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Infrared (IR) photodissociation spectra of mass selected Arn-HN2
+ complexes (n ) 1-13) have been recorded

in the 4µm spectral range in a tandem mass spectrometer. The dominant features are assigned to theν1 +
mνs (m ) 1, 2) combination bands, whereν1 corresponds to the intramolecular N-H stretch mode andνs to
the intermolecular stretching vibration of the first (proton-bound) Ar ligand. Systematic size-dependent
complexation-induced frequency shifts and fragmentation branching ratios enabled the development of a
consistent model for the cluster growth. The Ar-HN2

+ dimer has a linear proton-bound structure and further
Ar ligands fill two equatorial solvation rings around the linear dimer core, each of them containing up to five
Ar atoms. The attachment of the 12th argon atom at the nitrogen end of HN2

+ leads to the completion of the
first solvation shell with an icosahedral structure. Weaker bands in the IR photodissociation spectra are attributed
to less stable isomers. Comparison with previous studies of the related Arn-HOSi+ and Arn-HCO+ complexes
reveals several similarities in the cluster growth. However, due to different charge distributions and anisotropies
of the repulsive walls of the ionic cores, subtle differences occur in the order of shell filling as well as the
occurrence and stability of isomeric structures. These differences are rationalized by two-dimensional
intermolecular potential energy surfaces calculated at the MP2/aug-cc-pVTZ# level of theory.

1. Introduction

The solvation of ions with neutral ligands plays an important
role in many areas of chemistry, physics, and biology.1-4 Ion-
neutral dimers are often intermediates of ion-molecule reac-
tions.5,6 The energetics and dynamics of many chemical
reactions and other relaxation processes within isolated charged
clusters (e.g., proton transfer, SN2 reactions, caging) depend
sensitively on the cluster size.7-11 To rationalize these cluster
phenomena, a detailed understanding of the interplay between
the ion-ligand and ligand-ligand interactions is required. A
plethora of thermochemical and mass spectrometric studies have
established incremental ligand binding energies as a function
of the cluster size, giving some insight into the cluster growth,
e.g., the formation of solvation shells and the existence of
isomers.1,12

It is well established that high-resolution spectroscopy
provides direct experimental access to the intermolecular
interaction potentials in weakly bound complexes.13-17 In
contrast to neutral clusters, less spectroscopic information is
available for ionic complexes due to the difficulties encountered
with the production of high number densities.18-20 The high
selectivity and sensitivity achieved by the combination of mass
spectrometric and spectroscopic methods can overcome this
problem, and it is mostly by photodissociation techniques that
spectra of ionic complexes have been measured as a function
of the cluster size.19,21-23 Mass selection provides in these studies
an elegant tool to follow the size-dependent properties of cluster
ions from the monomer to the bulk. In this way, macroscopic
bulk attributes can be related to the microscopic molecular
properties.24-26 To this end, systematic studies on size-selected
clusters provide insight into the origin of matrix isolation and
other solvation effects.27

Rare gas (Rg) atoms are the most simple ligands and often
used as structureless probes for the investigation of intermo-
lecular ion-ligand interactions in cluster ions. Various spec-
troscopic techniques have been employed to study the solvation
of small cations and anions in argon. These include photodis-
sociation in the IR (e.g., CH5+, NH4

+, HCO+, HOSi+, and
CH3

+)28-32 and UV/vis spectral ranges (e.g., Sr+),33 photode-
tachment (e.g., Br-, I-, and O-),24,34and time-resolved pump-
probe experiments (e.g., I2

-).10 Various cluster size dependent
properties (spectral shifts, binding energies, electron affinities,
etc.) probed in these spectroscopic studies showed pronounced
discontinuities for certain cluster sizes, and these were related
to the occurrence of distinct cluster geometries. For Arn-M(

clusters with small M( ions, observed discontinuities atn )
12 have been interpreted as the closure of the first solvation
shell, leading to a stable icosahedral structure.35 This conclusion
was confirmed by several theoretical approaches36,37as well as
the observation of the magic numbern ) 12 in mass spectra of
Arn-M( cluster ions, where M is either an atom or a small
diatom (e.g., M) Ar, O, I, Mg, NO).24,34,38-41 For M( ions
with a size significantly larger than Ar (e.g., M) (NO)2, I2,
C6H6),10,39,41,42the short-range repulsive interactions prevent the
close approach necessary to form a close-packed icosahedron,
and thus more than 12 Ar ligands are required to complete the
first solvation shell.40 In addition, some small open-shell ions
(e.g., C+) feature strongly directional intermolecular bonds to
Ar ligands, thus also preventing the formation of regular
icosahedral structures.43

In the present work, the microsolvation of HN2
+ in Ar is

compared to that of the previously studied HCO+ and SiOH+

systems.30,31All three ions are linear closed-shell species arising
from the protonation of isovalent diatomic molecules. Moreover,
HCO+ and HN2

+ are isoelectronic ions. The analysis of solvent-
induced spectral shifts in IR photodissociation spectra of Arn-* Corresponding author. E-mail: dopfer@ubaclu.unibas.ch.
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HCO+ and Arn-HOSi+ cluster ions and the size-dependent
photofragmentation branching ratios allowed to monitor the
cluster growth, deduce structures and binding energies, and
identify various isomers.30,31In the cases of Ar-HCO+ and Ar-
HOSi+, ab initio calculations and high-resolution MW and IR
spectra showed that both dimers possess linear proton-bound
global minima.30,31,44-46 Vibrational spectra of larger Arn-
HCO+ clusters revealed that further Ar ligands fill two equatorial
solvation rings (containing up to five atoms) around the linear
dimer core, with the 12th and terminal Ar atom completing the
first solvation shell, leading to an icosahedral-like geometry.30

In the case of Arn-HOSi+, only spectra up ton ) 10 have
been obtained; however, the formation of solvation rings around
the linear dimer core could also be deduced from the experi-
mental and theoretical data.31

Induction interactions dominate the attractive part of the ion-
ligand interactions in Rgn-M( clusters where M( constitutes
a closed-shell ion. The sequence of solvation shell filling will
therefore be largely determined by the charge distribution in
the respective molecular ion and the anisotropy arising from
the repulsive wall.34 As in HCO+ the positive charge is mainly
localized on the H and C atoms, the primary solvation ring in
Arn-HCO+ is located around the C-H bond and has thus
contact with the proton-bound Ar ligand, while the second ring
is positioned around the C-O bond.30 Significant charge density
on Si supports a second T-shaped Ar-SiOH+ dimer (local
minimum) with the Ar attached to the Si atom, which is only
slightly less stable than the linear proton-bound dimer (global
minimum). Consequently, in the most stable Arn-HOSi+

clusters, the solvation ring centered around the Si atom of the
dimer core is filled first; that is, this ring has no contact to the
proton-bound Ar ligand.31 Various less stable Arn-HOSi+

complexes have also been identified (for certainn values) from
their IR spectral shifts, for example, those forn < 4 which have
all Ar ligands in the first ring around Si, but none at the proton-
bound site.31

In the present study, the microsolvation of HN2
+ in argon is

investigated by IR photodissociation spectroscopy of Arn-HN2
+

complexes (n ) 1-13). Part of the dimer spectrum has been
analyzed previously,47 and the relevant results are summarized
in section 4.1.1. To complement the experimental approach, two-
dimensional intermolecular potential energy surfaces for Ar
bound to HN2

+, HCO+, and HOSi+ have been calculated by
ab initio methods, and these surfaces are then used to rationalize
the experimental results for dimers and the larger clusters of
these ions with Ar atoms.

