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The size distributions of neutral and cationic Bax(CH3CN)n (x = 0, +1; n ≤ 7) clusters, as produced by
a standard laser vaporization-supersonic expansion pick-up source, were determined from molecular
beam experiments. The size distribution for cations is in the range of n = 1-7, whereas only the
n = 1 complex is observed for neutral clusters, and these two features are unaffected by the variables
controlling the performance of the cluster source. The distinct behavior is compatible with the expected
charge-dipole interactions in the ionic species, which are stronger than the dipole induced-dipole
interactions at play in neutral clusters, and it is corroborated by the relative magnitude of the theoretical
successive binding energies (SBEs) for the lowest-lying isomers of cationic and neutral clusters with
n = 1-5, as computed at the density functional theory level. The theoretical results also allow for
the rationalization of the bimodal Ba+(CH3CN)1-7 size distribution, featuring an apparent minimum
at n = 3, in terms of chiefly 6s-5d σ hybridization of the Ba+ ions, which ultimately leads to a
relatively small third SBE for the Ba+(CH3CN)3 complex, as compared to those for n = 1, 2, and
4. Additional Born-Oppenheimer molecular dynamics simulations on the Ba+(CH3CN)2-4 clusters
suggest that all of the ligands are coordinated to the Ba+ ion and prevent considering completion of
the first solvent shell as responsible for the bimodal size distribution. Published by AIP Publishing.
https://doi.org/10.1063/1.5044535

I. INTRODUCTION

The study of the solvation of group 2 atoms and singly
charged cations in gas-phase clusters enables us to probe
at the molecular level, the geometries, electronic structures,
and energetics of the two charged states, which are formally
present in the route from pure metal M to the doubly charged
solvated ions M2+. Neutral atoms featuring a ground-state
closed-shell ns2 configuration display interactions with the sol-
vent molecules, which are dependent on both the identity of
the metal atom and the polarity and protic/aprotic nature of
the solvent. Hence, the evidence arising from photoionization
threshold experiments on Mg(NH3)n clusters suggests that the
interactions of a single magnesium atom with clusters of up
to 7 NH3 molecules are weaker than those between solvent
molecules, thereby favoring the formation of the so-called sur-
face structures where the Mg atom is located preferentially on
the surface of a solvent cluster.1 Whereas this also holds for
small Mg(H2O)n (n = 1–3) clusters, for larger species with

a)Present address: Departamento de Fı́sica, Facultad de Ciencias Fı́sicas y
Matemáticas, Universidad de Chile, Santiago, Chile.

b)Authors to whom correspondence should be addressed: mrossa@
fcq.unc.edu.ar and leobap@gmail.com

n = 4–6, the so-called interior structures, where Mg is fully
coordinated (surrounded) by solvent molecules, appear to be
preferred.2 For heavier group 2 metals like calcium and bar-
ium, the interactions with H2O molecules are instead predicted
to favor interior clusters even for the smallest sizes attained
(n ≤ 4).2,3 The distinct behavior of Mg with respect to Ca
and Ba is likely due to the larger polarizabilities of the latter2

since the electron density distributions (associated with the M
valence electron pair) are constrained to the cluster surface
region and delocalized over the cluster in surface and interior
structures, respectively.4

Studies on the microsolvation of group 2 singly charged
M+ ions consistently suggest that their ground-state open-shell
ns1 configurations cause a strong interaction with molecules of
the first solvent shell, leading to most stable structures where
the cations are embedded in interior M+(solvent)n clusters.
Such conclusions encompass the interaction of M+ = Mg, Ca,
Sr, and Ba with a variety of polar and protic/aprotic solvents,
including H2O, NH3, CH3OH, and CH3CN.5–16

The rationalization of photodissociation experiments on
Sr+(solvent)n (solvent = H2O, NH3) clusters, specially the
assignment of linear O−−Sr−−O and N−−Sr−−N backbones for
n = 2, required further consideration of s-d σ hybridization of
the metal atom to reduce the metal-ligand repulsion.7 The s-d
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hybridization is also thought to influence the relative ligand
binding energies of a number of transition metal ion-solvent
complexes, to the extent that their first two binding energies
are comparable and much larger than the nearly equal third
and fourth binding energies.17 No similar, discernible effects
of the differential hybridization of group 2 M+ ions on their
stepwise solvation energetics have been reported. The possi-
bility of s-d hybridization is absent in related Mg+(solvent)n

clusters, featuring chiefly s-p σ hybridization,8 which is rem-
iniscent of transition metal ion-solvent complexes in which
only s-d σ hybridization is involved in reducing metal-ligand
repulsion.17–19

