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Abstract. Infrared (IR) photodissociation spectra of the aniline+–Arn cations, An+−Arn (n = 1, 2), are
analyzed in the vicinity of the N–H stretch fundamentals. The complexes are produced in an electron impact
(EI) ion source which produces predominantly the most stable cluster isomers. Two isomers of An+–Ar
are identified by their characteristic N–H stretch frequencies: the planar proton-bound global minimum,
in which the Ar ligand forms a nearly linear H-bond to the amino group, and the less stable π-bound local
minimum, in which the Ar atom is attached to the π-electron system of the aromatic ring. This result
is the first unambiguous detection of the most stable H-bound An+–Ar dimer. All previous spectroscopic
studies of An+–Ar employed resonance enhanced multiphoton ionization (REMPI) of neutral An–Ar and
identified only the less stable π-bound cation due to restrictions arising from the Franck-Condon principle.
The EI-IR spectrum of An+–Ar2 shows that the most stable structure of this trimer features two equivalent
H-bonds (C2v symmetry). The interpretation of the experimental data is supported by quantum chemical
calculations. The ab initio potential of An+–Ar calculated at the UMP2/6-311G(2df, 2pd) level features
H-bound global minima (De = 513 cm−1) and π-bound local minima (De = 454 cm−1), with a barrier of
Vb ≈ 140 cm−1 for isomerization from the π-bound toward the H-bound minimum.

PACS. 36.40.Mr Spectroscopy and geometrical structures of clusters – 36.40.Wa Charged clusters –
34.20.Gj Intermolecular and atom-molecule potentials and forces

1 Introduction

Intermolecular forces are of fundamental importance for
many biophysical phenomena, such as protein folding and
molecular recognition [1–4]. Ion–ligand interactions play
often a dominant role for these phenomena because they
are significantly stronger and of longer range than the
corresponding interactions between neutral species [5–10].
For example, large biomolecular units are often (multi-
ply) charged due to (de-)protonation or charge separa-
tion processes, or they possess metal ion centers solvated
by biomolecular ligands (e.g., hemoglobin) [4]. In partic-
ular, the additional electrostatic, induction, and charge
transfer interactions caused by the excess charge lead to
large solvation energies of an ion surrounded by solvent
molecules [5–10].

In the past, ionic complexes isolated in the gas phase
have extensively been used to investigate the properties
of ion–ligand interaction potentials by mass spectrometric
and spectroscopic methods [7–11]. In the present work, the
interaction of the aniline cation (An+) in its ground elec-
tronic state with surrounding Ar ligands is characterized
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by infrared (IR) spectroscopy and quantum chemical cal-
culations of An+–Arn complexes. Aniline is the simplest
aromatic amine and offers several competing binding sites.
For example, ligands can bind to the π-electron system
of the aromatic ring (π-bond), the H atoms of the amino
group (H-bond), the N atom of the amino group (N-bond),
or the H atoms of the aromatic ring (HC-bond). The pre-
ferred binding site depends strongly on the type of ligand
(polar or nonpolar) and the degree of electronic excitation
and charge state of An [12–15]. Hence, the An+–Arn com-
plexes are suitable model systems to characterize the inter-
molecular interaction between an aromatic amine cation
with a nonpolar solvent. Such interactions are relevant for
biophysical processes where charged amines interact with
a hydrophobic environment [4].

Spectroscopic and theoretical studies show that
the neutral An monomer is pyramidal in its ground
electronic state (S0) with an inversion barrier of
450–560 cm−1 [16–22], whereas the first excited singlet
state (S1) [20–24] as well as the cation ground state
(D0) [25–32] have (quasi-)planar equilibrium structures.
Neutral An–Arn complexes (n = 1–11) have been stud-
ied in the S0 and S1 states by various spectroscopic tech-
niques. The results relevant for the present work can



470 The European Physical Journal D

Fig. 1. Sketch of potential energy curves of An–Ar in vari-
ous electronic states (S0, S1, D0). The dashed arrows indicate
the preparation of An+–Ar cations in the D0 state by reso-
nance enhanced multiphoton ionization (REMPI). The neutral
precursor is formed in a supersonic expansion in the neutral
ground state (S0) and ionized by resonant two-photon one-
color (νa = νb) or two-color (νa 6= νb) ionization via the inter-
mediate S1 state. The dotted arrows indicate the generation
of An+–Ar by electron impact (EI) ionization of bare An and
subsequent dimerization in the expansion.

be summarized as follows. Spectra at the level of rota-
tional resolution reveal that the An–Ar dimer (n = 1)
has a π-bound equilibrium structure in both the S0 and
S1 states (Fig. 1) [21,33–36], in agreement with theoret-
ical potentials [37–42] and low-resolution electronic spec-
tra [38,43–48]. In the S0 state, the Ar ligand is located
≈3.5 Å above the aromatic plane of pyramidal An (anti
conformer) and slightly displaced from the center of the
ring toward the N atom [21,33,35,36]. High level ab ini-
tio calculations at the MP2 level yield a well depth of
De ≈ 400 cm−1 [41], compatible with the most recent ex-
perimental dissociation energy of D0 = 301±28 cm−1 [31].
The energy difference between the lower lying anti and
higher lying syn conformers is predicted to be small
(<20 cm−1 [41]). The intermolecular interaction in the
S1 state increases by 53 cm−1, leading to a somewhat
shorter intermolecular bond (∆R ≈ −0.1 Å [21,33]).
No spectroscopic and theoretical evidence for a less sta-
ble H-bound An–Ar isomer in the S0 and S1 states has
been reported so far. However, similar to the isoelectronic
Ph–Ar dimer [49], H-bound An–Ar may be a shallow local
minimum on the intermolecular potential energy surface
(PES) of the S0 state, and ab initio calculations discussed
in Section 3 confirm this anticipation. The vibronic analy-
sis of low-resolution S1 ← S0 excitation spectra of An–Ar2
[38,43,47,50,51], including band shifts of the electronic
origin as well as the intermolecular vibrational structure
confirms the existence of two isomers: the (1|1) isomer has
two equivalent π-bound Ar ligands attached on opposite
sides of the aromatic ring (with little interaction between
the two Ar ligands), whereas they are on the same side
in the less stable (2|0) isomer. This interpretation is sup-

ported by semiempirical potential calculations [37,38,52].
The electronic S1 ← S0 spectra of larger An–Arn clus-
ters (n = 3–6 [37,38,47]) reveal the coexistence of several
(k|m) isomers (with k+m = n), having k Ar atoms on one
side of the aromatic plane and m Ar atoms on the other
side. Again, the identification of isomers is based on the
analysis of S1 band shifts and intermolecular vibrational
structure as well as potential calculations. Interestingly, all
Ar ligands in An–Arn (up to n = 6) are located in roughly
planar Ar solvation layers above and below the aromatic
ring and there is no evidence for any H-bound Ar ligand.
According to the observed and calculated incremental S1

band shifts, the Ar ligands can be classified according to
binding to the π-electron system, above the amino group
and above peripherical C–H bonds [38,47,48]. IR spectra
of An–Ar and the (1|1) isomer of An–Ar2 [31,53] are con-
sistent with π-bound dimer and (1|1) trimer structures in
both the S0 and S1 states. Moreover, the IR spectrum of
An in a cryogenic Ar matrix between 500 and 4 000 cm−1

is similar to the gas-phase spectrum of bare An [54].