2. Experimental Section

Infrared photodissociation spectra of mass-selected Arn-
HN2

+ complexes have been recorded in a tandem mass
spectrometer described in detail elsewhere.30,48The cluster ion
source comprises a pulsed supersonic expansion coupled to
electron impact ionization. The employed gas mixture contained
N2, H2, and Ar in a ratio of 1:20:300. Electron impact ionization
is followed by ion-molecule reactions to produce HN2

+. Cold
Arn-HN2

+ complexes were generated by subsequent three-body
collisions. Figure 1 shows a mass spectrum of the ion source
which reveals Arn-HN2

+ as the dominant cluster ion series.
All other complexes can be assigned to either Arn-HN2k

+ (k
) 0, 2-5) or Arn-H3

+. The large amount of H2 in the gas
mixture led to mass spectra where almost all cluster ions were
protonated species (e.g., no Arn-N2k

+ ions were observed). The
size distribution of Arn-HN2

+ could be shifted to highern by
increasing the stagnation pressure from 3 to 8 bar.

Part of the plasma was extracted through a skimmer into the
first quadrupole mass spectrometer (QMS) which was tuned to
the mass of the desired Arn-HN2

+ species. The mass-selected
parent beam was then deflected by 90° and focused into an
octopole ion guide, where it was exposed to the tunable IR laser
pulse. Resonant excitation into metastable levels above the
lowest dissociation limit caused the fragmentation of the parent
ions into Arm-HN2

+ and (n - m) Ar atoms. The produced
fragment ions were filtered by the second QMS and subse-
quently detected with a Daly-type cation detector.49 Photofrag-
mentation spectra were obtained by monitoring the fragment
ion current as a function of the laser frequency.

For Arn-HN2
+ clusters withn > 1, several fragment channels

m are possible following photoabsorption. In agreement with
previous studies of related species, the range form was found
to be small.29-32,50For example, resonant excitation of the mass
selectedn ) 8 clusters at 2618 cm-1 led only to the production
of the m ) 4 and 5 fragment ions (Figure 2). Them ) 7
fragments arise not from laser-induced dissociation (LID) but
from collision-induced dissociation (CID) with background gas
and/or metastable decomposition (MD) of hot parent complexes
in the octopole region. The CID and MD processes led mainly
to m ) n - 1 fragments. They interfered therefore only for
small clusters with the LID signal, as larger complexes lost more
than one ligand upon photoexcitation. To distinguish between
LID and CID/MD processes, the source was triggered at twice
the laser frequency and alternate signals were subtracted.

Tunable radiation in the mid-infrared spectral range (2500-
6800 cm-1) was generated by a pulsed optical parametric

Figure 1. Part of the mass spectrum of the ion source demonstrating
the efficient production of Arn-HN2

+ complexes. Weaker cluster series
include Arn-HN2k

+ (k ) 0, 2-5) and Arn-H3
+.

Figure 2. Mass spectrum obtained by scanning the second quadrupole
mass spectrometer (QMS). The first QMS selected the Ar8-HN2

+

parent ion and the laser frequency was set to the resonance at 2618
cm-1. Arm-HN2

+ fragment ions withm ) 4 and 5 arise from laser-
induced dissociation (LID), while the ones withm ) 7 are produced
by collision-induced dissociation (CID) and/or metastable decomposi-
tion (MD).
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oscillator (OPO) based laser system with 0.02 cm-1 bandwidth.
The photofragmentation spectra were linearly normalized by
laser power measured with an InSb detector. Calibration of the
laser frequency was accomplished by comparison with simul-
taneously recorded optoacoustic spectra of N2O.51

3. Ab Initio Calculations

Ab initio calculations at the MP2 level of theory were
performed to determine the two-dimensional intermolecular
potential energy surface of the Ar-HN2

+ dimer. For compari-
son, the Ar-HCO+ and Ar-HOSi+ potentials have also been
calculated at the same level of theory. The computations were
conducted with the GAUSSIAN 94 program package52 utilizing
a basis set composed of Ahlrichs VTZ functions for the core
electrons and diffuse and polarization functions taken from the
aug-cc-pVTZ basis set.53 This led to the following contraction
scheme: (6s,3p,2d)f [4s,3p,2d] for H; (11s,7p,3d,2f)f
[7s,4p,3d,2f] for C, N, and O; (13s,10p,3d,2f)f [8s,6p,3d,2f]
for Si; (12s,10p,3d,2f)f [8s,6p,3d,2f] for Ar. This basis set,
abbreviated in the present work as aug-cc-pVTZ#, is of similar
quality as the aug-cc-pVTZ one and was shown to reliably
reproduce the properties of proton-bound dimer interaction
potentials.46,54-56 Calculations at the HF level yielded substan-
tially smaller binding energies due to the neglect of electron
correlation, similar to calculations performed at the MP2 level
with smaller basis sets.29,32,57As calculations for larger clusters
at the MP2/aug-cc-pVTZ# level are computationally much more
expensive, the efforts have been limited to dimers in the present
work.

To map the two-dimensional dimer intermolecular potential
energy surfaces, interaction energies have been calculated for
a grid of Jacobi coordinatesθ and R. θ measures the angle
between the vectorRB, pointing from the center-of-mass of the
core ion to the Ar atom, and the linear ion axis (θ ) 0° for the
proton-bound configuration). The structure of the ionic core was
kept frozen at the optimized monomer geometry (rigid monomer
approximation). Interaction energies were calculated for 9 values
of θ, equally spaced between 0 and 180°, and at least 10 radial
points for each angle (spaced by 0.1 Å). All energies were

corrected for basis set superposition error (BSSE).58 One-
dimensional radial cuts through the two-dimensional potential
energy surfaces were created by cubic splines of the radial points
along each angle, and theirRe andDe values are plotted in Figure
3 as a function ofθ. Detailed data of the potential energy
surfaces are available upon request.

