range, corresponding to the OsH stretch (ν3, Figure
7). In agreement with the theoretical prediction, the measured
frequency of 2844 cm-1 lies roughly midway between theν1

andν3 modes of Ar-HOH+-Ar.12 The O-D stretch of Ar-
HOD+-Ar (calculated as∼2040 cm-1) is shifted out of the
investigated spectral range.12

The Ar-HOH+-Ar spectrum shows two further transitions
at 2990 and 3077 cm-1. Inspection of the spectra of larger
clusters (Figure 8) shows that these bands shift together with
the ν3 (andν1) bands as the cluster size increases. They must
therefore be attributed to combination bands ofν3 (or ν1) with
intermolecular modes. Ab initio calculations predict for the
trimer only two intermolecular modes in the frequency range
50-300 cm-1, namely the symmetric and antisymmetric linear
combinations of the intermolecular HsAr stretching modes,
νs

s(a1) ) 166 cm-1 andνs
a(b2) ) 208 cm-1.12 The most probable

assignment of the two observed bands at 2990 and 3077 cm-1

is thusν3 + νs
s andν3 + νs

a, yielding νs
s ) 169 cm-1 andνs

a

) 256 cm-1 in the ν3 state. The average value of the twoνs

frequencies is 213 cm-1, about 20 cm-1 lower than the dimer
νs value in theν1 state (232 cm-1). Apparently, the formation
of the second intermolecular HsAr bond weakens the first one.
Ab initio calculations predictD0 ) 2200 and 1800 cm-1 for
the binding energies of the first and second Ar ligand,
respectively.12 This large and noncooperative three-body effect

Figure 7. Mid-IR photodissociation spectra of H2O+-Ar2 (bottom)
and HDO+-Ar2 (top) with assignments.

Figure 8. Mid-IR photodissociation spectra of H2O+-Arn recorded
in the dominant H2O+-Arm fragment channel (indicated asn f m).
As the spectra are composed of several scans, the relative intensities
of widely separated bands are not reliable. In particular, the spectra of
n ) 1-4 are recorded with two different mirror sets (e and g3000
cm-1), while the spectra ofn > 4 could be recorded with one set. The
connecting lines indicate the bands assigned toν1, ν3, andν3 + νs

a of
the most abundant isomer of each cluster size. The arrows show the
position of theν1 and ν3 band origins of bare H2O+. Absorptions
assigned to a less stable isomer ofn ) 2 (denoted II) are indicated by
asterisks.

TABLE 3: Band Maxima and Widths (Full Width
Half-Maximum) of Vibrational Transitions Observed in the
IR Photodissociation Spectra of H2O+-Ar n with
Assignments

n
position
(fwhm) assignmentsa n

position
(fwhm) assignmentsa

1 2672.22b ν1 7 3045 (15) ν3

2705 (20) ν1 + νs - νs 3220 (10) ν3 + νs
a

2767 (25) 2ν2

2904.5 (15) ν1 + νs 8 3014 (8) ν3 (II)
3283.91b ν3 3029 (8) ν3 (III)

3038 (14) ν3

2 2700 (50) ν1 (II) 3185 (11) ν3 + νs
a (II)

2821 (10) ν3 3201 (6) ν3 + νs
a (III)

2875 (13) ν1 3213 (9) ν3 + νs
a

2990 (9) ν3 + νs
s(a1)

3077 (8) ν3 + νs
a(b2) 9 3022 (6) ν3

3324 (30) ν3 (II) 3195 (11) ν3 + νs
a

3 2956 (9) ν3 10 3027 (6) ν3

2973 (8) ν1 3188 (16) ν3 + νs
a

3078 (8) ν3 + νs
s

3098 (8) ν1 + νs
s 11 3018 (6) ν3 (II)

3120 (10) 3033 (7) ν3

3166 (7) ν3 + νs
a 3173 (8) ν3 + νs

a (II)
3190 (10) ν1 + νs

a 3184 (10) ν3 + νs
a

4 3008 (15) ν3/ν1 12 3026 (8) ν3 (II)
3199 (9) ν3 + νs

a 3039 (8) ν3

3184 (16) ν3 + νs
a

5 3038 (9) ν3

3216 (10) ν3 + νs
a 13 3024 (7) ν3 (II)