The intermolecular interaction in the D0 ground
electronic state of An+–Arn complexes (n = 1–5) has
been investigated by photoionization efficiency (PIE)
measurements [55–57], zero kinetic energy photoelectron
(ZEKE) spectroscopy [27–29], and resonance enhanced
multiphoton ionization coupled with IR spectroscopy
(REMPI-IR) [31,53]. The complexation-induced shifts in
the ionization potentials (IPs) are characteristic for dif-
ferent structural isomers and Ar ligand binding sites.
Again, the Ar ligands have been classified according to
binding to the π-electron system, above the amino group
and above peripherical ring hydrogens [56,57]. For exam-
ple, the π-bound dimer features a red shift of ∆IP ≈
−110 cm−1 [27,28,57] and the corresponding shift for
the (1|1) trimer is approximately twice that of the dimer
(∆IP ≈ −220 cm−1), consistent with two equivalent
π-bound Ar ligands attached to opposite sides of the aro-
matic ring [27,28]. The REMPI-IR spectrum of π-bound
An+–Ar allowed the binding energy of the π-bond in the
cation ground state to be determined as 414±28 cm−1 [31].
Although the dissociation energy of this isomer increases
upon ionization (by ca. 110 cm−1), the intermolecular po-
tential along the bx coordinate becomes flatter leading
to a smaller frequency for the symmetric bending mode,
νbx (νbx is the intermolecular bending vibration along
the axis of the amino group): νbx = 22 and 16 cm−1 in
the S1 and D0 states, respectively [27–29,38,44,48]. More-
over, extended progressions in the νbx mode dominate the
ZEKE spectra of π-bound An+–Ar in the intermolecular
frequency range, indicating a substantial shift of the Ar
ligand toward the amino group upon ionization [27,28]. In
addition to the IP shifts, the analysis of both the inter-
and intramolecular vibrational frequencies of the π-bound
An+–Ar dimer and (1|1) An+–Ar2 trimer observed in the
ZEKE [27–29] and REMPI-IR [31,53] spectra are compat-
ible with equivalent intermolecular π-bonds.

Prior to the present work, all spectroscopic studies of
the An+–Arn cation clusters in the D0 state are based
on resonant photoionization of the corresponding neutral
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precursors [27–29,31,53,55–57]. In the case of isoelectronic
phenol+–Arn (Ph+–Arn) clusters, it was recently demon-
strated that REMPI techniques for the generation of the
most stable cluster ions suffer from the severe restrictions
imposed by the Franck-Condon (FC) principle [58–60].
Similar limitations apply to the An+–Arn clusters pro-
duced in a REMPI ion source, as shall briefly be discussed
by considering the potential diagrams of the An–Ar dimer
shown in Figure 1. According to the ab initio calculations
described in Section 3, An–Ar has a π-bound global min-
imum (in agreement with all experimental data), whereas
the H-bound structure is a less stable isomer (which so far
has escaped experimental identification). Consequently,
An–Ar dimers formed in a cold supersonic jet have pre-
dominantly a π-bound structure and subsequent resonant
two-photon one-color (νa = νb) or two-color (νa 6= νb)
ionization via the S1 state leads (almost) exclusively to
the formation of π-bound An+–Ar dimers because the
FC principle implies vertical transitions (dashed arrows in
Fig. 1). Thus, all spectroscopic studies of An+–Ar based
on REMPI techniques have observed only the π-bound
isomer and no signature of the H-bound cation has been
identified. However, the quantum chemical calculations
presented in Section 3 clearly show that the π-bound
An+–Ar cation is only a local minimum on the intermolec-
ular PES, whereas the H-bound structure is in fact the
global minimum. As both minima are well separated by a
significant potential barrier, the FC factors for populating
the H-bound global minimum via REMPI of the neutral
π-bound global minimum nearly vanish.

To overcome the restrictions of the REMPI cluster
ion source, the present work employs for the first time
electron impact ionization (EI) in a supersonic expansion
for the production of An+–Arn clusters. In the EI cluster
ion source, An molecules are first ionized by electron im-
pact and cold An+–Arn clusters are formed by subsequent
three-body association reactions in the collision region of
the expansion (dotted arrows in Fig. 1 for n = 1). Hence,
in contrast to the REMPI source, the EI source is not lim-
ited by the FC principle and generates predominantly the
most stable An+–Arn clusters (e.g., the H-bound isomer
for n = 1) and in smaller concentrations less stable iso-
mers (e.g., the π-bound dimer). IR spectra of the Ph+–Ar
cation demonstrated the principle differences of both clus-
ter ion sources for the spectroscopic characterization of
ionic complexes. The REMPI-IR spectrum of Ph+–Ar re-
veals only absorptions of the less stable π-bound isomer
and no signature of the global H-bound minimum is ob-
served [61,62]. In contrast, the EI-IR spectrum is domi-
nated by absorptions of the global H-bound minimum and
under warm conditions also transitions of the less stable
π-bound dimer are detected [58–60]. Thus, the major goal
of the present work is the characterization of the inter-
molecular interaction of An+–Arn (n = 1, 2) clusters in
the cation ground state by EI-IR spectroscopy in the vicin-
ity of the N–H stretch vibrations. Of particular interest is
the competition between H-bonding and π-bonding and
the comparison with the corresponding REMPI-IR spec-
tra reported in reference [53]. Moreover, the intermolec-

ular PES of An+–Ar is investigated in some detail by
ab initio and density functional calculations, as no pre-
vious theoretical studies of the cation PES are available
in the literature.

2 Experimental

IR photodissociation spectra of mass-selected An+–Arn

complexes (n = 1, 2) are recorded in a tandem mass spec-
trometer described elsewhere [63]. Briefly, An+–Arn com-
plexes are produced in a pulsed supersonic expansion of
a heated An sample (T ≈ 60◦) seeded in Ar at a back-
ing pressure of 6–8 bar. Electron impact ionization of the
An/Ar gas mixture close to the nozzle orifice is followed by
ion-molecule and clustering reactions to form ionic com-
plexes. The central part of the plasma is extracted through
a skimmer into a quadrupole mass spectrometer, which is
tuned to the mass of An+–Arn. Subsequently, the mass se-
lected parent beam is injected into an octopole ion guide,
where it is overlapped with a tunable IR laser pulse. Res-
onant excitation into vibrational levels above the dissocia-
tion threshold leads to fragmentation of An+–Arn accord-
ing to the following photodissociation process:

Ar+−Arn + hνIR → (An+−Arn)∗ → An+ + nAr. (1)

No other fragment channel upon resonant excitation in the
3 µm range is observed for n = 1 and n = 2. The An+ frag-
ment ions produced are selected by a second quadrupole
mass spectrometer and detected as a function of the laser
frequency to obtain the photodissociation spectrum of
An+–Arn. Tunable IR radiation is created by a pulsed op-
tical parametric oscillator laser system with a bandwidth
of 0.02 cm−1. Frequency calibration accurate to better
than 0.2 cm−1 is accomplished by recording optoacoustic
spectra of ammonia [64] simultaneously with the IR action
spectra. All photodissociation spectra are normalized for
laser intensity variations measured with an InSb detector.