To test the significance of the rigid monomer approximation,
several stationary points have been calculated allowing all
coordinates to relax (indicated by crosses in Figure 3). In these
cases, the dissociation energy (De) was corrected for the
relaxation energy arising from the monomer deformation upon
complexation.59 The effects of the rigid monomer approximation
are most pronounced for the linear proton-bound global
minimum structures (θ ) 0°, Figure 3 and Table 1). They lead
to moderate underestimations in bond strengths (<7%) and bond
lengths (<0.08 Å). Part of the discrepancy may also arise from
the choice of the relatively large radial step size (0.1 Å) which
causes errors via the splining procedure. In addition, the
geometry optimizations were carried out on surfaces that are
not corrected for BSSE, which usually leads to shorter bonds
compared to BSSE-corrected surfaces.60 The observed differ-
ences between the dimer surfaces with rigid and relaxed
monomers are, however, small compared to the angular de-
pendencies of the quantitiesRe andDe. Thus, the rigid monomer
surfaces are believed to be reliable semiquantitative representa-
tions of the intermolecular ion-ligand interactions, and they
will be used below for the discussion of the properties of larger
oligomers. It is noted that the theoretical results for the linear
Ar-HCO+ and Ar-HN2

+ dimers compare favorably with
existing calculations on these systems at similar levels of theory,
adding confidence in the presented surfaces.46,57

To rationalize the topologies of the dimer potentials, charge
and dipole moment distributions have been calculated using the
“atoms in molecules” (AIM) analysis (Figure 4).60-62 The AIM
analysis was preferred over the Mulliken one, as the latter one
depends sensitively on the basis set.60,63Indeed, in all cases the
AIM multipole moments drastically deviated in magnitude and
sometimes even in sign from those obtained with the Mulliken
and natural bond orbital analysis. As can be seen from Figure

Figure 3. De andRe values of one-dimensional radial cuts through the two-dimensional, intermolecular, rigid-monomer potential energy surfaces
of Ar-HN2

+ (left), Ar-HCO+ (middle), and Ar-HOSi+ (right), obtained at the MP2/aug-cc-pVTZ# level of theory. The crosses correspond to
calculations where the monomer coordinates were allowed to relax during the search for stationary points.
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4, there is only little charge transfer upon complexation. The
strong dipoles induced on the Ar ligand reflect the important
contributions of polarization interactions to the attractive part
of the intermolecular potential. Moreover, there are large net
dipole moments in the HCO+ and HOSi+ ions, whereas that of
HN2

+ is close to zero.
In addition to interaction energies and geometries, Table 1

lists harmonic vibrational frequencies and IR intensities for the
monomers and the proton-bound dimers (with relaxed intramo-
lecular coordinates). The most relevant results for the present
study concern the X-H stretch vibration (ω1). This mode is
for all monomers the vibration with highest IR oscillator
strength. Complexation with Ar results in a large red shift of
its frequency, accompanied by a strong increase of the IR
intensity. These observations are typical for proton-bound
dimers.64 The properties of all stationary points found on the
Ar-HCO+ surface are compared in Table 2. The frequency and
IR intensity of ω1 of HCO+ are much less affected by Ar
complexation in the antilinear and T-shaped geometries com-
pared to the linear structure. These large differences clearly
emphasize that vibrational spectra provide a very sensitive probe
of the geometry and interaction strength in charged clusters.

A detailed comparison of the dimer potentials, multipole
distributions, frequency shifts, and their effects on the cluster
structures of the three considered cluster series is presented in
section 4.2.

4. Experimental Results and Discussion

4.1. Arn-HN2
+ Spectra. Figure 5 shows the mid-infrared

photodissociation spectra of mass-selected Arn-HN2
+ com-

plexes (n ) 1-13) recorded in the dominant fragment channels
(indicated asn f m). The centers and widths of the observed
bands are summarized in Table 3.

4.1.1. Dimer Spectrum (n) 1). Part of the dimer spectrum
has been analyzed previously and the relevant results can be
summarized as follows.47 Three rotationally resolvedΣ-Σ type
bands with band origins at 2755.6, 2707.3, and 2505.4 cm-1

have been reported and their rotational analyses showed that
they originate from the ground vibrational state of this linear
proton-bound complex. The common feature of these bands was
the lack of rotational lines terminating in levels below a certain
J′ and this observation was explained by their stability against
dissociation. The observed sudden onset in the photodissociation
cross section allowed an accurate determination of the binding
energy asD0 ) 2781.5( 1.5 cm-1, which is comparable to
the calculated valueDe ) 2880.5 cm-1 (Table 1;D0 ) 2800
cm-1 after including zero-point energies in the harmonic
approximation). Analysis of the ground-state rotational constants
resulted in a center-of-mass separationR0 ) 3.429(4) Å and a
harmonic intermolecular stretching frequencyωs ) 195(4) cm-1

and force constantks ) 37.8(1.5) N/m,47 in good agreement
with the ab initio values in Table 1 and ref 57.

The vibrational assignment for the two strongest transitions
at 2505.4 and 2755.6 cm-1 asν1 + mνs (m) 1, 2) was tentative
and based on following arguments.47 For the related Rg-HCO+

and Rg-HOCO+ series (Rg) He, Ne, Ar), a linear relation
between the complexation-inducedν1 red shift (∆ν1 ) ν1

monomer

- ν1
complex) and the proton affinity (PA) of the Rg atom has

been found.64,65Application of this rule to Rg-HN2
+ gives an

extrapolatedν1 frequency of 2280 cm-1 for Ar-HN2
+, implying

a red shift of∼950 cm-1 from the monomer value (3233.95
cm-1).66 The harmonic red shift calculated in the present work
amounts only to 766 cm-1. But due to the strong interaction of
the proton with the Ar ligand, the potential for the proton motion
experiences a significant distortion upon Ar complexation. This
effect causes large anharmonic corrections even for the funda-
mental frequency, and a one-dimensional anharmonic treatment
resulted inν1 ) 2330 ( 100 cm-1.57 The corresponding red
shift of 900 ( 100 cm-1 is in good agreement with the one
obtained from the∆ν1 vs PA relation. As theν1 fundamental is
predicted to lie below the dissociation threshold of the complex,
it cannot be observed in the present photodissociation experi-
ment. HighJ levels of theν1 state are actually metastable with
respect to dissociation; however, the transitions into these levels
would (i) be very weak due to small thermal lower state
populations and (ii) occur outside the scanning range of the
employed laser system. Preliminary searches to locate theν1

fundamental in the 2180-2410 cm-1 range by direct IR
absorption utilizing a tunable diode laser spectrometer combined
with supersonic slit expansion failed so far, possibly due to the
incomplete spectral coverage (with gaps up to 10 cm-1) typical
for laser diodes. The sensitivity of this technique should be
sufficient to detectν1, as the weakerν1 + νs band at 2505.4
cm-1 could be observed.67,68

The mid-infrared spectra of He-HN2
+ and Ne-HN2

+ feature
strong transitions attributed to theν1 fundamental of HN2+ and
weaker transitions associated with combination bands ofν1 with

TABLE 1: Geometries, Binding Energies, Harmonic Frequencies and IR Intensities (in km/mol, in Parentheses) of ABH+ Ions
(AB ) N2, SiO, and OC) and the Proton-Bound Global Minima of their Complexes with Ar Evaluated at the MP2/
Aug-cc-pVTZ# Levelc

species rAB [Å] rBH [Å] rHAr [Å] Re [Å] De [cm-1] ω1 [cm-1] ω2 [cm-1] ω3 [cm-1] ωs[cm-1] ωb [cm-1]

N2H+ rel 1.1058 1.0331 3368.8 (652) 720.8 (250) 2144.4 (16)
N2H+-Ar rel 1.1070 1.0838 1.8363 3.42 2880.5 2603.0 (2332) 919.0 (144) 2041.7 (753) 209.7 (73) 211.5 (35)
N2H+-Ar rig 1.1058 1.0331 1.95b 3.48b 2699.3
SiOH+ rela 1.5500 0.9650 3811 (596) 424 (472) 1127 (132)
SiOH+-Ar rela 1.5477 0.9764 2.0990 4.02 1117 3555 (1826) 662 (155) 1141 (92) 121 (26) 87 (6)
SiOH+-Ar rig 1.5500 0.9650 2.20b 4.09b 1120
OCH+ rel 1.1152 1.0899 3260.6 (285) 934.1 (34) 2148.1 (40)
OCH+-Ar rel 1.1161 1.1090 2.0850 3.77 1551.4 2982.0 (1055) 1080.6 (18) 2111.8 (246) 149.4 (46) 170.9 (82)
OCH+-Ar rig 1.1152 1.0899 2.18b 3.85b 1543.1

a Reference 31.b Uncertainty ca. 0.05 Å due to limited step size on the grid.c For the complexes the values are given for the rigid (rig) and
relaxed (rel) monomers.