The present work reports on a determination of the size
distributions of neutral and cationic Bax(CH3CN)n (x = 0, +1;
n ≤ 7) clusters, as derived from molecular beam experiments
probing sequentially the neutral and the singly charged states.
The clusters were produced by a standard laser vaporization-
supersonic expansion pick-up source. The experimental results
are complemented with density functional theory (DFT) cal-
culations of the structure, successive ligand binding ener-
gies, and adiabatic and vertical ionization energies (IEv’s)
for the lowest-lying isomers of neutral and cationic clusters
with n = 1-5. Also, Born-Oppenheimer Molecular Dynam-
ics (BOMD) were performed on the lowest-lying isomers of
Ba+(CH3CN)2-4 clusters to assess the structure of the cor-
responding first and second solvent shells and the reorga-
nization of acetonitrile molecules between them. The theo-
retical results provide information on the energetics of the
stepwise solvation process of Ba and Ba+ species in small
acetonitrile clusters, as well as on the electronic structure
of the interior structures of the corresponding first solvation
shells.

II. EXPERIMENTAL AND THEORETICAL METHODS

Bax(CH3CN)n clusters (x = 0 for neutrals and x = +1
for cations) were generated in a pick-up source combining
1064 nm laser vaporization of a rotating Ba disk,3 with a
supersonic expansion of a gaseous He:CH3CN (0.944:0.056)
mixture through a pulsed solenoid valve (200 µm diameter) at a
stagnation pressure of 2 bars. The cluster beam was collimated
with a 1.0 mm slit skimmer placed 10 cm downstream from the
nozzle before entering the extraction/acceleration region of a
Wiley-McLaren time-of-flight mass spectrometer (TOF-MS)
(80 cm flight length).3

The nascent neutral clusters were ionized in the extrac-
tion region by the second, third, or fourth harmonics (532,
355, or 266 nm, respectively) of a pulsed Nd:YAG laser, and
the resulting ions were extracted by applying a continuous
high voltage to the extraction plates.3 Additional experiments
were performed in a wider range of ionization laser fluences
to get estimates on the laser power dependence of the vari-
ous species observed in the mass spectra. The detection of the
nascent cationic clusters was instead carried out in the absence
of any ionization laser. To avoid the repulsion of the ions at the
entrance of the extraction region, the extraction voltages were
maintained at 0 V. The extraction of the ions was achieved by
applying high voltage pulses of 5 µs duration to the extrac-
tion and repulsion plates in synchronization with the arrival

of the Ba+(CH3CN)n clusters to the center of the extraction
region.

In the detection schemes of both neutral and cationic
clusters, the ions that were extracted/accelerated into the TOF-
MS have been further detected by a dual microchannel plate
(MCP), and its output signal was digitized and afterwards
processed in a personal computer. An average of 512 laser
vaporization/supersonic expansion pulses was used to generate
the mass spectra.

Quantum chemistry calculations on both the lowest-
lying isomers of Bax(CH3CN)1-5 clusters and the ground-state
BaNCx and BaCNx species were carried out using the Gaus-
sian 09 suite of programs.20 The structures were optimized,
and their harmonic vibrational frequencies were computed
through the mPW1PW91 method of the density functional the-
ory (DFT).21 The 6-311G(d,p) basis sets were used for the C,
N, and H atoms, along with the relativistic effective core poten-
tial (RECP) developed by Lim et al.22 and its corresponding
13s 12p 6d 4f 2g uncontracted basis set for Ba.

The DFT approach was chosen on the basis of a previous
study from this laboratory addressing to the photoionization
of Ba(H2O)n clusters,3 where in addition to mPW1PW91,
three hybrid functionals had been evaluated, i.e., B3LYP, M06-
2X, and the long range-corrected version of the functional
wPBE, i.e, LC-wPBE, as defined in the Gaussian 09 pack-
age. As well, for Ba atoms, a number of pseudo-potentials
(and their corresponding valence basis sets) were tried, such
as SDD, CEP-121G, and LanL2DZ, as defined in the Gaus-
sian 09 software and the RECP’s developed by Lim et al.,22

and by Bauschlicher et al.23,24 The mPW1PW91/Lim et al.’s
RECP combination [along with the 6-311++G(d,p) basis set
for O and H atoms] led to the best agreement with the
experiments.3 A further, related study on BaOH(H2O)n clus-
ters (Ref. 25) added support for this theoretical approach to
suitably describe systems, which are characterized by cova-
lent and non-covalent interactions, including van der Waals
interactions.21

The successive binding energies (SBEs) for the solvation
processes, Bax(CH3CN)n−1 + CH3CN→Bax(CH3CN)n, were
estimated as

Ebind(n) = E[Bax(CH3CN)n] − E[Bax(CH3CN)n−1]

−E[CH3CN], (1)

where E[Bax(CH3CN)n], E[Bax(CH3CN)n-1], and E[CH3CN]
denote the total electronic energies, including zero-point
energy (ZPE) corrections, of the relevant species. Armen-
trout and coworkers have recently shown that a reasonable
agreement with experimental values of the binding energies
for Ba2+(H2O)1-8 clusters, as determined by using the thresh-
old collision-induced dissociation technique, can be obtained
from a DFT/B3LYP treatment, using the Lim et al.’s RECP
for Ba2+ and a balanced basis set [def2-TZVPP] for the O and
H atoms.26 Hence, the theoretical treatment at the DFT level
used here seems suitable for getting estimates on the clus-
ter size dependence of Ebind for the Bax(CH3CN)1-4 family
clusters.