3037 (10) ν3

6 3027 (6) ν3 3185 (10) ν3 + νs
a

3059 (8) ν3 (II)
3208 (13) ν3 + νs

a 14 3033 (8) ν3 (II)
3234 (10) ν3 + νs

a(II) 3042 (8) ν3

3183 (6) ν3 + νs
a(II)

3191 (10) ν3 + νs
a

a II and III are attributed to less stable isomers.b Band origins.
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is also indicated by the average value ofν1 andν3 in the Ar-
HOH+-Ar trimer (2848 cm-1) which is substantially higher
than the bound OsH stretch of the dimer (ν1 ) 2672 cm-1),
implying that the proton donor OsH bonds in the trimer are
stronger than that of the dimer. The Ar-HOD+-Ar spectrum
features a weak transition at 3059 cm-1, which is separated by
215 cm-1 from the corresponding OsH stretch transition,ν3.
This value is close to the average value of theνs

s and νs
a

frequencies of Ar-HOH+-Ar in the ν3 state (213 cm-1). Such
a νs value is expected if the two intermolecular HsAr stretches
decouple upon single deuteration. Indeed, theν3 mode in Ar-
HOD+-Ar is a localized OsH stretch, which via efficient
coupling selectively strengthens the intermolecular HsAr bond
but not the DsAr bond. Thus, the two intermolecular HsAr
and DsAr oscillators are decoupled in theν3 state of HDO+-
Ar2 (owing to different force constants), and the observed band
at 3059 cm-1 is hence attributed toν3 + νs, whereνs is the
localized HsAr stretch.

The Ar-HOH+-Ar spectrum displays two weak and broad
transitions at 3324( 15 and 2700( 25 cm-1 (indicated by
asterisks in Figure 8), that is, in the range of the free and bound
OsH stretch vibrations of the H-bound dimer. These absorptions
can be assigned tentatively to a less stable isomer of H2O+-
Ar2 (denoted isomer II in Table 3) featuring a H-bond and a
p-bond. Both binding sites are minima on the MP2 potential of
the dimer.12 Complexation at the p-bound site slightly strength-
ens the OsH bonds. For example, the calculated blue shifts of
the p-bound H2O+-Ar dimer compared with bare H2O+ amount
to 48 and 69 cm-1 for ν1 andν3, respectively.12 For H2O+-Ar2

the measured blue shifts for the bound and free OsH stretch
fundamentals upon attachment of the second Ar at the p-bound
site of the H-bound H2O+-Ar dimer are 28( 25 and 40( 15
cm-1, respectively. Because the intensities of both OsH stretch
transitions of this isomer are much weaker than the correspond-
ing bands of the most stable trimer featuring two H-bonds, its
population in the molecular beam must be significantly smaller.

All vibrational transitions of the H2O+-Ar2 complex are only
observed in the H2O+-Ar fragment channel. No signal has been
detected in the H2O+ channel. This observation implies that the
absorbed photon energy (2700-3320 cm-1) is not sufficient to
evaporate both Ar ligands of either isomer, a conclusion
consistent with the calculated binding energies of∼4000 cm-1

for the first two Ar ligands in the most stable isomer (two
H-bonds) and∼3500 cm-1 for isomer II (one H-bond and one
p-bond).12 In addition, it can be concluded that the complexes
probed in the octopole are cold and two-photon processes are
not observed at the laser intensities used (∼0.1 mJ/mm2).