Figure 4. AIM charges (qi in e) and dipole moments (µzi in D) obtained
for the HN2

+, HCO+, and HOSi+ monomers and their linear complexes
with Ar (relaxed monomers) calculated at the MP2/aug-cc-pVTZ# level.
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intermolecular bending (νb) and stretching (νs) modes.56,69

Consequently, the strongΣ-Σ type transitions at 2505 and 2755
cm-1 in the Ar-HN2

+ spectrum were assigned toν1 + νs and
ν1 + 2νs combination bands. This results in an intermolecular
stretching frequency of approximately 250 cm-1, consistent with
the ab initio calculations (Table 1 and ref 57) and the rotational
constants of the involved vibrational levels.70 Excitation ofν1

leads to a significant increase in the intermolecular interaction
(indicated by the largeν1 red shift) due to the vibrationally
enhanced proton transfer.64 The intermolecular stretching fre-
quency is therefore expected to increase uponν1 excitation,
which is compatible with the present assignment (ωs ≈ 200
cm-1 for V1 ) 0, andωs ≈ 250 cm-1 for V1 ) 1). Though the
assignments of the two considered bands toν1 + mνs (m ) 1,
2) are not unambiguous, this interpretation is presently favored
and will be used as the basis for the rest of this paper. The
larger cluster spectra discussed below are compatible with such
an assignment. (The most probable alternative interpretation as
ν1 + mνs, m ) 0 and 1, does not affect the conclusions derived

below.) Strong anharmonic coupling betweenω1 andωs may
explain the large IR oscillator strengths of theν1 + mνs

combination bands observed in the dimer spectrum. A detailed
account of the other transitions observed in then ) 1 spectrum
will be published separately.

4.1.2. Larger Cluster Spectra (n) 2-13). In contrast to the
dimer, the photofragmentation spectra of larger Arn-HN2

+ (n
) 2-13) complexes lack rotational structure, similar to previous
observations for related systems.30,31 Contour simulations for
reasonable cluster geometries show that, at least for the trimer,
the laser bandwidth of 0.02 cm-1 should be sufficient to resolve
individual rotational lines. Possible line broadening mechanisms
include (i) homogeneous broadening due to rapid intracluster
vibrational energy redistribution or predissociation and (ii)
inhomogeneous broadening due to spectral congestion arising
either from sequence hot bands involving low-frequency
intermolecular modes or from the existence of several isomers.

The observed spectral shifts show a systematic dependence
on the cluster size and thus provide information concerning the
spectral assignments as well as cluster structures and relative
stabilities of isomers. As can be seen from Figure 5, the two
strongest features in each spectrum shift simultaneously by
approximately the same amount in the same direction as the
cluster size increases, supporting their assignment toν1 + mνs.
The spectra ofn ) 1-3 feature several other absorptions in

TABLE 2: Geometries, Binding Energies, Harmonic Frequencies, and IR Intensities (in km/mol, in Parentheses) of Stationary
Points on the Ar-HCO+ Dimer Potential Energy Surface Evaluated at the MP2/Aug-cc-pVTZ# Levelc

structurea rOC [Å] rCH [Å] θ Re [Å] De [cm-1] ω1 [cm-1] ω2 [cm-1] ω3 [cm-1] ωs[cm-1] ωb [cm-1]

linear (GM)C∞V 1.1161 1.1090 0° 3.77 1551.4 2982.0 (σ/1055) 1080.6 (π/18) 2111.8 (σ/246) 149.4 (σ/46) 170.9 (π/82)
antilinear (TS) C∞v 1.1155 1.0896 180° 3.77 303.6 3260.7 (σ/303) 903.9 (π/36) 2141.2 (σ/38) 58.4 (σ/22) -35.1 (π/74)
T-shapedb (LM) Cs 1.1156 1.0878 ≈62° ≈3.18 1088.8 3279.1 (a′/240) 937.7 (a′′/15)

895.4 (a′/5)
2148.3 (a′/39) 163.7 (a′/101) 61.3 (a′/5)

a GM ) global minimum, TS) transition state, LM) local minimum.b ∠OCH) 178.6°, ∠CHAr ) 86.1°. c All values are given for completely
relaxed structures.

Figure 5. Mid-infrared photodissociation spectra of mass-selected Arn-
HN2

+ complexes (n ) 1-13) recorded in the dominant Arm-HN2
+

fragment ion channel (indicated asn f m). Although the spectra have
been normalized for laser intensity variations assuming a linear power
dependence, only the relative intensities of close-lying peaks are reliable.
The dots indicate theν1 + νs transition of the most stable isomer.

TABLE 3: Band Centers and FWHM (in Parentheses) of
Observed Transitions in the Photodissociation Spectra of
Ar n-HN2

+ (fAr m-HN2
+) in the Range of theν1 + νs and ν1

+ 2νs Bandsb

n m
ν1 + νs

exptl
ν1 + 2νs

exptl
(ν1 + 2νs)-

(ν1 + νs) exptl
ν1 (∆ν1)

calcd

1 0 2505.4a 2755.6a 250.2 2255 (979)
2 1 2533 (8) 2765 (10) 232 2301 (933)

2548 (8)
2522 (8)
2562 (10)

3 1 2562 (10) 2778 (13) 216 2346 (888)
2568 (10)

4 1 2578 (12) 2788 (10) 210 2368 (866)
5 2 2591 (10) 2797 (8) 206 2385 (849)
6 3 2594 (10) 2805 (7) 211 2383 (851)

2603 (10)
7 4 2606 (7) 2813 (5) 207 2399 (835)

2614 (7)
8 4 2618 (10) 2821 (6) 203 2415 (819)

2631 (10)
9 5 2627 (8) 2828 (6) 201 2426 (808)

2646 (8)
10 6 2634 (7) 2834 (7) 200 2434 (800)

2643 (8)
11 7 2641 (9) 2837 (7) 196 2445 (789)
12 8 2649 (8) 2846 (7) 197 2452 (782)
13 8 2634 (6)

2650 (6)

a Band origins.47 b For the most stable isomer the values for (ν1 +
2νs) - (ν1 + νs) and the derived predictions forν1 and∆ν1 in harmonic
approximation are also listed. All values are given in cm-1.
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theν1 + νs range, which probably arise from further combination
bands and/or overtones. They may gain intensity fromν1 + νs

via a Fermi resonance, which would explain why the corre-
spondingν1 + 2νs range is less congested. Forn ) 4-12, the
spectra are somewhat cleaner, possibly because the Fermi
resonances in theν1 + νs range are destroyed due to different
spectral shifting of the interacting levels. These spectra feature
only two strong absorptions that are associated withν1 + mνs

(m ) 1, 2). As stated above, the combination bandsν1 + mνs

have enhanced IR intensity due to strong anharmonic coupling,
which is nearly independent of the cluster size. This supports
cluster structures where the linear dimer core is only weakly
perturbed by off-axis Ar ligands; that is, theνs mode in larger
clusters corresponds mainly to a stretching vibration of the
intermolecular bond to the first proton-bound Ar ligand.