Vertical ionization energies (IEv’s) of the neutral
Ba(CH3CN)n clusters were computed as the difference in total
electronic energies, including ZPE corrections, between the
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cationic and neutral species, both computed at the optimized
structures of the neutral clusters. Adiabatic ionization energies
(IEa’s) of the Ba(CH3CN)n and the BaNC/BaCN species were
instead referenced to the optimized geometries of the cationic
and the neutral species.

BOMD calculations were performed on the
Ba+(CH3CN)2-4 clusters. In all of the cases, the cluster dynam-
ics were evaluated at a temperature of 298 K, while for n = 2,
additional calculations were performed at 0 and 50 K. The
simulation time was set to 1000 steps, which correspond to up
to 700 fs of simulation, and the Hessian was fully calculated
at every 20 steps of simulation. A single simulation was con-
ducted for the n = 3 and 4 clusters since previous work showed
that the trajectories will change only if the initial conditions
change.27,28

III. RESULTS AND DISCUSSION
A. Cationic clusters: Ba+(CH3CN)n

Due to the wider cluster size distribution for cations,
as compared to neutral species (see below), the results for
the charged species will be discussed first. The upper panel
of Fig. 1 shows a typical mass spectrum of the cationic
species, which are contained in the barium-acetonitrile clus-
ter beam. It is dominated by the Ba+(CH3CN)1-7 clusters,
in addition to a minor proportion of BaNC+(CH3CN)1-6 and

FIG. 1. Upper panel: Typical mass spectrum of the nascent Ba+(CH3CN)n,
BaNC+(CH3CN)n, and BaOH+(CH3CN)n cluster ions produced in the cluster
beam. For these cluster families, the combs mark the position of the mass
peaks associated with the barium 138 isotopic component for each cluster
size, n. Lower panel: Integrated intensities of the 138Ba+(CH3CN)1-7 (�) and
138BaNC+(CH3CN)1-5 (4) peaks as a function of n. As a guide to the eye, a
dotted line (· · ·) linking n = 2 and 4 is drawn to depict the expected evolution
for 138Ba+(CH3CN)1-7 peaks, by assuming a continuously decreasing cluster
size distribution, along with a dashed-dotted line (·–·) linking n = 3 and 7
to show the expected evolution based on an extrapolation of the integrated
intensities from the 138Ba+(CH3CN)1-3 peaks.

BaOH+(CH3CN)1-6. For each size of these family clusters, five
mass peaks are observed, which correspond to the most abun-
dant barium 138, 137, 136, 135, and 134 isotopic components.
The BaNC+ (or BaCN+) and BaOH+ species are presumably
products of the reaction in the cluster source between Ba+

ions and molecules of acetonitrile and with impurities (mainly
water), respectively.29 These species then become solvated in
acetonitrile clusters, most likely by the evaporative process:
BaNC+/BaOH+ + (CH3CN)n+1 → BaNC+/BaOH+(CH3CN)n

+ CH3CN.25

The lower panel of Fig. 1 shows the relative popula-
tions of the Ba+(CH3CN)n and BaNC+(CH3CN)n families
as a function of n, as derived from the integrated intensi-
ties of the mass peaks corresponding to their dominant bar-
ium 138 isotopic components. For both families, the light-
est clusters with n = 1, 2 are favored over larger members.
Yet, a difference is observed: Whereas the BaNC+(CH3CN)n

peak intensities steadily decrease in the range of n = 1-5, in
the case of Ba+(CH3CN)n, the peak for n = 3 appears too
low in intensity, as compared to an otherwise continuously
decreasing cluster size distribution. Such a feature confers the
Ba+(CH3CN)n cluster population the appearance of a bimodal
size distribution, consisting of a progressively decreasing dis-
tribution for small clusters, n = 1-3, and a broader distribu-
tion for larger clusters, n ≥ 3, with an apparent maximum
at n = 4. Given the distinct behavior of the Ba+(CH3CN)n

size population, only this cluster family will be discussed
hereafter.