Similar to the related Ph+–Arn clusters [58–60], the
main production pathway of the An+–Arn cation com-
plexes in the EI ion source is thought to begin with elec-
tron impact (or Penning) ionization of An followed by
three-body association reactions (dotted path in Fig. 1).
Thus, this ion source produces predominantly the most
stable isomer of a given cluster size (global minimum on
the PES) and to a smaller extent less stable isomers (local
minima on the PES).

3 Quantum chemical calculations

Quantum chemical ab initio and density functional cal-
culations [65] are carried out for An+–Arn (n = 0–2) at
the UMP2(fc)/6-311G(2df, 2pd) and B3LYP/6-31G∗ lev-
els of theory to investigate the intermolecular interaction
between An+ and Ar as well as the effects of Ar com-
plexation on the properties of An+. Of particular inter-
est are the characterization of global and local minima
(structure, binding energy, vibrational frequencies and
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Fig. 2. Equilibrium structures of the planar H-bound global
minimum and the π-bound local minimum of An+–Ar calcu-
lated at the UMP2/6-311G(2df, 2pd) level. Both geometries
have Cs symmetry. Dissociation energies (De), intermolecular
separations (Re), and intermolecular bond angles (ϕe) are in-
dicated.

IR intensities) as well as isomerization barriers between
these minima. Previous UMP2 calculations for the iso-
electronic Ph+–Ar dimer show that the 6-311G(2df, 2pd)
basis set systematically underestimates the intermolecular
interaction strength but correctly reproduces the shape of
the potential and the relative stability of structural iso-
mers [58,59]. Consequently, this level is chosen for eval-
uating the interaction energies of the An+–Ar dimer. In
general, all coordinates are relaxed during the search for
stationary points and all interaction and dissociation ener-
gies are counter-poise corrected for basis set superposition
error [66].

In agreement with previous experimental and theo-
retical studies, An+ is found to have a planar structure
with C2v symmetry in its 2B1 (D0) ground electronic
state [25–28,30–32]. Similar to Ph+–Ar [58–60], the planar
H-bound An+–Ar dimer corresponds to the global min-
imum of the potential (De = 513 cm−1), whereas the
π-bound isomer is a less stable local minimum (De =
454 cm−1). Both equilibrium structures have Cs sym-
metry and the relevant structural parameters and disso-
ciation energies of the intermolecular bonds in the two
minima obtained with gradient optimization are listed in
Figure 2. The planar H-bound dimer has a slightly cis-
linear hydrogen bond (ϕe = 172◦) and an intermolecular
H–Ar separation of Re = 2.53 Å. In the π-bound local
minimum the Ar ligand is separated by 3.38 Å from the
aromatic plane and significantly shifted from the ring cen-
ter toward the N atom. In the cation D0 state the Ar atom
is closer to the amino group compared to neutral An–Ar
(in both the S0 and S1 states). This result agrees with
the long progressions of the intermolecular bending vibra-
tion along the axis of the NH2 group (νbx) observed in
the ZEKE spectra of π-bound An+–Ar [27–29]. The cal-
culated well depth of π-bound An+–Ar, De = 454 cm−1,
is compatible with the experimental dissociation energy,
D0 = 414± 28 cm−1 [31].

In order to estimate the lowest-energy isomeriza-
tion path and corresponding barrier height between
the π-bound and H-bound An+–Ar minima, several
one-dimensional (1D) radial cuts through the 3D in-
termolecular potential are calculated at the UMP2/6-
311G(2df, 2pd) level (Fig. 3). In these calculations the

Fig. 3. Minimum energies (Dmin) and intermolecular sepa-
rations (Rmin, in Å) of 1D radial cuts through the 3D inter-
molecular potential energy surface of An+–Ar calculated at the
UMP2/6-311G(2df, 2pd) level (rigid monomer approximation).
The calculated data points are interpolated by a polynomial fit
to estimate the potential barrier, Vb, along the isomerization
coordinate.

An+ geometry is kept frozen at the optimal monomer
structure (rigid monomer approximation). Interaction en-
ergies are calculated in steps of 0.05 Å along various radial
paths either perpendicular to or in the An+ plane. The
minimum energies (Dmin) and corresponding intermolec-
ular distances (Rmin) of the considered 1D cuts are sum-
marized in Figure 3. As expected, only little differences
are observed between Dmin (rigid monomer, Fig. 3) and De

(relaxed monomer, Fig. 2) for the two minima because the
weak intermolecular bonds cause only small structural re-
laxation of the intramolecular An+ coordinates upon Ar
complexation. The lowest-energy isomerization path from
the π-bound toward the H-bound minima can be summa-
rized as follows: starting from the π-bound local minimum
(Dmin ≈ 440 cm−1, Rmin ≈ 3.45 Å), the Ar atom moves
more or less parallel to the aromatic plane via the ipso C
atom (Dmin ≈ 410 cm−1, Rmin ≈ 3.50 Å) and the N atom
(Dmin ≈ 320 cm−1, Rmin ≈ 3.50 Å) toward one H atom of
the amino group (Dmin ≈ 300 cm−1, Rmin ≈ 3.30 Å)
before it reaches the global minimum in the molecu-
lar plane at the H-bound structure (Dmin ≈ 510 cm−1,
Rmin ≈ 2.55 Å). Other isomerization paths considered
(not included in Fig. 3) appear to have higher barriers.
For example, Dmin ≈ 340 and ≈ 290 cm−1 for the Ar
atom located above the C atom in ortho position and
the corresponding H atom, respectively. Thus, the low-
est isomerization barrier is estimated to be of the order of
Vb ≈ 140 cm−1 and occurs above the N–H bond. A barrier
of Vb > 100 cm−1 is consistent with the ZEKE spectra of
π-bound An+–Ar [27–29] which show quite regular and
harmonic progressions in the intermolecular bending vi-
bration along the isomerization path (nνbx = 16, 32, 47,
and 65 cm−1 for n = 1–4, respectively).
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Table 1. Properties of An+–Arn (n = 0–2) calculated at the B3LYP/6-31G∗ level: frequencies (scaling factor 0.95663) and IR
intensities (km/mol, in parentheses) of νs and νa, frequency shifts with respect to bare An+ (∆νs,a), and complexation-induced
changes in the N–H bond length (∆rN–H).

An+–Arn ∆rN–H
a [Å] νs [cm−1] ∆νs [cm−1] νa [cm−1] ∆νa [cm−1]

n = 0 3 388.1 (253) 3 490.7 (89)

n = 1 (H-bound) 0.0016 3 374.0 (359) −14.1 3 479.3 (134) −11.4

0.0001

n = 1 (π-bound) 0.0001 3 386.8 (251) −1.3 3 489.3 (88) −1.4

n = 2 (HH) 0.0015 3 366.8 (443) −21.3 3 468.5 (219) −22.2
a rN–H = 1.0156 Å for bare An+.