Figure 6a shows the difference (ν1 + 2νs)-(ν1 + νs) as a
function of the cluster sizen (see also Table 3). In the harmonic
approximation, this spacing corresponds toνs ) ωs in theV1 ) 1
state. Subtracting this frequency fromν1 + νs gives an estimate
for ν1, which in turn can be used to calculate the complexation-
induced red shift,∆ν1

calc, as a function of the cluster sizen
(Figure 6b). This procedure results in∆ν1

calc ) 979 cm-1 and
ωs ) 250 cm-1 for the dimer, in good agreement with theoretical
and thermochemical considerations outlined above. In Figure
5 and Table 3, the assignments ofν1 + νs for n ) 2 and 3 were
made so that a smooth and monotonic dependence for∆ν1

calc

is obtained in the size rangen ) 1-5. Such smooth depend-
encies were also observed for Arn-HCO+ and Arn-HOSi+.30,31

The direction and magnitudes of the spectral shifts deduced
for ν1 and ωs can be understood in following cluster growth
model (Figure 7). The experimental and theoretical data
demonstrate that the dimer (n ) 1) has a linear proton-bound
configuration. No other minimum has been located on the dimer
potential energy surface. As the difference between the PA of
N2 and Ar is relatively small (124.6 kJ/mol),71 complexation
of HN2

+ with Ar results in a strong intermolecular bond and a
largeν1 red shift. Further Ar ligands cause theν1 vibration to
shift back to the blue, whereby the incremental shift,∆ν1

calc(n)

- ∆ν1
calc(n - 1), is gradually decreasing from 46 cm-1 (n )

2) to 7 cm-1 (n ) 12). (The predictedν1 frequency forn ) 12,
ν1

calc ) 2452 cm-1, lies still below the scanning range of the
employed OPO system.) Parallel to∆ν1

calc, the intermolecular
stretching vibration decreases in the harmonic model from 250
cm-1 (n ) 1) to about 200 cm-1 (n ) 12) with a rate∆ωs(n)
) ωs(n)-ωs(n - 1) decreasing gradually from 18 cm-1 (n )
2) to almost zero (n ) 12). Thus, complexation of the Ar-
HN2

+ dimer core with further ligands weakens the intermo-
lecular bond to the first Ar ligand (leading to a decrease inωs),
which in turn causes the N-H bond to become stronger again
(indicated by the increase inν1

calc).
The changes inωs and∆ν1

calc are actually not monotonic in
n over the whole investigated size range (Figure 6). Disconti-
nuities betweenn ) 5 and 6 for both quantities are interpreted
as a result of partial shell closing. The dimer potential has a
deep minimum at the linear configuration indicating that sites
with small θ are favorable in energy. Thus, further Ar ligands
(n ) 2-5) fill a solvation ring around the N-H bond of the
linear dimer core. The observed discontinuities suggest that at
n ) 6 the second ring starts to be filled (Figure 7, bottom
sequence). Four ligands in the first ring correspond to the
coordination number six for the proton, which appears to be a
stable configuration.72

Closer inspection of the spectra in Figure 5 reveals that for
the size rangen ) 6-10 weaker satellite bands appear slightly
to the blue ofν1 + νs. Moreover, their positions follow smoothly
and monotonically as a function ofn (without a discontinuity)
those of theν1 + νs absorptions forn < 6. These bands are
attributed to theν1 + νs transition of a less stable isomer. Based
on a van der Waals radius of 1.85 Å for Ar,13 the first ring is
expected to be close to the calculated point on the dimer
potential surface withθ ) 67.5°, Re ) 3.26 Å, andDe ) 920
cm-1 (neglecting three-body effects; see below). For these
structural parameters, four to five Ar ligands can fit into this
ring. As a consequence, two isomers may coexist in the size
rangen ) 6-10, one with four and the other one with five
ligands in the first ring (Figure 7). In a later section it will be
argued that the isomer with four Ar atoms in the first ring is
the more stable one giving rise to the more intenseν1 + νs

band (marked by dots in Figure 5). Forn ) 12 the first solvation
shell is complete and the complex has a slightly distorted
icosahedral geometry, with two Ar ligands on the HN2

+ axis
(at the H and N ends) and two five-membered solvation rings
around the linear core (Figure 7). Only oneν1 + νs band is
seen forn ) 12 confirming that this isomer is significantly more
stable than any other configuration.

Interestingly, two bands in theν1 + νs range are again
observed forn ) 13. One features an incremental red shift of
15 cm-1 suggesting that for this isomer the 13th Ar atom is
close to the first ligand of the Ar12-HN2

+ icosahedron, thus
producing the significant change in theν1 and/orνs frequencies.
At this site the attraction by the charge will force the 13th Ar
ligand to slightly push on the proton-bound Ar, with the effect
of strengthening the intermolecular bond and destabilizing the
N-H bond. The almost unshifted band may be associated with
isomeric structures having the 13th Ar atom further away from
this sensitive position, i.e., between the two solvation rings or
near the N end of HN2+.

As can be seen from Figure 6, the calculatedν1 frequency
has not converged atn ) 12-13. This indicates that the second
and possibly also higher order solvation shells still provide
significant contributions to the monomer-bulk shift. It appears
that no Ar matrix isolation studies on HN2

+ have been

Figure 6. Plot of the measured spacings between the bands assigned
to ν1 + 2νs andν1 + νs in the Arn-HN2

+ spectra as a function of the
cluster sizen (a). Calculatedν1 red shifts obtained from (ν1 + 2νs)-
(ν1 + νs) assuming the harmonic approximation (b). For both plots
only the most intense bands corresponding to the most stable isomers
are considered.
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performed, making it impossible at this stage to compare the
cluster band shifts with the bulk limit. Forn ) 12, the absolute
shift from the monomer value amounts to 24% of the monomer
frequency, which is very large compared to usual vibrational
shifts observed in Ar matrices (typically< 1.2%).27 Incomplete
shielding of the charge by the first solvation shell has also been
observed in other ionic clusters systems.24,25Another reason for
an unusually large shift forν1 of HN2