C. Larger H 2O+-Ar n Clusters (n ) 3-14). Figure 8
compares the IR spectra of H2O+-Arn for n ) 1-14. The
observed band maxima are summarized in Table 3, along with
the suggested assignments. Typical bandwidths of the unresolved
transitions range from 5 to 15 cm-1. The bands show distinct
shifts and splittings as a function of cluster size, which are used
to discuss possible cluster structures. The dimer PES features
two deep H-bound minima, whereas all other binding sites are
considerably less stable. Under the realistic assumption that
three-body forces are not very important for the larger clusters,
the H2O+-Arn structures withn g 3 will be composed of a
relatively stable Ar-HOH+-Ar trimer core (with two strong
H-bonds), to which further ligands are weakly attached. This
scenario is supported by the spectra of H2O+-Arn with n >2,
which are similar in appearance to the trimer spectrum. The
dominant band in each spectrum is assigned to theν3 vibration
of H2O+ within the H2O+-Arn cluster. Each spectrum features

a weaker satellite band located 150-200 cm-1 to the blue of
ν3, which shifts in the same way asν3 as the cluster size
increases. It is assigned to a combination band ofν3 with the
antisymmetric combination of the two intermolecular HsAr
stretch oscillators (denotedνs

a) by comparison with the Ar-
HOH+-Ar spectrum and the ab initio calculations.12 Apparently,
theν3 andνs

a normal modes and their IR intensities in H2O+-
Arn are not much affected upon complexation of the strongly
bound Ar-HOH+-Ar chromophore with further Ar ligands.
Figure 9 shows that the red shift ofν3 and theνs

a frequency in
the ν3 state have very similar cluster-size dependencies. This
correlation may be expected, because both modes are coupled
through the intermolecular H-bonds:ν3 is the asymmetric OsH
stretch andνs

a the asymmetric HsAr stretch. The weaker the
intermolecular HsAr interaction (i.e., the lowerνs

a), the stronger
the intramolecular OsH bonds (i.e., the higherν3 and the
smaller|∆ν3|).

The prominent bands in the IR spectra of H2O+-Ar3 and
H2O+-Ar4 are interpreted in terms of cluster geometries where
one or two Ar atoms, respectively, are attached to opposite sites
of the 2py orbital of theC2V symmetric Ar-HOH+-Ar trimer
core (i.e., structures withCs andC2V symmetry forn ) 3 and
4). Both OsH stretch modes,ν1 andν3, feature blue shifts with
respect ton ) 2 (135 and 187 cm-1 in ν3), because of the effect
of OsH bond contraction upon Ar complexation at the p-bound
site. This effect is caused by partial charge transfer from Ar to
the 2py orbital of O.12 The observed shifts are nonadditive
implying that the p-bonds in then ) 4 complex are somewhat
weaker than that in then ) 3 complex. A similar noncooperative
three-body effect for the first two H-bonds has been discussed
in section III.B. Figure 10 compares the experimentalν1 and

Figure 9. Complexation induced red shift ofν3 (-∆ν3) and intermo-
lecular stretching frequency in theν3 state (ν3 + νs

a-ν3) of the most
stable isomers of H2O+-Arn (n ) 2-14).

Figure 10. Comparison of experimental (a, Table 3) and calculated
(b, Table 11 in article I)ν1 and ν3 frequencies of H2O+-Arn (n )
0-4).
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ν3 frequencies forn ) 0-4 with those calculated at the HF/
aug-cc-pVTZ# level (Table 11, article I).12 Although the
magnitude of the calculated shifts is smaller than the experi-
mental ones (due to the underestimation of the intermolecular
interaction at the HF level), both the relative shifts and the
intensity ratios are reproduced qualitatively, facilitating the
spectral assignments. The splitting betweenν1 andν3 decreases
(they overlap forn ) 4), and the calculated intensity ofν3 is
about four to five times higher than that ofν1, in qualitative
agreement with the observed ratio of∼2. The measuredνs

a

frequencies in theν3 state are 256, 210, and 191 cm-1 for n )
2-4 and show the same qualitative trend as the values calculated
at the HF level for the ground vibrational state (140, 133, and
127 cm-1). Again, the calculated values are lower, because the
HF level underestimates the interaction.