The Ba+(CH3CN)n size distribution was found to be unaf-
fected by a number of variables controlling the performance
of the cluster source, such as the stagnation pressure of the
pulsed valve (1-4 bars), the distance between the axis of
the supersonic expansion and the vaporization laser spot on
the Ba sample (1-5 mm), and the vaporization laser fluence
(in the absence of visible plasma). On this basis, the pos-
sibility that the Ba+(CH3CN)n distribution results from the
relative binding energies of the various cluster sizes has been
explored by ab initio calculations, which focused chiefly on the
energetics of the lowest-lying isomers for n = 1-4 as larger clus-
ters show a monotonically decreasing size distribution. The
resulting, most stable geometries are shown in Fig. 2, and the
corresponding, successive binding energies for solvation in
acetonitrile are listed in Table I. The SBE values corrected for
the basis set superposition error (BSSE) through the counter-
poise method, as implemented in the Gaussian 09 package,20

are also reported in Table I. It is worth noticing that the correc-
tions are 6.0, 6.1, 5.7, and 10.9 kJ mol−1 for n = 1, 2, 3, and 4,
respectively, which are lower than the precision of the present
theoretical methodology.

The optimized geometries for the BaNC+ and the BaCN+

species are also shown in Fig. 2, as they are used to cal-
culate the IEa’s of BaNC and BaCN (see Sec. III B). Note
that BaNC+ and BaNC are found here to be lower in energy
than BaCN+ and BaCN by 0.31 and 0.23 eV, respectively,
which agrees with the energy difference between BaNC and
BaCN of 0.20 eV, as computed previously at the configuration
interaction with the single and double excitation method by
Bauschlicher et al.30 Hence, the notation BaNC+ and BaNC
is preferred hereafter, although we are not able to ensure what
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FIG. 2. Optimized structures for the
lowest-lying energy isomers of cationic
Ba+(CH3CN)1-4 clusters, as calculated
at the mPW1PW91 level. The bond
lengths and the bond angles are given
in angstroms and degrees, respectively.
The results of natural population anal-
ysis at the DFT level are indicated in
brackets.

isomer (isocyanide or cyanide) of these species is present in the
experiments.

The Ba+(CH3CN)n theoretical structures show up a pref-
erence for the Ba+ ions to coordinate to the N atoms of ace-
tonitrile molecules. This is to be expected from the relatively
large dipole moment of acetonitrile (3.93 D)31 concentrating
the negative charge on the N-end and from the lone pair of
electrons located on the nitrogen atom. The clusters with n = 1
and 2 have linear configurations, where the axes of the cor-
responding CH3CN molecules are aligned with the Ba+ ions
leading to C3v and D3d (i.e., the two CH3 groups staggered)
symmetries, respectively.

For n = 3, a planar structure was found, in which two
CH3CN molecules are coordinated to the Ba+ ion with a
N−−Ba−−N angle of 94.4◦, and the third CH3CN molecule
lies on the opposite side of the metal atom, pointing to it
along the bisector angle of the former two ligands. For n = 4,
the Ba+ ion is coordinated to the N-ends of the four CH3CN
molecules in a distorted tetrahedral geometry, featuring two

TABLE I. Theoretical successive binding energies (SBEs) for the solvation
processes, Bax(CH3CN)n�1 + CH3CN → Bax(CH3CN)n, as calculated at
the mPW1PW91 level. Values corrected for BSSE through the counterpoise
method are indicated in brackets.

SBEs (kJ mol�1)

n x = +1 x = 0

1 �130.4(124.4) �35.6(29.7)
2 �114.3(108.2) �38.2(32.1)
3 �78.6(72.9) �27.6(23.5)
4 �120.8(109.9) �35.5(31.3)

pairs of acetonitrile molecules at N−−Ba−−N angles of 127.7◦

and a N−−Ba−−N angle of 76.7◦ between two closest CH3CN
molecules.

An assessment of previous results for the Mg+(CH3CN)1-3

system can help to rationalize the theoretical structures of
the lowest-lying isomers of Ba+(CH3CN)1-4 clusters. The
Mg+(CH3CN)n structures for n = 1, 2, and 3, respectively,
as computed at the B3LYP/6-31+G∗∗ level,15 feature C3v, C2v,
and C3v symmetries, with all of the acetonitrile molecules in
the first solvent shell. These geometries can be interpreted in
terms of 3s-3p σ hybridization of the Mg+ ion, along with
the location of the valence unpaired electron in one of the
s-p σ orbitals.8 Such unpaired electron density distribution
polarizes away from the electron clouds of the ligands, which
locate on the opposite side of the Mg+ ion and allocate their
N-end lone pairs of electrons on the remaining hybrid orbitals.
This explains the N−−Mg−−N angles of 96.7◦ and 97.4◦, which
characterize the geometries of Mg+(CH3CN)2,3.