In order to estimate the complexation-induced vibra-
tional frequency shifts for An+–Arn (n = 1, 2), calcula-
tions are carried out at the B3LYP/6-31G∗ level. Previous
studies for Ph+–Ar [58] demonstrated that this theoreti-
cal level qualitatively reproduces inter- and intramolecu-
lar bond properties of the H-bound complex, such as bond
lengths and vibrational frequencies, although the dissoci-
ation energies are somewhat underestimated compared to
the UMP2 level. The results relevant for the present work
are collected in Table 1 and further details are available
upon request. The harmonic frequencies are scaled by a
factor 0.95663 to optimize the agreement between the ex-
perimental [67] and calculated N–H stretch fundamentals
of bare An+. Both N–H stretch local modes are equiv-
alent in the An+ monomer and the resonant interaction
gives rise to symmetric and antisymmetric N–H stretch
normal modes, νs and νa, respectively. The coupling is
relatively strong and produces a splitting of 103 cm−1

between νa and νs. In H-bound An+–Ar, complexation
significantly weakens the N–H bond adjacent to the in-
termolecular bond and the bound N–H bond length in-
creases substantially (∆r1 = 0.0016 Å), whereas the free
N–H bond is almost unchanged (∆r2 = 0.0001 Å). The
weak intermolecular bond reduces somewhat the coupling
between the two local N–H oscillators but the decoupling
is far from being complete due to the small intermolecular
perturbation. Thus, the frequencies of both the νs and νa

modes in H-bound An+–Ar are reduced upon complex-
ation, ∆νs = −14 cm−1 and ∆νa = −11 cm−1. As ex-
pected, the shift of νs is slightly larger than for νa, as the
corresponding normal mode features a larger contribution
of the bound N–H stretch (ca. 60 vs. 40%). The enhance-
ment in the IR intensity upon H-bonding is similar for
both modes (42 vs. 51%). Both N–H stretch oscillators are
again equivalent in the planar An+–Ar2 trimer featuring
two intermolecular proton bonds (HH isomer, C2v sym-
metry). However, the N–H bonds in An+–Ar2 are longer
(∆r = 0.0015 Å) than in bare An+. Accordingly, both νs

and νa display similar total red shifts with respect to bare
An+ (∆νs = −21 cm−1, ∆νa = −22 cm−1). The decrease
in the average frequency of the N–H stretch modes upon
sequential Ar complexation is nearly additive (−13 and
−22 cm−1) implying that three-body forces are small and
noncooperative. The IR intensity of both N–H stretch fun-
damentals in An+–Ar2 are roughly by a factor 2 larger
than in An+. In contrast to H-bonding, π-bound Ar lig-
ands have almost no effect on the properties of the N–H

bonds. Consequently, the calculated N–H stretch funda-
mentals of the π-bound An+–Ar isomer have essentially
the same frequencies and IR intensities as in An+. Al-
though the B3LYP/6-31G∗ level severely underestimates
the interaction for π-bonding, the properties of the amino
group are not expected to change significantly upon com-
plexation at this binding site [13,31,53,58–60]. Indeed,
the experimental N–H stretch frequencies of An+ [67] and
π-bound An+–Ar [53] agree to within 2 cm−1 (Tab. 2).

In order to elucidate the origin of the interaction in
the An+–Ar dimer, the charge distribution of An+ is
analyzed using the atoms-in-molecules (AIM) population
analysis [65]. The AIM atomic charges at the UMP2 and
B3LYP levels are +0.12e for ring H atoms, +0.6e for
the ipso C atom, ≈0 for other C atoms, −1.2e for N,
and +0.5e for the amino H atoms. Thus, the attraction at
the H-bound global minimum is dominated by the charge-
induced dipole interaction, mainly caused by the high pos-
itive partial charge on the amino proton engaged in the
intermolecular N–H···Ar bond. In contrast, the main at-
traction in the π-bound geometry is coming from disper-
sion interaction between the π-electron system of the aro-
matic ring and the electrons of Ar. A significantly smaller
contribution comes from induction, mainly induced by the
positive partial charge on the ipso C atom. This contribu-
tion causes the Ar atom to shift away from the center of
the aromatic ring toward the NH2 substituent. The fact
that the dissociation energy of the π-bound structure in-
creases only moderately upon ionization (≈40% [31]) con-
firms that dispersion forces provide the major contribution
to the attraction in the π-bound cation.

Despite the numerous experimental and theoretical
studies on neutral An–Arn complexes [21,31,33–48,50–53,
55–57], the possibility of H-bonding of Ar to the amino
group has never been explored. Calculations of the iso-
electronic Ph–Ar dimer show that the H-bound dimer is a
local minimum in the S0 state [49]. Thus, calculations at
the MP2(fc)/6-311G(2df, 2pd) level have been performed
for An–Ar to test the relative stability of the H-bound
and π-bound dimers in the S0 state. Harmonic frequency
analysis confirms that both isomers are indeed minima
on the neutral PES, with the π-bond being substantially
more stable than the nearly linear H-bond (ϕe ≈ 177◦):
De = 365 vs. 94 cm−1, Re = 3.35 vs. 2.70 Å. Thus, the
qualitative potential diagrams in Figure 1 for the S0 and
D0 state are confirmed by ab initio calculations. However,
it is unclear which structure is more stable in the S1 state.
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Table 2. Band maxima, widths (fwhm), complexation shifts (all in cm−1) and suggested assignments of the vibrational transi-
tions observed in the EI-IR photodissociation spectra of An+–Arn. In addition, corresponding data obtained from REMPI-IR
spectra are listed for comparison.

n EI-IR shifta assignments REMPI-IRb shifta

1 3 270 (6) 2νb(NH2)

3 381 (6) −12 νs of H-bound An+–Ar

3 389 (6) νs + νi ← νi of H-bound An+–Arc

3 395 (6) 2 νs of π-bound An+–Ar 3 394.5 (3) 1.5

3 477 (6) −9 νa of H-bound An+–Ar

3 483 (4) νa + νi ← νi of H-bound An+–Arc

3 489(4) 3 νa of π-bound An+–Ar 3 488 (3) 2

2 3 373 (9) −20 νs of HH An+–Ar2

3 462 (6) −24 νa of HH An+–Ar2

νs of ππ An+–Ar2 3 395.0 (<4.5) 2

νa of ππ An+–Ar2 3 489.8 (<4.5) 3.8

a Frequency shifts are calculated with respect to the transitions of bare An+ at νs = 3393 cm−1 and νa = 3 486 cm−1 (Ref. [67]).
b References [13,53]. c Tentative assignments.

According to the calculations, ionization has a rather dif-
ferent effect on the interaction energy of both isomers:
the binding energy increases by a factor of 1.2 and 5.4 for
π-bound and H-bound An–Ar, respectively.

In summary, the calculations suggest that the H-bound
dimer corresponds to the global minimum of the An+–Ar
PES, whereas the π-bound isomer represents a local mini-
mum. As both isomers are separated by a substantial iso-
merization barrier, they may be produced with detectable
abundance in the EI cluster ion source because of their
similar dissociation energies. Moreover, both An+–Ar iso-
mers can readily be distinguished by their characteristic
N–H stretch frequencies although the predicted complex-
ation shifts are small.