There are additional weaker transitions observed in then )
3 spectrum (Figure 8, Table 3). The band at 3078 cm-1 may
tentatively be assigned toν3 + νs

s, whereνs
s is the symmetric

intermolecular HsAr stretch. The value ofνs
s is lower forn )

3 than for n ) 2 (122 vs 169 cm-1) owing to the weaker
intermolecular H-bonds in then ) 3 complex. Possible
assignments for the bands at 3098 and 3190 cm-1 areν1 + νs

s

andν1 + νs
a. In this case, the derivedνs

s andνs
a frequencies in

the ν1 state (125 and 217 cm-1) would be similar to those of
the ν3 state (122 and 210 cm-1). Such a situation is expected,
because both theν1 andν3 frequencies are shifted by a similar
amount from the H2O+ values, indicating that the intermolecular
interaction is similar in both intramolecular vibrational states.

Because no calculations are available for the clusters withn
g 5, the interpretation of further cluster growth relies only upon
the spectroscopic information and is less certain. According to
the ab initio calculations, theν1 band is∼5 times weaker than
ν3 in the monomer, and complexation with two Ar atoms does
not drastically change this ratio. Similarly, theν3 band of H2O+

deposited in a neon matrix is significantly stronger thanν1.42

As larger H2O+-Arn clusters are composed of then ) 2 core,
it is expected thatν3 will be much more intense thanν1 also in
complexes with n>2. Consequently, the single intense band of
then ) 5 cluster in the OsH stretch region (at 3038 cm-1) is
assigned toν3 (similar to then ) 4 cluster, the weakerν1

fundamental may be blended by the strongerν3 band). Inspection
of Figure 9 reveals that then ) 5 complex has a smallerν3 red
shift than n ) 2-4, that is, the intermolecular H-bonds are
weakened by the attachment of the fifth Ar atom. Moreover,n
) 5 appears to have a special geometry, because bothν3 andνs

display “singularities” at this cluster size. A possible “magic”
structure is one where the fifth Ar atom is attached to aC2V
symmetric H2O+-Ar4 on theC2 axis, where it can interact with
all four other Ar ligands. In this configuration, the fifth Ar atom
may weaken the intermolecular bonds to the first two H-bound
Ar ligands, explaining the blue shift inν3 and the relatively
small νs frequency.

From n ) 6 onward, the changes inν3 and νs
a are rather

small compared withn < 6 (Figures 8 and 9). Apparently,
further Ar ligands are attached to binding sites with little
influence on both the OsH and HsAr bonds. The cluster
growth probably proceeds by filling the first Ar solvation shell
around an interior H2O+ ion. The alternative formation of
clusters where H2O+ is located on the surface of an Arn cluster
is less likely, as the dimer MP2 potential features optimal
interaction energies ofDmin > 350 cm-1 between Ar and H2O+

for any angular orientation. This is much larger than the
Ar-Ar interaction of about 100 cm-1.73 The details of solvation
shell filling are not obvious from the spectra in Figure 8.

Moreover, splittings of theν3 band (and alsoν3 + νs
a) indicate

the presence of more than one isomer forn ) 6, 8, and 11-14.
These splittings are not attributed to the appearance ofν1 shifted
away fromν3, because the relative intensity ratios of the various
components depend on the expansion conditions. Further support
of this interpretation is provided by the spectra of HDO+-Arn

(n ) 6), because one band should be largely red-shifted upon
single deuteration if the splitting arises from theν1/ν3 doublet
of a single isomer. However, the occurrence of theν3 andν3 +
νs

a doublets forn ) 6 is independent of single deuteration, as
expected if they stem from two different isomers. As the band
at 3027 cm-1 is always more intense than the 3059 cm-1 band,
it is attributed toν3 of the most stablen ) 6 isomer (Figure 8,
Table 3). The data in Figure 9 are plotted only for the most
stable isomers of each cluster size. The absorptions of less stable
isomers, denoted II and III, are listed in Table 3.