+ might be that this ion
mainly exists as a proton-bound Ar-HN2

+ dimer in the Ar
environment.27,73

Two effects are considered to explain the direction and
magnitudes of the shifts as a function of the cluster size: a
“steric” and an “electronic” effect. The largeν1 red shift for
the proton-bound dimer arises from a destabilization of the N-H
bond upon formation of the linear proton bond. As the dimer
potential has a deep minimum atθ ) 0°, the first solvation
ring is expected to be close to the proton-bound Ar atom. This
ring may slightly push on the proton-bound Ar atom, thus
weakening this intermolecular bond and simultaneously stabiliz-
ing the N-H bond. As Ar ligands within the ring are roughly
equivalent, the effect will be almost additive, resulting in nearly
linear dependencies ofν1 and νs upon the number of atoms
added to the ring. Members of the second ring may press on
the first ring, which in turn pushes on the terminal ligand.
Consequently, members of the second ring will cause effects
similar to those of the first one, but they will be less pronounced
due to the weaker bonds. Such a steric model, based on the
subtle interplay between attractive and repulsive forces, was
invoked in ref 30 to explain then dependencies ofν1 andνs in
Arn-HCO+ which parallel those of the isoelectronic Arn-HN2

+

complexes.
The dimer potentials in Figure 3 suggest that changes in the

electronic properties of the central ion may also provide some
contribution to the observed solvation-induced frequency shifts.
This will be outlined in more detail for the Ar-HCO+ dimer,
as its intermolecular potential surface features three stationary
points (Figure 3 and Table 2): the linear global minimum (θ
) 0°, De ) 1551 cm-1), the T-shaped shallow local minimum
(θ ≈ 62°, De ) 1089 cm-1), and the antilinear transition state
(θ ) 180°, De ) 304 cm-1). Increasingθ from 0 to 180° causes
the intermolecular bond to become weaker, whereby theRe

dependence does not correlate with theDe dependence due to
the anisotropy arising from the short-range repulsive forces
(Figure 3). Approximating theν1 normal mode by the C-H
stretch local mode, theν1 frequency is correlated with the C-H
bond length. The harmonic shifts∆ω1 and∆rCH are calculated
as-278.6,+18.5, and+0.1 cm-1 and+0.0191,-0.0021, and
-0.0003 Å for the linear, T-shaped, and antilinear structures,
respectively (Tables 1 and 2). The experimental incremental
shifts observed for Arn-HCO+ amount to-273.6,+30.6, and
+3.2 cm-1 for n ) 1, 2, and 12, respectively.30 Thus, the

magnitudes and directions of theν1 shifts of the larger clusters
can also be rationalized by the dimer potential, which reflects
the dependence of the electronic structure of the HCO+ ion upon
the position of the Ar atom.

4.2. Comparison of Arn-HN2
+, Ar n-HCO+, and Arn-

HOSi+. The interaction potentials of Ar bound to HN2
+, HCO+,

and HOSi+ reveal that all three complexes have a linear proton-
bound global minimum structure. As the PA increases in the
order N2 < CO < SiO (493.8< 594.0< 777.8 kJ/mol),71 the
intermolecular bond strengths in the complexes of their proto-
nated ions with Ar decrease in the same order. This effect is
visible in the decreasing values forDe, ks, ∆ν1, and∆ω1, and
the increase inRAr-H (Table 1, Figure 3, and Table 4 in ref
31). The calculated values are in good agreement with the
spectroscopic data,30,31,47 adding confidence to the quality of
the calculated dimer potentials.

Although N2, CO, and SiO are isovalent, the topologies of
the surfaces in Figure 3 are quite different. While the Ar-HN2

+

surface features only one deep linear proton-bound minimum,
the potential of the isoelectronic Ar-HCO+ complex has an
additional shallow T-shaped local minimum (θ ≈ 62°). The Ar-
HOSi+ surface has also a second minimum, however this
minimum occurs for a larger angle (θ ≈ 103°) and is more
pronounced compared to Ar-HCO+. The topologies of these
surfaces can qualitatively be rationalized by considering the
charge and dipole moment distributions in the respective ions
(Figure 4) and the anisotropies arising from the repulsive walls
(Figure 3). The attractive part of the potential is governed by
the induction interaction of the atomic charges (and to lesser
extent the atomic dipoles) of the ionic core with the induced
dipole on Ar. In HN2

+ the positive charge is mainly localized
on the proton and the net dipole moment is close to zero. The
charge-induced dipole interaction (Ecid), calculated with the point
charges in Figure 4 at the respective equilibrium separations,
strongly favors the linear dimer configuration (Ecid ≈ -4800
cm-1) over the antilinear one (Ecid ≈ -300 cm-1). The situation
is very similar for Ar-HCO+ where the point charges in HCO+

again make the linear configuration much lower in energy than
the antilinear one (Ecid ≈ -3150 cm-1 for θ ) 0°, Ecid ≈ -100
cm-1 for θ ) 180°). The large dipole moments on C and O
pointing in the-z direction however slightly stabilize (desta-
bilize) the antilinear (linear) structure, as they are parallel
(antiparallel) to the induced dipole moment on Ar. In the case
of SiOH+, the atomic point charges contribute roughly equally
to the binding energy atθ ) 0 and 180° (Ecid ≈ -800 cm-1),
and it is the large atomic dipole moments on Si and O that
stabilize the linear over the antilinear configuration. Thus, the
induction interactions arising from the atomic multipole mo-
ments explain why all three cluster ions prefer the linear rather
than the antilinear geometry. It also explains the decrease in
binding energy for the proton-bound minimum in the series

Figure 7. Sketch of isomeric geometries of Arn-HN2
+ clusters. The bottom sequence corresponds to the most stable isomers. Isoelectronic Arn-

HCO+ complexes have similar structures.
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HN2
+ > HCO+ > HOSi+. The high positive charge densities

on C in HCO+ and on Si in HOSi+ are responsible for the
T-shaped local minima of the dimers. A detailed distributed
multipole analysis60,74to quantitatively rationalize the dimer ab
initio surfaces is, however, beyond the scope of this paper.

The dimer surfaces in Figure 3 will be used below to deduce
the most stable structures of larger clusters and their isomers
using the concept of pairwise additive interaction potentials.
Such a procedure is only meaningful in cases where the three-
body interaction terms are small compared to the anisotropy of
the dimer ion-ligand potentials. The dominant three-body terms
in charged complexes of ions surrounded by rare gas atoms arise
from induction interactions.34,60The main term originates from
the interaction of the dipole moments induced in two Ar ligands
by the charge distribution on the core ion. Assuming that the
two Ar ligands are separated by 3.75 Å (approximately the Ar-
Ar separation in Ar2)13 and 3 Å away from a point charge, this
repulsive three-body interaction term amounts to∼50 cm-1,30

i.e., it is of the order of the attractive Ar-Ar van der Waals
interaction13 of ∼100 cm-1, but much smaller than the angular
variation of the binding energyDe in the dimer potentials in
Figure 3. Thus, to a first approximation, three-body terms as
well as ligand-ligand interactions can be neglected in develop-
ing coarse structures for the larger clusters.