The rationalization of the Ba+(CH3CN)n structures
requires additional consideration of 6s-5d σ hybridization of
the Ba+ ion, along with the location of the unpaired elec-
tron in one of the s-d σ orbitals, i.e., the one localized
perpendicular to the σ axis.8 This is to be expected from
the 2D state of Ba+ lying below its 2P state32 and con-
firmed by computing, via natural population analysis, the s:d
barium ion atomic orbital contribution to the singly occu-
pied molecular orbitals (SOMO’s) of the complexes (Fig. 3).
The contribution values obtained are 0.86:0.12, 0.75:0.25,
0.61:0.37, and 0.45:0.36, for n = 1, 2, 3, and 4, respectively.
The remaining s-d σ orbitals are localized perpendicularly
to the SOMO’s and can allocate the ligand’s lone pairs of
electrons.
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FIG. 3. Electronic density distributions of the SOMO’s in the lowest-
lying energy isomers of Ba+(CH3CN)1-4 clusters. The iso-density surfaces
correspond to 0.015 Å−3.

For n = 2, the two CH3CN molecules can donate electrons
to the same s-d σ hybrid orbital, thereby sharing the ener-
getic cost of hybridization and favoring a linear N−−Ba−−N
configuration. It is found that the Ba−−N distance for n = 2
is longer than for 1 and that the second SBE is smaller
than the first one. Such trends in bond lengths and in SBEs
are opposite to those for complexes of many transition-
metal ions, where only s-d σ hybridization is operative to
reduce the metal-ligand repulsion.17–19 This is indicative of
either a residual metal-ligand repulsion or the additional
involvement of s-p (6s-6p) σ hybridization in the bonding
of Ba+(CH3CN)1, as suggested previously for the Sr+(H2O)1

complex.8

It has usually been reported for transition-metal ion com-
plexes that the third and fourth SBEs are both nearly equal
and significantly smaller than the first two SBEs, which in
turn are comparable to each other. This is ascribed to the
increased repulsion between the electron density of the SOMO
and the lone pairs of electrons of the third and fourth lig-
ands due to their location around the metal ion.17 In the
Ba+(CH3CN)n system, the fourth SBE is instead larger than
the third and has an intermediate value between the magni-
tudes of the first and the second SBEs. It is apparent that the
four CH3CN ligands, in n = 4, share the energetic cost of s-d
hybridization by locating two pairs of ligands in a distorted
tetrahedral geometry. In addition to reducing the metal-ligand
repulsion, such a geometry likely leads to favorable interaction
between the induced quadrupole moment on Ba+ (due to s-d σ
hybridization) and the net dipole moment, which results from
the arrangement of acetonitrile molecules around the metal
ion.8

In the lowest-lying Ba+(CH3CN)3 isomers, the location
of the three ligands in a planar configuration seemingly min-
imizes the electron repulsion between the ligands and the
SOMO. Yet, the interaction between ligands and the induced
quadrupole moment on Ba+ is not as favorable as in the cases
for n = 2 and 4, which could be the reason of the relatively
small third SBE.

Hence, the above theoretical results allow for the ratio-
nalization of the bimodal Ba+(CH3CN)n cluster size distri-
bution in terms of the SBEs of the lowest-lying isomers of
Ba+(CH3CN)1-4 clusters, from which it could be expected
for the Ba+(CH3CN)3 complex to have a low population, as
compared to those for n = 1, 2, and 4.

It is also important to mention that, as expected, the num-
ber of low-lying energy structures for clusters larger than
n = 4 increases significantly with increasing n. To keep the
system computationally treatable, only the low-lying confor-
mations of the Ba+(CH3CN)5 cluster were explored, and the
most stable geometry found in this work features the five ace-
tonitrile molecules coordinated to the Ba+ ion (Fig. S.1 of the
supplementary material). Out of these, three acetonitriles are
arranged in a distorted T structure and lying on one side of the
Ba+ ion, with the remaining two CH3CN molecules roughly
polarized on the opposite side, where the valence (unpaired)
electron is found to be delocalized (Fig. S.2 of the supplemen-
tary material). More importantly, the corresponding Ebind for
solvation in acetonitrile is derived to be 79.1 kJ mol−1, which is
lower than the binding energies for the most stable isomers of
the Ba+(CH3CN)1,2,4 clusters and compatible with the relative
population of Ba+(CH3CN)5 in the cluster size distribution.
The Ebind of Ba+(CH3CN)5 has a contribution from the inter-
action between the d orbitals of Ba+ and the orbitals derived
from the N≡≡C groups of the two closest CH3CN molecules,
especially the one having a N−−C−−C angle that deviates from
linearity (134.7◦). It is confirmed by computing the atomic
orbital contribution to the SOMO of Ba+(CH3CN)5 (Fig. S.2),
which leads to values of 0.11 for the d barium ion orbital
and 0.29 and 0.25 for the p orbitals of the N and C atoms,
respectively. This suggests that the s-d hybridization is lost
with the addition of the fifth acetonitrile, and thus the inter-
action between Ba+ and the relevant N≡≡C group strength-
ens (i.e., the N≡≡C group acts as a single atom—“halogen
analogue”).