4 Experimental results and discussion

4.1 An+–Ar dimer

Figure 4 compares the IR spectra of An+–Ar produced in
the present EI source (a, b) and by one-color two-photon
(1+1) REMPI (c and d [53]). Table 2 collects the band
maxima, widths, and suggested assignments of the transi-
tions observed in the EI-IR spectrum of An+–Ar between
3 130 and 3 600 cm−1 (Fig. 4a). An expanded view of the
EI-IR spectrum in the range of the N–H stretch vibrations
is shown in Figure 4b. The most intense transitions at
3 381 and 3 477 cm−1 in the EI-IR spectrum are unambigu-
ously assigned to the νs and νa fundamentals of H-bound
An+–Ar, because they are significantly shifted to lower
frequency compared to the corresponding vibrations of
bare An+ (indicated by arrows in Fig. 4, νs = 3 393 cm−1,
νa = 3 486 cm−1 [67]). The H-bound dimer corresponds
to the global minimum on the calculated An+–Ar PES
and is expected to be the most abundant isomer in the
expansion. The observed complexation shifts of H-bound

Fig. 4. IR photodissociation spectra of An+–Ar. (a) Overview
of the EI-IR spectrum between 3 130 and 3 600 cm−1. (b) Ex-
panded view of the EI-IR spectrum in the range of the N–H
stretch vibrations, νs and νa. (c) REMPI-IR spectrum of
“cold” An+–Ar generated by 1+1 REMPI of neutral An–Ar
(reproduced from Ref. [53]). (d) REMPI-IR spectrum of “hot”
An+–Ar generated by 1+1 REMPI of neutral An–Ar2 and sub-
sequent fragmentation (reproduced from Ref. [53]). The arrows
indicate the positions of the νs and νa fundamentals of bare
An+ (3 393 and 3 486 cm−1 [67]). The bands marked by aster-
isks are attributed to sequence transitions. The assignments of
all transitions are listed in Table 2.

An+–Ar, ∆νs = −12 cm−1 and ∆νa = −9 cm−1, are sim-
ilar to the calculated values of −14 and −11 cm−1, respec-
tively. Moreover, the experimental ratio of the intensities
of νs and νa (≈2) is in qualitative agreement with the
calculated one (≈2.7). The red shifts ∆νs/a correspond
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to the increase in the intermolecular binding energy upon
vibrational excitation. Assuming a dissociation energy of
the order of ≈500 cm−1 for H-bound An+–Ar (Fig. 2),
the increase is ≈2–3% for the νs/a vibrational states. The
change in binding energy is similar for both vibrations
because the weak intermolecular interaction does not sig-
nificantly reduce the coupling between the two local N–H
stretch modes. The assignments to the H-bound isomer are
confirmed by the analysis of the rotational band profiles.
Excitation of a proton donor stretch gives rise to a shorter
and stronger intermolecular bond. The bond contraction
causes the rotational constants in the excited state to be
larger than in the ground state, leading to the appearance
of a blue shaded band contour with a sharp head in the P
branch [10,58,68,69]. Such a contour is clearly observed
for νs and to a smaller degree also for νa of H-bound
An+–Ar, because both modes contain significant bound
N–H stretch character.

The EI-IR spectrum of An+–Ar in Figure 4b is quali-
tatively different from the corresponding REMPI-IR spec-
trum in Figure 4c. The latter spectrum was obtained by
generating An+–Ar via 1+1 REMPI of neutral An–Ar [53]
and this process produces mainly the less stable π-bound
An+–Ar dimer (Fig. 1). Consequently, the corresponding
IR spectrum reveals only the absorptions of this isomer
and the transitions of the most stable H-bound isomer
are completely absent. Because 1+1 REMPI excitation
via the S1 origin of π-bound An–Ar generates rotationally
and vibrationally “cold” π-bound An+–Ar cations [27,28],
the IR transitions are relatively narrow [53]. The νs

and νa frequencies of π-bound An+–Ar are reported as
3 394.5 and 3 488 cm−1 [53] and display only small blue
shifts of 1–2 cm−1 compared to the transitions of bare
An+ [67] (Tab. 2). Such small blue shifts are expected for
π-bonding because Ar complexation at the aromatic ring
has little influence on the properties of the N–H bonds
(Tab. 1). For comparison, the corresponding blue shifts
for ν1 (O–H stretch) of π-bound Ph+–Ar and Ph+–Kr
are also of the order of 1–2 cm−1 [58–62]. In the EI-
IR spectrum of Ph+–Ar, both the π-bound local mini-
mum (De = 396 cm−1) and the H-bound global minimum
(De = 656 cm−1) are observed under the present exper-
imental conditions [58–60]. The difference in the calcu-
lated binding energies of both An+–Ar isomers (∆De =
59 cm−1) is much smaller than for the corresponding
Ph+–Ar isomers (∆De = 260 cm−1 [58]) at the UMP2/6-
311G(2df, 2pd) level. Hence, as the calculated barriers
to isomerization in An+–Ar and Ph+–Ar are compara-
ble (Vb ≈ 140–150 cm−1), it is probable that the π-bound
An+–Ar isomer is also produced with significant abun-
dance in the present EI ion source. Closer inspection of
the EI-IR spectrum in Figure 4b reveals indeed very weak
absorptions in the region of the νs/a fundamentals of the
π-bound local minimum (Tab. 2).

In addition to the νs and νa fundamentals of the
H-bound and π-bound isomers, the EI-IR spectrum of
An+–Ar reveals “satellite” bands at 3 388 and 3 483 cm−1,
occurring in the blue wings of both N–H stretch funda-
mentals of H-bound An+–Ar (indicated by asterisks in

Fig. 4b). They may either be attributed to sequence tran-
sitions of H-bound An+–Ar involving νs/a or to the νs/a

fundamentals of less stable isomers. Sequence transitions
of the type νs/a + νi ← νi, where νi are intermolec-
ular modes, are typical for excitation of proton donor
stretch vibrations [58,68,69]. These sequence transitions
occur as satellite transitions with higher frequency than
the νs/a fundamentals, because the stronger intermolecu-
lar interaction in the vibrationally excited states leads to
higher intermolecular frequencies. The frequencies of the
intermolecular stretching and the two bending modes of
H-bound An+–Ar are calculated as 57, 31, and 15 cm−1,
respectively. Consequently, the 8 and 6 cm−1 spacings be-
tween the νs/a fundamentals and νs/a+νi ← νi transitions
(Tab. 2) would imply that the intermolecular stretch fre-
quency increases by ≈14 and 11% upon excitation of νs

and νa of H-bound An+–Ar, respectively. The larger in-
crease upon νs excitation is compatible with the larger
contribution of the bound N–H stretch local mode to
the νs normal mode. An alternative assignment of the
satellite transitions may be to the νs/a fundamentals of a
less stable isomer. In this case, the derived red shifts upon
complexation would be of the order of 3–4 cm−1, implying
that the Ar ligand has a small but noticeable influence on
the N–H bonds. As the calculations predict no other iso-
mer (other than the H-bound global minimum) in which
the Ar atom is attached to the amino group, an assignment
of the satellite transitions to sequence transitions of the
H-bound dimer is presently favored over the assignment
to νs/a of a less stable isomer. Following this scenario, the
relative abundance of π-bound and H-bound An+–Ar can
roughly be estimated as 1:5 from the ratios of the νs/a in-
tensities (≈ 1:8 including the sequence bands, Fig. 4b) and
the calculated IR intensities (≈ 0.7, Tab. 1). This result is
compatible with the observations for Ph+–Ar, where the
relative abundance of the π-bound isomer was estimated
as <15% even when the ion source conditions were opti-
mized for the production of this isomer [58].