No Ar matrix isolation studies on H2O+ have been performed,
making it impossible at this stage to compare the H2O+-Arn

band shifts with the bulk limit (n ) ∞). It is also not clear how
many Ar ligands are necessary to close the first solvation shell
and whether the shifts are converged at the largest cluster size
investigated (n ) 14). The present work is limited to cluster
sizesn e 14 by the mass range of the mass spectrometers and
not by signal-to-noise. Large incrementalν3 shifts are observed
up ton ∼ 5 and subsequent changes are much smaller (Figure
9). For example, the incremental shifts are all>30 cm-1 for n
e 5, whereas they are less than 20 cm-1 for n ) 6-14. Theν3

frequencies ofn ) 6-14 are all within 3034( 12 cm-1 (for
the most stable isomers). Forn ) 14, the absolute red shift
with respect to the monomer is 217 cm-1 (∼6.7%). This value
is much larger than the usual shift observed for stable and
unstable species in Ar matrixes (<2%).74 This may indicate that
the ν3 shift in H2O+-Arn is far from being converged atn )
14 (owing to incomplete shielding of the positive charge) and
further solvation shells may provide significant contributions
to theν3 shift of H2O+ embedded in an Ar matrix. Alternatively,
the shift may be converged atn ) 14; in this case the resulting
large Ar matrix shift can be explained by the fact that the H2O+

ion can only exist as a stable, small, and distinct H2O+-Arn

unit within the Ar matrix. For example, considering then ) 4
complex as such a stable core, the shift of then ) 14 complex
with respect to then ) 4 complex is less than 1% and
compatible with typical Ar matrix shifts.74 Similar models have
been invoked to rationalize unusual large shifts of related AH+

ions embedded in neon matrixes75 and argon clusters.14

Previous mass spectra of H2O+-Arn showed discontinuities
in the intensity distribution which have been attributed to
enhanced stabilities for certain cluster sizes:21 n ) 9 was
observed to be a strong magic number, whereasn ) 3, 5, 7,
and 15 are weakly enhanced. In contrast, for M(-Arn with small
closed-shell ions (e.g., M+ ) Ar+),76 magic numbers have been
found forn ) 12, corresponding to the first solvation shell with
icosahedral structure.77 Similarly, systematic band shifts ob-
served in IR spectra of AH+-Arn (A ) CO, N2, SiO)13-15

suggested that the first Ar solvation shell around these ions is
also filled atn ) 12 and composed of two staggered equatorial
five-membered solvation rings around a linear Ar-AH+-Ar
trimer. In the latter cases, the linear closed-shell core ion is of
similar size as Ar+, so that the AH+-Ar12 geometries are
slightly distorted icosahedrons with a nearly spherical (impurity)
ion in the center. The fact that the mass spectra of H2O+-Arn

do not show the magic numbern ) 12 was taken as evidence
that the Ar solvation process is different for H2O+.21 In
particular, the structure of the strongly magicn ) 9 cluster was
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suggested to have a geometry where all nine ligands are
equivalently solvated around the central H2O+ ion. However,
such an isotropic structure is difficult to rationalize considering
the large anisotropy calculated for the H2O+-Ar interaction
potential.12 Although the IR spectra in Figures 8 and 9 are clearly
more sensitive to the structures of H2O+-Arn than the mass
spectra, it is difficult to infer more details of the cluster growth
for clusters withn g 5 owing to the lack of reliable theoretical
information.12 The H2O+-Arn spectra reveal noticeable dis-
continuities in theν3 andν3 + νs

a frequencies forn ) 6 and 9
(for the most stable isomers, Figures 8 and 9). These discon-
tinuities are not necessarily indicative of an enhanced or
decreased stability of these specific cluster sizes (like magic
numbers in mass spectra). In contrast, the observed frequency
shifts are sensitive to the structures of the complexes and in
particular to the influence of the Ar ligands on the strengths of
the OsH (ν3) and HsAr (νs