B. Neutral clusters: Ba(CH3CN)n

Figure 4 shows typical mass spectra of the neutral species
entrained in the molecular beam, as recorded at three laser ion-
ization energies. The only barium-acetonitrile cluster observed
is Ba(CH3CN)1, which at the photon energy of 4.66 eV is
detected under single-photon ionization conditions, but it is
not discernible at 3.49 and 2.33 eV. Such narrow cluster size
distributions were found to be unaffected by the variables con-
trolling the performance of the cluster source, likewise for
cluster cations (see Sec. III A).

In addition, photoionized Ba atoms (IE = 5.21 eV; Ref. 31)
and various molecular species like BaNC (or BaCN), both
naked and complexed by one acetonitrile molecule, BaCC,
BaOH, and BaO, are observed at the three photoionization
energies used in this work. The parent neutral molecular
species are presumably generated as byproducts in the cluster
source (Sec. III A). For each of these species, as well as for the
Ba(CH3CN)1 complex, five mass peaks are observed, which
correspond to the most abundant barium 138, 137, 136, 135,
and 134 isotopic components.

The dominant BaNC+ mass peak detected at 2.33 eV pho-
toionization energy parallels observations made previously

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012835
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012835
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012835
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FIG. 4. Typical mass spectra of the neutral Ba(CH3CN)n and
BaNC(CH3CN)n species produced in the cluster beam, as photoion-
ized at (a) 4.66 eV, (b) 3.49 eV, and (c) 2.33 eV. Other molecular species are
observed as well, as indicated in panel (b). For all of these species, the combs
in (a) and the arrows in (b) mark the position of the mass peaks, which are
associated with the corresponding barium 138 isotopic component.

upon resonant multiphoton ionization (MPI) in the range of
2.23-2.42 eV of the species entrained in a barium-acetonitrile
molecular beam, as produced in a pick-up source under sim-
ilar conditions as here.33 Although the IEa’s of BaNC and
BaCN calculated in this work, of 5.19 and 5.28 eV, respec-
tively, are higher than that of Ba(CH3CN)1 (IEa = 4.12 eV; see
Table II) or BaOH (IEa = 4.55 eV; Ref. 29), the intensity of
the mass peak corresponding to BaNC+/BaCN+ is the highest
upon photoionization at 2.3 eV [Fig. 4(c)] due to the fact that
this wavelength is resonant with an excited electronic state
(C2Π–X2Σ+; Ref. 33) of neutral BaNC/BaCN. Instead, the
signals from the other molecular species arise from less effi-
cient, non-resonant MPI processes, thereby leading to lower
intensities of the corresponding mass peaks.

Like for the charged species, density functional calcu-
lations have been performed on the lowest-lying isomers of
neutral Ba(CH3CN)1-4 clusters, for which the most stable

TABLE II. Theoretical vertical (IEv) and adiabatic (IEa) ionization energies
(in eV) for the lowest-lying energy isomers of neutral Ba(CH3CN)n (n = 0-4)
clusters, as calculated at the mPW1PW91 level.

n IEv IEa

1 4.12 4.12
2 3.35 3.33
3 2.87 2.80
4 2.61 2.49

geometries are shown in Fig. 5. For the last species, the com-
puted SBEs for solvation in acetonitrile and the IEa’s and
IEv’s are listed in Tables I and II, respectively. The SBEs of
Ba(CH3CN)1-4 clusters have also been corrected for BSSE
through the counterpoise method. As shown in Table I, these
corrections are on the order of 4-6 kJ mol−1, which are lower
than the precision of the theoretical methodology used here.
The optimized geometries for the BaNC and the BaCN species
are also shown in Fig. 5.

The present theoretical IEa’s and IEv’s for Ba(CH3CN)n

clusters (Table II) support the finding that Ba(CH3CN)1 is only
observed at the photoionization energy of 4.66 eV in a single-
photon absorption regime. Species with n = 2–4 could also
be ionized at the photon energy of 3.49 eV. The absence of
mass peaks for Ba+(CH3CN)2-4, along with the single-photon
ionization nature of the Ba+(CH3CN)1 detection, suggest that
these are not produced in the cluster beam.

Under the present conditions, it is apparent that the cluster-
ing process is less efficient for neutral than for cationic clusters
(cf. Figs. 1 and 4). From an experimental viewpoint, this can
be justified by the absence of neutral complexes larger than
Ba(CH3CN)1 in the mass spectra, whereas charged species as
large as Ba+(CH3CN)7 are readily observed. Theoretically, it
is rationalized by the smaller SBEs for the most stable isomers
of Ba(CH3CN)1-4 clusters relative to those for Ba+(CH3CN)n

complexes (Table I) because of the charge-dipole interactions
in the ionic species, which are stronger than the dipole induced-
dipole interactions at play in neutral clusters. This in turn
explains the comparatively narrower cluster size distribution
for neutrals (for which only the n = 1 complex is observed)
than for cationic species.