Figure 4d reproduces the IR spectrum of “hot”
An+–Ar dimers generated by 1+1 REMPI of An+–Ar2
and subsequent evaporation of one Ar ligand [53]. Com-
parison with the REMPI-IR spectrum of “cold” An+–Ar
(Fig. 4c) reveals that the spectrum of “hot” An+–Ar
shows additional broader bands shifted to the red from the
sharp absorptions attributed to the νs/a fundamentals of
“cold” π-bound An+–Ar. In reference [53] the broad tran-
sitions are assigned to sequence transitions of π-bound
An+–Ar of the type νs/a + νi ← νi, where νi are low-
frequency intermolecular modes. However, this interpre-
tation cannot be correct because the intermolecular fre-
quencies of π-bound An+–Ar should not depend upon
νs/a excitation, as the intermolecular interaction poten-
tial is essentially the same in the ground and νs/a vi-
brational states (e.g., the small complexation shifts of
1–2 cm−1 show that the binding energy changes by less
than 0.5%). This view is also supported by the ZEKE
spectra of π-bound An+–Ar which reveal that the inter-
molecular frequencies are nearly independent of excita-
tion of a large variety of intramolecular modes [27,28].
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Thus, νs/a + νi ← νi transitions of π-bound An+–Ar
should not be displaced from the νs/a fundamentals, in
contrast to the observations in Figure 4d where the broad
bands are clearly shifted to the red of νs/a by some
5–10 cm−1. Comparison of the EI-IR and REMPI-IR spec-
tra in Figures 4b and 4d suggests that the broad bands in
the spectrum of hot π-bound An+–Ar may in fact arise
from the H-bound isomer that is produced by an isomer-
ization process which is accompanied by the fragmenta-
tion of An+–Ar2 into H-bound An+–Ar and Ar. Briefly,
1+1 REMPI of the (1|1) An–Ar2 complex (ππ isomer with
two π-bound ligands) leads to the production of cold and
hot (1|1) An+–Ar2 cations where the internal energy is
determined by the Franck-Condon factors of the ioniza-
tion process [27,28]. A significant portion of the produced
(1|1) An+–Ar2 cations have enough excess energy to over-
come the isomerization barrier from the π-bound local
minimum to the H-bound global minimum and to evap-
orate one Ar ligand. The latter process leads to the sta-
bilization of the resulting H-bound dimer via evaporative
cooling. On the other hand, the spectrum in Figure 4c
shows that isomerization from π-bound to a stable deac-
tivated H-bound An+–Ar is not possible in the case of
direct production of π-bound An+–Ar via 1+1 REMPI of
An–Ar (Fig. 1), although the excess energy (≈5 600 cm−1)
is large enough to overcome the lowest isomerization bar-
rier (Vb ≈ 140 cm−1). In this case, the FC factors al-
low only for minor intermolecular excitation (<70 cm−1

in the bending mode νbx along the isomerization coor-
dinate [27,28]) which is not sufficient to overcome the
isomerization barrier. Moreover, additional excitation of
FC active intramolecular modes leads eventually to pre-
dissociation which also prevents the production of a sta-
ble H-bound An+–Ar dimer. In contrast, REMPI of the
(1|1) An–Ar2 trimer followed by fragmentation-assisted
isomerization appears to be an efficient scheme to pro-
duce stable H-bound An+–Ar cations starting from neu-
tral An–Arn complexes (n > 1) because fragmentation
can remove internal energy of the cation complex after
isomerization has occurred. Actually, the broader bands
in the REMPI-IR spectrum of hot An+–Ar attributed to
H-bound An+–Ar (Fig. 4d) are shifted by a few cm−1 to
the blue with respect to the corresponding νs/a funda-
mentals of cold H-bound An+–Ar in the EI-IR spectrum
(Fig. 4b) and overlap with the νs/a + νi ← νi sequence
transitions assigned to hot H-bound An+–Ar (Tab. 2).
Apparently, evaporative cooling does not completely re-
move all intermolecular excitation.

The remaining band in the EI-IR spectrum of An+–Ar
at 3 270 cm−1 (Fig. 4a) must be assigned to an over-
tone vibration or a combination band. A similar transi-
tion was previously observed in the IR spectra of related
An+–L dimers and tentatively attributed to an overtone
of either the NH2 bending or a ring stretching vibra-
tion [12,13]. In the present work the 3 270 cm−1 transition
is assigned to the first overtone of the symmetric in-plane
bending mode of the NH2 group, 2νb(NH2). The experi-
mental νb fundamental of bare An+ can be approximated
as 1 635 cm−1 by the frequencies of π-bound An+–Ar [31]

Fig. 5. IR photodissociation spectra of An+–Ar2 in the range
of the N–H stretch vibrations, νs and νa. (a) EI-IR spec-
trum. (b) REMPI-IR spectrum of An+–Ar2 generated by 1+1
REMPI of neutral (1|1) An–Ar2 (reproduced from Ref. [53]).
For comparison, the frequencies of the νs and νa vibrations
of An+, H-bound An+–Ar, and HH An+–Ar2 are indicated
by arrows to visualize the incremental red shifts upon sequen-
tial Ar complexation at the protons of the amino group. The
assignments of the transitions are listed in Table 2.

(the same value is obtained for An+ embedded in an Ar
matrix [54]), and the B3LYP calculations predict high
IR intensity and a small blue shift for this mode upon
Ar complexation at the H-bound site (+3.5 cm−1). Thus,
neglecting anharmonicity 2νb is expected near 3 270 and
3 277 cm−1 for π-bound and H-bound An+–Ar, respec-
tively, in good agreement with the experimental value. As
the abundance of H-bound An+–Ar exceeds by far that
of π-bound An+–Ar, the 3 270 cm−1 band is mainly at-
tributed to 2νb of the former isomer.

4.2 An+–Ar2 trimer

Figure 5 compares the IR spectra of An+–Ar2 produced in
the EI source (a) and by 1+1 REMPI of An–Ar2 (b [53]).
The EI-IR spectrum is dominated by two transitions with
band maxima at 3 373 and 3 462 cm−1. Both bands are
shifted to lower frequency (by 8 and 13 cm−1, respectively)
compared to the corresponding transitions of H-bound
An+–Ar. Consequently, they are assigned to the νs and νa

fundamentals of a planar An+–Ar2 trimer featuring two
equivalent proton bonds (Fig. 6a, HH isomer, C2v symme-
try). This structure corresponds to the global minimum
of An+–Ar2. The given assignments are confirmed by the
observed rotational band contours: both bands are shaded
to the blue owing to the contraction of the intermolecular
bonds upon vibrational excitation. The degree of shading
is similar for both transitions because the two N–H bonds
are equivalent in the HH trimer. Moreover, the calculated
incremental red shifts with respect to H-bound An+–Ar
(∆νs = −7 cm−1 and ∆νa = −11 cm−1) and ratio of
the IR intensities (≈2) are consistent with the experimen-
tal observations. The total experimental red shifts of νs

and νa (−20 and −24 cm−1) are also in excellent agree-
ment with the predicted values (−21 and −22 cm−1).
In addition, the shifts of the averaged N–H stretch
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Fig. 6. Isomeric structures of An+–Ar2 in the cation ground
state (D0): (a) planar HH global minimum featuring two equiv-
alent H-bonds (C2v symmetry); (b) Hπ local minimum featur-
ing one H-bond and one π-bond (C1 symmetry); (c) ππ local
minimum featuring two equivalent π-bonds (C2v symmetry).

frequency upon sequential complexation are nearly addi-
tive (≈11 cm−1 per Ar atom), confirming that the two
intermolecular proton bonds are almost equivalent.