In the previous section, the spectra of Arn-HN2
+ complexes

have been explained by global minimum structures where the
first Ar atom occupies the linear proton-bound configuration
and subsequent Ar ligands fill primary and secondary solvation
rings around this dimer core, each containing up to five atoms.
The solvation shell is then closed by the 12th Ar ligand at the
N end (Figure 7). This scheme is supported by the dimer
potential surface and the observed spectral frequency shifts. As
the coarse topology of the Ar-HCO+ dimer potential is similar
to that of Ar-HN2

+, the cluster growth should be analogous.
Indeed, the spectral shifts in the Arn-HCO+ spectra show the
same behavior as for Arn-HN2

+ supporting this conclusion. In
the case of Arn-HCO+, the relative spectral intensities of the
less stable isomers (five Ar atoms in the first ring) compared
to the more stable ones (four Ar atoms in the first ring) in the
size rangen ) 6-10 are much lower than those of Arn-HN2

+,
indicating that it is energetically more difficult to fit five Ar
atoms in the first ring around the Ar-HCO+ core. This is
supported by the ab initio dimer surfaces which show that the
Ar atoms atθ ≈ 65° are more strongly bound to HCO+ than to
HN2

+ (with largerDe and smallerRe values), which may produce
more steric hindrance for the fifth Ar atom to enter this ring.

The dimer potential of Ar-HOSi+ differs from that of Ar-
HN2

+ and Ar-HCO+ by having a second deep local minimum
which is almost as stable as the global minimum. Indeed, the
T-shaped dimer has been identified experimentally by its
characteristicν1 blue shift.31 (In contrast, the T-shaped isomer
of Ar-HCO+ has not been identified in the experimental
spectrum, probably due to its small isomerization barrier of<30
cm-1 toward the linear configuration.) The existence of two
deep minima on the dimer surface also determines the structures
of larger clusters of SiOH+ with Ar atoms. The most stable
complexes forn ) 1-3 have the first Ar atom in the linear
configuration and further Ar ligands in a ring around the Si
atom (θ ≈ 103°). A second, less stable isomer in this size range
has all Ar atoms in this ring and no proton-bound one. Both
isomers have been observed experimentally.31 The most stable
isomers up ton ≈ 10 are formed by filling first a ring near the
Si atom around the linear dimer core with five Ar atoms and
then a second ring that is probably centered on the H-O bond.

As Si has a larger radius than C, O, and N, five Ar atoms can
easily fit into the first ring (in contrast to HCO+ and HN2

+).
Thus, theν1 shifts for the most stable isomer do not feature the
discontinuity atn ) 6 observed for HCO+ and HN2

+. However,
a less stable isomer with four Ar atoms in the first ring has
also been observed for Arn-HOSi+ in the size rangen ) 6-10.
Their ν1 shifts show a discontinuity atn ) 6, similar to the
most stable structures of Arn-HCO+ and Arn-HN2

+.
The first solvation ring in Arn-HOSi+ has no contact with

the proton-bound Ar ligand. Therefore, theν1 shifts arise mainly
from complexation-induced changes in the electronic structure
of SiOH+. In the case of Arn-HCO+ and Arn-HN2

+ both
electronic and steric effects may operate. For Arn-HCO+, the
incrementalν1 shifts were almost constant within the two rings
(25 and 4 cm-1/ligand, respectively), whereas for Arn-HOSi+

and Arn-HN2
+ these shifts decrease significantly within each

ring (34-12 and 5-0 cm-1/ligand, and 46-17 and 16-11
cm-1/ligand). This may tempt the speculation that nearly
constant incremental shifts within one ring are related to steric
effects, while decreasing ones may be related to electronic
effects. If this rule holds, the frequency shifts are dominated
by steric effects in Arn-HCO+ and by electronic effects in Arn-
HN2

+ and Arn-HOSi+. The local minimum in the Ar-HCO+

dimer surface with a relatively short and strong bond close to
the position of the first ring may force Ar ligands in this ring
to push on the proton-bound Ar ligand in order to minimize
the total energy, thus slightly destabilizing the intermolecular
bond to the proton-bound Ar. In contrast, the Ar-HN2

+ surface
is quite flat near the angleθ for the first ring (θ ≈ 65°), causing
less steric hindrance in Arn-HN2

+ compared to Arn-HCO+.
As was mentioned in the Introduction, Ar12-M( cluster ions

appear to have stable closed-shell icosahedral-like geometries
only in cases where the size of the central M( ion is not
significantly larger than that of an Ar atom. Approximating
HAB+ by AB+ and the length of AB+ by the sum of the van
der Waals radii75 of A and B plus the ab initiorAB separation,
HN2

+ and HCO+ can fit inside a regular Ar12 shell. In contrast,
due to the large radius of Si, more than 12 Ar ligands may be
necessary to close the first solvation shell in Arn-HOSi+.
Unfortunately, spectra of Arn-HOSi have been recorded only
for n up to 10. Therefore, the question concerning the size of
the first Ar solvation shell around HOSi+ remains open.

4.3. Comparison with Hen-HN2
+, Nen-HN2

+, and (H2)n-
HN2

+. The spectra observed for Arn-HN2
+ may be compared

with those of Nen-HN2
+ (n ) 1-5)56 and Hen-HN2

+ (n )
1,2).69 Due to weaker interactions in the Ne- and He-containing
complexes, their investigations were limited to smaller cluster
sizes. All three Rg-HN2

+ dimers have linear proton-bound
minima, and the interaction strengths scale with the proton
affinity of the rare gas atoms (De ) 492, 896, and 2881 cm-1

for He, Ne, and Ar). Accordingly, the observedν1 red shifts of
76, 181, and∼980 cm-1 increase in the same order. A more
detailed comparison of the structures, frequencies and intermo-
lecular bond strengths of these three dimers may be found in
refs 56 and 47.

In analogy to Arn-HN2
+, for Nen-HN2

+ and Hen-HN2
+ the

large red shifts in theν1 frequency forn ) 1 are contrasted by
much smaller incremental blue shifts for clusters withn > 1.
In the case of Ne, these shifts amount to∼10 cm-1 for n ) 2,3
and∼1-2 cm-1 for n ) 4, 5 and in the case of He the blue
shift is 6 cm-1 for n ) 2.56,69These shifts suggest that the He-
and Ne-containing complexes also grow around a linear Rg-
HN2

+ dimer core. However, as the interaction in the latter
complexes is weaker than in the Ar-containing ones, their larger
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cluster structures may be less rigid. Consequently, the trend to
form distinct primary and secondary solvation rings around the
Rg-HN2

+ dimer core may be less pronounced in the case of
He and Ne ligands due to larger radial and angular delocaliza-
tion. Moreover, as the van der Waals radii decrease in the order
Ar > Ne > He (1.8> 1.2 > 1.1 Å)75 and the intermolecular
separations to the HN2+ core are not too different for the three
rare gas ligands,54,56 more than 12 ligands may be necessary
for closing the first solvation shell in the case of He and Ne.