As for cationic clusters, the most stable Ba(CH3CN)n

theoretical structures show a preference for the N atoms of
acetonitrile molecules to coordinate to the Ba atoms (Fig. 5).
The Ba(CH3CN)1,2 clusters feature angular configurations,
which differ from the linear geometries of the respective cluster
cations (cf. Figs. 2 and 5). The geometries for Ba(CH3CN)3,4

are similar to those of the Ba+(CH3CN)3,4 ions, the major
difference being that the Ba(CH3CN)3 and Ba(CH3CN)4 clus-
ters feature N−−Ba−−N angles between two closest CH3CN
molecules of 69.0◦ and 70.1◦, respectively, which are lower
than those found in Ba+(CH3CN)3,4. Consideration of chiefly
6s-5d σ hybridization of the Ba atoms is also required to
explain the bonding in neutral clusters. This is to be expected
from the 1,3D states of Ba lying below their 1,3P states.32 It
is also confirmed by computing, via natural population anal-
ysis, the s:d barium atom orbital contribution to the highest
occupied molecular orbitals (HOMO’s) of the Ba(CH3CN)n

complexes (Fig. 6), which leads to the values of 0.92:0.00,
0.85:0.14, 0.76:0.17, and 0.59:0.19, for n = 1, 2, 3, and 4,
respectively.

Noteworthy, the SBEs of Ba(CH3CN)n complexes follow
similar trends as the related cationic clusters, i.e., the SBE for
Ba(CH3CN)3 is lower than those for n = 1, 2, and 4, which in
turn are comparable in magnitude to each other. Based on pre-
vious arguments (Sec. III A), the Ba(CH3CN)3 complex would
be expected to have a low population, as compared to those
for n = 1, 2, and 4, thereby leading to a bimodal Ba(CH3CN)n

cluster size distribution. Unfortunately, corroboration of this
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FIG. 5. Optimized structures for the
lowest-lying energy isomers of neutral
Ba(CH3CN)1-4 clusters, as calculated
at the mPW1PW91 level. The bond
lengths and the bond angles are given
in angstroms and degrees, respectively.
The results of natural population anal-
ysis at the DFT level are indicated in
brackets.

prediction was impossible here because of the narrow size
distribution, where neutral clusters heavier than Ba(CH3CN)1

are not produced.

C. Born-Oppenheimer molecular dynamics
of the cationic clusters

To investigate the possibility that completion of the first
solvent shell of Ba+(CH3CN)n clusters at n = 2 could be
responsible for the relatively low intensity of the n = 3 peak,

FIG. 6. Electronic density distributions of the HOMO’s in the lowest-
lying energy isomers of Ba(CH3CN)1-4 clusters. The iso-density surfaces
correspond to 0.015 Å−3.

Born-Oppenheimer Molecular Dynamics (BOMD) calcula-
tions were performed for n = 2-4 starting from structures,
on which two acetonitriles are directly bound to Ba+ at
N−−Ba−−N angles of around 70◦, and the third and fourth
CH3CN molecules for the n = 3 and 4 clusters, respectively,
are positioned in the second shell. The movies describing the
temporal evolution of the structure for each cluster up to 700 fs
of simulation are presented as the supplementary material.

The temporal behavior of Ba+(CH3CN)2 at 298 K indi-
cates that the ligands rearrange to achieve the expected lin-
ear geometry (Fig. 2), starting from an angular structure
(N−−Ba−−N angle = 69.75◦) and passing through a quasi-linear
geometry (N−−Ba−−N angle = 167.54◦) at 470 fs. The cluster
visits the most stable geometry at the middle of the simulation,
then oscillating around a quasi-linear geometry and further
proceeding with a conformational change. The dynamics at
298 K are similar to those at 0 and 50 K, the latter being
a typical temperature of the species produced in cluster beam
sources as the one used here,3 which suggests that at the present
experimental conditions the Ba+(CH3CN)2 cluster fluctuates
in the gas phase around two angular structures passing through
the most stable geometry (the linear one).