Figure 5b reproduces the IR spectrum of An+–Ar2
generated by 1+1 REMPI of neutral (1|1) An–Ar2
(ππ isomer) [53]. The two sharp bands at 3 395.0 and
3 489.8 cm−1 are blue-shifted by less than 4 cm−1 from
the corresponding transitions of bare An+ and thus can
safely be assigned to the νs and νa fundamentals of
(1|1) An+–Ar2 (Fig. 6c) [53]. The two broad and rela-
tively intense features in spectrum 5b occurring at 3 382
and 3 475 cm−1 “could not sufficiently be explained” in
reference [53]. Possible suggestions were sequence transi-
tions of νs/a with skeletal vibrations or other isomers [53].
Actually, the positions of these two broad features are
close to the νs and νa fundamentals of H-bound An+–Ar
(at 3 381 and 3 477 cm−1). Hence, these bands may arise
from the νs and νa modes of the Hπ An+–Ar2 isomer
featuring one H-bond and one π-bond (Fig. 6b). The N–H
stretch frequencies of this An+–Ar2 isomer are expected to
be similar to those of the H-bound An+–Ar dimer, because
the additional π-bond has little influence on the proper-
ties of the N–H bonds. Alternatively, the broad bands
also overlap with the blue wings of the νs/a fundamen-
tals of HH An+–Ar2 and may thus be attributed to hot
HH An+–Ar2 isomers. Following these lines, the question
arises how the Hπ or HH An+–Ar2 isomers can be formed
by ionization of neutral ππ An–Ar2 in reference [53]. In
the case of An+–Ar, direct isomerization after ionization
without fragmentation is not observed on the time scale of
the experiment (the delay between the ionization and IR
lasers is 50 ns in Ref. [53]), because the H-bound dimer is
not detected in the IR spectrum of An+–Ar produced by
1+1 REMPI of neutral π-bound An–Ar (Fig. 4c). Possibly,
the fragmentation process in An+–Ar2 is slower than (or
of the order of) 50 ns so that Hπ and HH An+–Ar2 isomers
can be observed in the IR spectrum. Another possible way
to detect the Hπ or HH trimer isomers in a REMPI-IR
spectrum is by ionization of An–Arn with n > 2. Indeed,
REMPI spectra of larger An–Arn clusters with n > 2 show
absorptions at frequencies resonant to the S1 origin of ππ
An–Ar2 [38]. Thus, it is also feasible that the broad bands
in the REMPI-IR spectrum of An+–Ar2 arise from the
HH or Hπ An+–Ar2 isomers which are created by (near)

resonant ionization of neutral An–Ar2+m clusters (m > 0)
followed by isomerization and evaporation of m ligands.

The EI-IR spectrum of An+–Ar2 is dominated by
the νs and νa fundamentals of the most stable HH
An+–Ar2 trimer and does not show any convincing ev-
idence for the presence of less stable isomers. However,
it cannot be completely ruled out that a minor part of
the signal in the blue wings of the HH isomer absorptions
arises from the Hπ and/or ππ isomers. The dominance
of the HH An+–Ar2 isomer in the EI-IR spectrum pro-
vides further evidence that the proton bonds in An+–Arn

clusters are more stable than the π-bonds, in agreement
with the ab initio calculations. This situation is similar
to Ph+–Arn, where the π-bound local minimum was ob-
served for n = 1 but the ππ trimer could not be detected
in the EI-IR spectrum [60].

4.3 Further discussion

Comparison between An–Ar and An+–Ar demonstrates
the dramatic effect of ionization on the intermolecu-
lar interaction. The attraction in the neutral An–Ar
dimer is dominated by dispersion forces which favor
π-bonding over H-bonding. In contrast, the additional
charge-induced dipole interaction arising from the extra
charge favors the proton-bound structure in the An+–Ar
cation. At the present stage, it is not clear whether the
H-bound or π-bound structure is more stable in the S1

state of the dimer. As the amino protons of An are
more acidic in the S1 state than in S0, the energy differ-
ence between the H-bound and π-bound An–Ar minima
will probably become smaller (and possibly change sign)
upon S1 ← S0 excitation. The regular intermolecular vi-
brational structure observed in the S1 and D0 states of
π-bound An–Ar suggests that both minima are well sep-
arated by significant potential barriers in both electronic
states. According to the calculations and the EI-IR spec-
tra, the most stable structure of An+–Ar2 has two equiv-
alent proton bonds and is thus rather different from the
most stable (1|1) neutral isomer which has two equiva-
lent π-bonds. The ab initio PES of An+–Ar suggests that
the microsolvation of An+ in argon will probably pro-
ceed by solvating the planar HH An+–Ar2 trimer core
by π-bound ligands. The IR spectra reveal that the in-
termolecular H–Ar proton bonds significantly destabilize
the intramolecular N–H bonds, whereas π-bound Ar lig-
ands have only a small and stabilizing effect on the N–H
bonds. Unfortunately, the IR spectrum of An+ in an ar-
gon matrix has not been recorded in the N–H stretching
range [54]. Thus, a comparison of the An+–Ar1,2 cluster
data with the bulk limit is not possible at the present
stage.

The ionization-induced reversal in stability of H-bound
and π-bound dimers composed of a rare gas atom and
an aromatic molecule featuring a polar acidic subsituent
appears to be a very general trend. The Ph+–Ar cation
(OH group) was the first such complex for which the
H-bound structure was shown to be the global mini-
mum and more stable than the π-bound structure [58–60].
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A similar situation is found for isoelectronic An+–Ar (NH2

group) in the present work. In contrast, despite numer-
ous spectroscopic and theoretical studies, no example of
a H-bound complex between Ar and a neutral aromatic
molecule has been identified so far.

The large change in the topology of the intermolecular
PES upon ionization is rather common for weakly bound
complexes, because the additional charge changes the ori-
gin of the dominant attractive interaction. This effect has
important consequences for all cluster ion spectroscopic
techniques that are based on REMPI of the neutral pre-
cursor, because vertical transitions with nonvanishing FC
intensity lead in many cases either to the population of
repulsive parts (e.g., C6H+

6 –H2O [70]) or local minima of
the cation PES (e.g., An+–Ar or Ph+–Ar [60]) but not the
global minima. As a consequence, often wrong conclusions
may be (and have been) drawn for the properties of the
most stable cluster ion structures, such as geometries, adi-
abatic ionization potentials, dissociation energies, etc. (see
discussions in Refs. [60,70]). In contrast, the EI ion source
appears to be more generally applicable for the spec-
troscopy of cold cluster ions because it generates predom-
inantly the most stable isomer of a given cluster ion. For
example, in the case of An+–Ar1,2, mainly the most stable
proton-bound structures are observed in the EI-IR spec-
tra. These global minima have escaped previous detection
in numerous spectroscopic studies using REMPI photoion-
ization techniques (such as PIE [38,55–57], ZEKE [27–29],
and REMPI-IR spectroscopy [31,53]).