a) bonds. Similarν3 andνs
a shifts

are expected for Ar ligands occupying equivalent positions
within the complex.14 For example, in OCH+-Arn the five Ar
ligands in each of the two equatorial rings around the linear
OCH+-Ar dimer core shift the AsH stretch frequency roughly
by equal amounts in the same direction.13 Clearly, the IR spectra
reveal that the cluster growth in H2O+-Arn is largely different
from that in Arn(+) and AH+-Arn (A ) CO, N2). However,
this result may be expected, as the calculated potential for the
H2O+-Ar interaction is rather different from the other AH+-
Ar potentials; it has lower symmetry and larger angular
anisotropy. Owing to the two main attractive centers (the two
H-bound sites) and the open-shell character (giving rise to the
attraction at the p-bound sites), H2O+ cannot be approximated
by a spherical or cylindrical central ion within slightly distorted
icosahedral-like Arn clusters. A definitive assignment of the
spectral features to the individual H2O+-Arn isomers has,
however, to await a reliable theoretical treatment of the larger
clusters, which is beyond the scope of the present work. In
neutral H2O-Ar, the strength and anisotropy of the interaction
is very weak compared with H2O+-Ar. Consequently, the larger
H2O-Arn clusters are calculated to have icosahedral-like
geometries (similar to Arn+1) with an almost spherical interior
H2O impurity and first shell closure atn ) 12.78 Comparison
between NH4+-Arn and H2O+-Arn reveals that in both cases
Ar atoms are first attached to the protons forming equivalent
H-bonds, whereas further ligands occupy less favorable binding
sites.18

Photoexcitation of H2O+-Arn parent complexes at theirν3

band maxima leads to the observation of several H2O+-Arm

(m < n) fragment channels (Table 4). For example, for H2O+-
Ar4 two fragment channels are evident: H2O+-Ar3 (∼80%)
and H2O+-Ar2 (∼20%). Figure 8 shows the spectra recorded
in the dominant fragment channels. They are in most cases very
similar to the spectra obtained in the less probable channels.
Similar to previous studies on related systems13-16,18 the
observed range ofm for a givenn is rather narrow (Table 4).
This information can be used to estimate rough values for
incremental binding energies,D0(n), within a statistical model
that is based on the following approximations: (i) the difference
in the internal energies of parent and daughter ions, as well as
the kinetic energy release, is neglected; (ii) only Ar atoms and
no Ar clusters are evaporated; (iii) Ar ligands with smaller
binding energies are evaporated first. Based on these assump-
tions, the absorbed photon energy must be larger than the sum
of the binding energies of the (n - m) evaporated ligands, but
smaller than the sum of the (n - m + 1) most weakly bound
ligands in the parent cluster. As further approximation, Ar

ligands attached at similar binding sites are assumed to have
the same binding energy (three-body effects are neglected).
Based on the dimer PES calculated in article I,12 the Ar ligands
in H2O+-Arn are classified into three groups: H-bound (n )
1,2), p-bound (n ) 3,4) and other ligands (n ) 5-10). Using
the photofragmentation branching ratios in Table 4, the follow-
ing limits are derived for the binding energies of the three
classes: 1400 cm-1 < D0(1,2) < 2800 cm-1; 1100 cm-1 <
D0(3,4) < 1500 cm-1; 600 cm-1 < D0(5-10) < 750 cm-1.
These values compare favorably with the binding energies
expected from the H2O+-Ar PES: D0 ) 2200 cm-1 for the
H-bond and 1300 cm-1 for the p-bond. Other binding sites are
calculated to be less stable with binding energies between 350
and 1000 cm-1. From Table 4 it is evident that the average
number of Ar atoms lost uponν3 excitation,〈n-m〉, increases
as a function of cluster size and is not converged atn ∼ 12.
This observation confirms the decrease in the incremental
binding energy for increasingn, as the absorbed photon energy
is roughly constant (ν3 ∼ 3000 cm-1).

Forn ) 13, the photofragmentation ratios of the twoν3 bands
differ considerably. For the 3037 cm-1 band the observed
fragment distribution ism ) 6 (10%),m ) 7 (45%), andm )
8 (45%) giving rise to an average loss 5.65 Ar atoms. For the
3024 cm-1 band the distribution ism ) 5 (20%),m ) 6 (20%),
m ) 7 (40%), andm ) 8 (20%) yielding an average loss of
6.40 Ar atoms. The observation of largely different fragmenta-
tion behavior for two closely spaced bands confirms the
conclusion above that the two bands arise fromν3 absorptions
of two different isomers rather than fromν1 andν3 bands of a
single isomer. A similar strategy has been used recently to
identify isomers of H+(CH3OH)4H2O.79
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