The simulations for the Ba+(CH3CN)3,4 structures at
298 K also show the molecular re-arrangement to reach
the most stable conformations of the corresponding cations
(Fig. 2). At the end of each simulation, all of the nitrogen atoms
are pointed to the barium ion, thereby stabilizing the positive
charge over the metal. The Ba+(CH3CN)3 cluster reaches the
pyramidal structure after 400 fs of simulation, and at 650 fs,
the geometry is quasi-planar converging to the most stable

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012835
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conformation. The convergence to the lowest energy confor-
mation becomes slower as the cluster size increases, thereby
demanding a lower time step to calculate the trajectory. The
Ba+(CH3CN)4 cluster does not converge to the most stable
conformation after 550 fs of simulation. The final frames of
the simulation indicate that the expected geometry, shown in
Fig. 2, should be obtained at nearly 700 fs of simulation. It
is important to point out that the convergence of the first tra-
jectory point for the n = 3 cluster was more demanding than
those for n = 2 and 4, which is to be expected on the basis of
the relatively low SBE for Ba+(CH3CN)3.

The results of BOMD calculations prevent consider-
ing the completion of the first solvent shell at n = 2 as
responsible for the relatively low intensity of the n = 3
peak. Furthermore, they confirm the lowest energy structures
for Ba+(CH3CN)2-4 clusters, as optimized in the DFT, time
independent calculations.

IV. CONCLUSIONS

The size distributions of neutral and cationic Bax(CH3CN)n

(x = 0, +1) clusters have been derived from molecular beam
experiments sequentially probing the two charge states, as pro-
duced by a standard laser vaporization-supersonic expansion
pick-up source. All of the cluster size distributions were found
to be unaffected by the variables controlling the performance
of the cluster source. Under the present operational conditions,
the clustering process seems to be more efficient for cationic
than for neutral clusters, given the relatively wide distributions
of the former, for which n is in the range of 1-7, as compared
to the latter where only the n = 1 complex is observed. The dis-
tinct behavior is compatible with the expected charge-dipole
interactions in the ionic species, which are stronger than the
dipole induced-dipole interactions at play in neutral clusters,
and it is corroborated by the relative magnitude of the theoret-
ical SBEs for the lowest-lying isomers of neutral and cationic
clusters with n = 1-4, as computed at the density functional
theory level.

The Ba+(CH3CN)1-7 family features a bimodal size dis-
tribution with an apparent minimum at the mass peak for
n = 3. The evidence was rationalized on the basis of the cor-
responding SBEs computed for n = 1-5, from which it could
be expected the Ba+(CH3CN)3 complex to have a low popula-
tion, as compared to those for n = 1, 2, and 4. The theoretical
structures of the lowest-lying isomers for n = 1-4 clusters are
helpful to interpret the relative instability of Ba+(CH3CN)3 in
terms of chiefly 6s-5d σ hybridization of the Ba+ ions. In this
picture, the interaction between the net dipole moment, which
results from the arrangement of three acetonitrile molecules
around the metal ion, and the induced quadrupole moment on
Ba+, seems to be unfavorable and could be the reason for the
relatively small third SBE. The finding that all of the ligands are
coordinated to the Ba+ ion in the lowest-lying Ba+(CH3CN)1-4

isomers, which is supported by BOMD simulations on such
species, prevents considering completion of the first solvent
shell as responsible for the relatively low intensity of the
n = 3 peak.

The present observations for Ba+(CH3CN)n clusters have
not been reported in previous studies on the Mg+(CH3CN)1-7

cluster size distributions, as produced in pick-up molecular
beam sources under similar conditions as here.15 The theoret-
ical structures of the lowest-lying isomers of Mg+(CH3CN)1-3

clusters suggest that the ligands are both located in the first sol-
vation shell and equivalently positioned around the Mg+ ion,
which results in a steady decrease of the SBEs with increasing
cluster size. More recently, the magic numbers at n = 3, 6, 9,
and 14 have been derived from Mg+(CH3CN)n≤18 cluster dis-
tributions, as produced running the pick-up sources at backing
pressures of the pulsed valve in the range of 3-8 bars, though
the origin of this behavior remains unclear.16

Based on the present computations for Ba(CH3CN)n clus-
ters, the Ba(CH3CN)3 complex is also predicted to have a low
SBE, as compared to n = 1, 2, and 4, which could not be
corroborated experimentally because neutral clusters heavier
than Ba(CH3CN)1 are not produced in the source, under the
experimental conditions explored in this work. Yet, this will
hopefully stimulate future experiments to study the stepwise
hydration behavior of such neutral species.

SUPPLEMENTARY MATERIAL

See supplementary material for the optimized structures
of the low-lying energy isomers of the Ba+(CH3CN)5 cluster
featuring coordination numbers (CN) of 5, 4, and 2, for the
electronic density distributions of the SOMO in the lowest-
lying isomer (CN = 5) of Ba+(CH3CN)5 and the movies show-
ing the results of Born-Oppenheimer Molecular Dynamics
(BOMD) calculations performed on the Ba+(CH3CN)2-4 clus-
ters at a temperature of 298 K, and for Ba+(CH3CN)2, also at
0 and 50 K.
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