Previous studies demonstrated that for proton-
bound complexes, XH+–Ar, the intermolecular interac-
tion is correlated to the proton affinity of the base X,
PA(X) [10,68,71]. The smaller PA(X), the stronger and
shorter the intermolecular bond and the larger the red
shift in the X–H stretching frequency. For example, as the
PA of C6H5O is smaller than that of C6H5NH (873 vs.
950 kJ/mol [72,73]), the intermolecular proton bond in
H-bound Ph+–Ar [58] is calculated to be stronger than
in H-bound An+–Ar (De = 656 vs. 513 cm−1). Corre-
spondingly, the shift in the O–H stretch mode in Ph+–Ar
(∆ν1 = −70 cm−1 or 2.0% [60]) is larger than those of the
N–H stretch modes in An+–Ar (∆νs/a ≈ −12 cm−1 or
0.3%). The shifts in An+–Ar are somewhat smaller than
expected from PA(C6H5NH) alone, because Ar complexa-
tion does not completely remove the relatively strong cou-
pling between the two local N–H stretch oscillators [74].
Similar to related XH+–Ar cations [75], the attraction
in H-bound An+–Ar is largely dominated by induction
forces. According to the AIM population analysis, the
H atoms of the amino group carry a large positive par-
tial charge (+0.5e). Hence, the H-bound global minima of
An+–Ar can easily be rationalized by the possibility for
the polarizable Ar ligand to closely approach the highly
concentrated positive charge on the NH2 protons.

Comparison between NH+
3 –Ar [74,76] and An+–Ar

(C6H5NH+
2 –Ar) reveals the effect of substitution of a H

atom by a phenyl group on the interaction of an amine
cation with Ar. Both complexes feature proton-bound
equilibrium structures with (nearly) linear H-bonds. How-

ever, as the PA of HNH is significantly smaller than
that of C6H5NH (773 vs. 950 kJ/mol [73]), the proton
bond in NH+

3 –Ar is significantly stronger and shorter than
in An+–Ar, leading to larger red shifts in the proton
donor N–H stretch modes. For example, the intermolec-
ular bonds in H-bound NH+

3 –Ar and An+–Ar are char-
acterized by Re = 2.23 and 2.53 Å and De = 949 and
513 cm−1 at the UMP2/6-311G(2df, 2pd) level, respec-
tively. The major difference between NH+

3 and An+ is
the shape of the partially filled highest occupied molec-
ular orbital [77]. Ionization of NH+

3 occurs by ejection of
an electron from the 2pz orbital of N. Thus, in addition
to the H-bound global minimum, the NH+

3 –Ar potential
features a shallow p-bound (or N-bound) local minimum
in which the Ar ligand is attached to the 2pz orbital of
N (C3v symmetry) [74,76]. In contrast, ionization of An
to the D0 state removes a π-electron from the aromatic
ring. Hence, the An+–Ar dimer features a π-bound lo-
cal minimum, whereas the N-bound structure is close to
a transition state (Fig. 3). According to the AIM popu-
lation analysis, significant positive charge occurs also on
the C atom adjacent to the NH2 group because of the in-
teraction between the nitrogen lone pair and the aromatic
π-electron system (partial conjugation). Consequently, the
Ar atom in π-bound An+–Ar is shifted toward the amino
group. The microsolvation of both An+ and NH+

3 in ar-
gon begins with the formation of equivalent intermolecu-
lar proton bonds. After all protons are solvated, Ar lig-
ands occupy less favorable binding sites: e.g., π-bonds in
An+–Arn (n > 2) and p-bonds in NH+

3 –Arn (n > 3)
[74,76].

In contrast to previous interpretations [53], the present
work strongly suggests alternative assignments of sev-
eral features in the REMPI-IR spectra of An–Ar1,2

which involve fragmentation-assisted isomerization from a
π-bound to a H-bound binding site after ionization of neu-
tral An–Ar2 clusters. This observation appears to be the
first spectroscopic identification of such a process in cation
clusters of aromatic molecules and nonpolar ligands. A
similar ionization-induced isomerization reaction (without
subsequent fragmentation) has previously been invoked to
explain the REMPI-IR spectra of the aminophenol+–H2O
cation [78]. As the interactions in the neutral and cation
clusters are rather different, often significant structural re-
organization of solvent molecules occur after ionization of
the chromophore molecule. This effect may have impor-
tant consequences for biomolecular recognition processes.

5 Concluding remarks

The intermolecular interaction in An+–Ar1,2 complexes is
investigated for the first time by EI-IR spectroscopy and
quantum chemical calculations. These complexes serve as
model systems for characterizing the biophysical interac-
tion between charged amines and nonpolar hydrophobic
ligands. The analysis of the IR photodissociation spectra
in the vicinity of the N–H stretch vibrations unambigu-
ously shows that the Ar ligands prefer H-bonding to the
amino group of An+ over π-bonding to the aromatic ring,
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consistent with the results of the ab initio calculations.
This observation is in stark contrast to all previous spec-
troscopic studies of An+–Ar1,2 which are based on REMPI
of the neutral clusters and only observe the less stable
π-bound isomers. Particularly, the REMPI-IR spectra of
An+–Ar1,2 are strikingly different from the correspond-
ing EI-IR spectra, clearly demonstrating the severe limi-
tations of photoionization techniques for the production of
the most stable isomers of cluster ions. These restrictions
are rather general, because the drastic change in the in-
teraction potential upon ionization often causes the most
stable structures of the neutral and cation complex to
be rather different. Hence, the Franck-Condon factors for
transitions connecting both global minima are nearly van-
ishing. A new alternative interpretation of the An+–Ar1,2

REMPI-IR spectra suggests that ionization of An–Arn

clusters may be followed by fragmentation-assisted iso-
merization from a π-bound to a H-bound binding site.
Future efforts are directed to the investigation of this pro-
cess by time-resolved IR spectroscopy.

Note added in proof

After this paper was submitted, Nakanaga and
Ito reported new REMPI-IR spectra of An+–Arn

(n = 1–2) [79].
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74. O. Dopfer, N. Solcà, R.V. Olkhov, J.P. Maier, Chem. Phys.

(in press, 2002)
75. O. Dopfer, J. Phys. Chem. A 104, 11693 (2000)
76. O. Dopfer, Chem. Phys. (in press, 2002)
77. T.P. Debies, J.W. Rabalais, J. Elec. Spec. Relat. Phe-

nom. 1, 355 (1972/73)
78. M. Gerhards, C. Unterberg, Appl. Phys. A 72, 273 (2001)
79. T. Nakanaga, F. Ito, Chem. Phys. Lett. 355, 109 (2002)