The cluster structures of Arn-HN2
+ may also be compared

with those of (H2)n-HN2
+.72,76The charge-quadrupole interac-

tion arising from the positive quadrupole moment of H2 and
the positive charge on HN2+ favors a proton-bound T-shaped
configuration for the H2-HN2

+ dimer, a conclusion that was
confirmed by ab initio calculations and vibrational band shifts
in the IR spectrum.76 For larger clusters, no spectroscopic
information is available. However, bond enthalpies determined
from thermochemical studies on the clustering reaction (H2)n-
HN2

+ + H2 f (H2)n+1-HN2
+ and ab initio calculations

suggested cluster geometries with a strongly bound T-shaped
dimer core (-∆H0 ) 9 kcal/mol ≈ 2065 cm-1).72 The next
four ligands form a solvation ring around HN2

+ leading to a
stable structure with a six-fold coordination of the central proton,
similar to the most stable structure suggested for Ar5-HN2

+.
(H2)n-HN2

+ geometries withn > 6 were argued to be more
floppy than those forn ) 1-5 with the sixth H2 ligand
completing the first solvation ring. In contrast to Arn-HN2

+,
where subsequent Ar atoms (n > 6) are believed to further
solvate the HN2+ ion near the N end (Figure 7), H2 ligands
seem to prefer bonds to the first H2 ligand.72 This discrepancy
may be attributed to the different nature of the intermolecular
ion-ligand and ligand-ligand interactions and/or different
ligand sizes in both complexes. Future IR spectroscopic work
on (H2)n-HN2

+ may shed some more light on their structures
than is possible through thermodynamic studies. In these
clusters, ligands can also be vibrationally excited and their
frequency shifts have proven to be an extremely sensitive probe
of their positions within the cluster.50,77

4.4. Comparison with Arn-HF. The Arn-HN2
+ complexes

may be compared with related neutral Ar-containing complexes,
the best known system probably being Arn-HF.15,78-82 Theo-
retical (n ) 1-14) and high-resolution spectroscopic (n ) 1-4)
data revealed that the Ar-HF dimer also has a linear hydrogen-
bonded equilibrium geometry. As the interaction in Ar-HF is
considerably weaker than that in Ar-HN2

+ (D0 ) 101.7 vs
2781.5 cm-1), the Ar-H bond is significantly longer (R0 ) 2.62
vs 1.90 Å) and the complexation inducedν1 red shift is smaller
(9.65 vs∼980 cm-1). Due to the different interactions in both
systems, the optimal structures of larger Arn-HF clusters differ
largely from those of Arn-HN2

+. HF points to the midpoint of
an Ar2 dimer forn ) 2 (T-shaped,C2V), to the center of a regular
Ar3 triangle forn ) 3 (C3V), and to the face of an Ar4 tetrahedron
for n ) 4.15 While in clusters up ton ) 8 the HF molecule is
bound to the surface of an Arn microcluster, it is located inside
of Arn in larger systems. Ar12-HF has a very stable icosahedral
structure with an almost freely rotating HF unit at the center.
Theν1 (H-F) red shifts directly reflect these Arn-HF minimum
configurations.81 The total red shift increases monotonically
toward the bulk limit, which is already reached forn ) 12,
implying that for this system only the first solvation shell
significantly contributes to the bulk shift.

Cluster structures similar to those of small Arn-HF com-
plexes have previously also been invoked for Arn-HCO+, with
HCO+ being located on the surface of an Arn cluster and the O

atom pointing toward its center.83 However, such structures
appear not to be compatible with the IR spectra of Arn-HCO+

and Arn-HN2
+, as they would not give rise to the observedν1

shift dependencies. Thus, the different intermolecular forces
acting in the neutral and charged systems lead to very different
cluster structures, at least for those with a small number of
ligands.

4.5. Branching Ratios and Binding Energies.Photoexci-
tation of Arn-HN2

+ parent clusters at theirν1 + νs band maxima
led to the observation of several Arm-HN2

+ (m < n) fragment
channels. Similar to previous studies of related systems, the
range of m was quite small for a givenn (Table 4). This
information can be used to provide a rough estimate of
incremental binding energies,D0(n). Neglecting kinetic energy
release and differences in internal energies of parent and
daughter ions, the absorbed photon energy must be larger than
the sum of the binding energies of the evaporated Ar ligands.84,85

Under the additional assumption that Ar ligands within one ring
have the same bond strengths, the following limits for incre-
mental binding energies have been derived:D0 > 2600 cm-1

for n ) 1, 650 cm-1 < D0 < 870 cm-1 for n ) 2-6 (first
ring), and 520 cm-1 < D0 < 650 cm-1 for n ) 7-11 (second
ring). These values may be compared with the experimental
binding energyD0 ) 2781.5( 1.5 cm-1 (n ) 1)47 and the
theoretical values extracted from the dimer surface in Figure 3
of De ) 2699 cm-1 for n ) 1, 916 cm-1 for n ) 2-6 (θ )
67.5°, approximate position of first ring), and 442 cm-1 for n
) 7-11 (θ ) 135.0°, approximate position of the second ring).
The approximations involved in the different methods for the
determination of the incremental binding energies prevent better
quantitative agreement; however, the qualitative agreement may
be regarded as further support for the microsolvation model
developed from the spectroscopic data.

5. Conclusions
The microsolvation of HN2+ ions in argon has been inves-

tigated by IR photodissociation spectroscopy of mass-selected
Arn-HN2

+ (n ) 1-13) complexes. The analysis of systematic
size-dependent spectral shifts and fragmentation branching ratios
enabled the development of a consistent cluster growth scheme,
including the identification of shell formation and existence of
less stable isomers. The derived cluster structures are compatible
with the two-dimensional intermolecular dimer potential energy
surface calculated at the MP2 level of theory. Comparison with
other charged and neutral Rgn-M(() cluster series revealed that
the microsolvation process sensitively depends on the nature
of the solute-solvent and solvent-solvent interactions (type
and strength of the interactions, the charge distributions on the
central core, the sizes of the solute and solvent molecules, etc.).

TABLE 4: Photofragmentation Branching Ratios for the
Reaction Arn-HN2

+ + hν f Ar m-HN2
+ + (n - m)Ar,

Measured at the Peak Maxima of theν1 + νs Band of the
Most Stable Isomera

n 1 2 3 4 5 6

m 0 (1.0) 1 (1.0) 1 (1.0) 1 (0.61) 1 (0.02) 2 (0.02)
2 (0.39) 2 (0.73) 3 (0.94)

3 (0.25) 4 (0.04)
〈n - m〉 1.0 1.0 2.0 2.61 2.77 3.02

n 7 8 9 10 11 12

m 4 (1.0) 4 (0.60) 5 (1.0) 5 (0.04) 6 (0.21) 7 (0.04)
5 (0.40) 6 (0.96) 7 (0.79) 8 (0.96)

〈n - m〉 3.0 3.60 4.0 4.04 4.21 4.04

a Uncertainties are estimated as 0.05. The average number of Ar
ligands lost (〈n - m〉) is also given.
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Most similarities have been found for the structures of the iso-
electronic Arn-HN2

+ and Arn-HCO+ species. Hopefully, high-
level ab initio calculations on larger oligomers will soon become
feasible and allow inclusion of the effects of three-body
interactions, zero-point energies, and entropy. The most promis-
ing experimental methods for further investigations of the
structure and dynamics of small Arn-HN2

+ complexes appear
to be microwave or far IR spectroscopy in slit jets, as with these
spectroscopic techniques stable rovibrational levels of these
strongly bound complexes can be probed at high resolution.45
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