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ABSTRACT: Cationic cobalt clusters complexed with water
Con+−H2O (n = 6−20) are produced through laser ablation
and investigated via infrared multiple photon dissociation (IRMPD) spectroscopy in the 200−1700 cm−1 spectral range. All
spectra exhibit a resonance close to the 1595 cm−1 frequency
of the free water bending vibration, indicating that the water
molecule remains intact upon adsorption. For n = 6, the
frequency of this band is blue-shifted, but it gradually
converges to the free water value with increasing cluster size.
In the lower-frequency range (200−650 cm−1) the spectra
contain several bands which show a very regular frequency
evolution, suggesting that the exact cluster geometry has little
eﬀect on the water−surface interaction. Density functional
theory (DFT) calculations are carried out at the OPBE/TZP level for three representative sizes (n = 6, 9, 13) and indicate that
the vibrations responsible for the resonances correspond to bending and torsional modes between the cluster and water moieties.
The potential energy surfaces describing these interactions are very shallow, making the calculated harmonic frequencies and IR
intensities very sensitive to small geometrical perturbations. We conclude that harmonic frequency calculations on (local)
minima structures provide insuﬃcient information for these types of cluster complexes and need to be complemented with
calculations that provide a more extensive sampling of the potential energy surface.

■

INTRODUCTION
Water is one of the most important chemicals on our planet,
playing a role in virtually all aspects of life. Its interaction with
metal surfaces is of fundamental importance, in particular, for
electrochemical and catalytic processes.1−4 On the molecular
level, the study of this interaction translates into seemingly
simple questions: what are the binding sites, the binding
energy, and the structure of the adsorbed water?
On bulk metal surfaces, water tends to bind in an erect
conﬁguration with the oxygen atom pointing toward the surface
while the hydrogen atoms are oriented away from it. Intuitively,
one would expect the plane of the water dipole to be oriented
perpendicular to the surface. However, theoretical studies
suggest an alternative binding motif where the water is bound
in an atop adsorption site with the O−H bonds directed nearly
parallel to the surface.5 Experimental information can be
obtained from the combination of various experimental
techniques, such as low-energy electron diﬀraction (LEED),
scanning-tunneling microscopy (STM),6 or reﬂection−absorp© 2015 American Chemical Society

tion IR spectroscopy (RAIRS). The number of studies on the
interaction of water with cobalt surfaces, while of fundamental
interest for important industrial processes such as the Fischer−
Tropsch synthesis, has thus far been limited; they indicate that
water binds molecularly to most smooth crystalline surfaces but
dissociates on defect sites.7−11
Direct information on the binding orientation of individual
water molecules can be hampered by the facile formation of
water clusters on the surface due to the high mobility of water
molecules on surfaces. In order to obtain information on the
interaction of water molecules with a metal surface and, in
particular, with well-deﬁned defect sites, the adsorption of water
to a metal nanocluster can be studied in the gas phase. Gasphase experiments on the one hand allow for an unambiguous
determination of the number of adsorbed water molecules,
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introduced through a pulsed valve (General Valve, series 9).
The pulsed valve is synchronized to the ablation laser to ensure
the highest helium density at the time of ablation. The
generated plasma and the carrier gas undergo multiple
collisions leading to cluster formation. Neutral, anionic, and
cationic clusters are created during this process. In order to
form cluster−water complexes, a mixture of 1% water vapor in
helium is introduced 60 mm downstream into the channel. By
adjusting the dosage of the helium−water mixture, it is possible
to produce Con+−(H2O)m complexes of varying water uptake
(m = 1−3). In this study we focus only on the adsorption of
one water molecule on cationic cobalt clusters. On exiting the
ﬂow reactor, the reaction mixture is expanded into vacuum
(10−7 mbar), forming a molecular beam. The molecular beam
then passes through a 2-mm-diameter skimmer (Beam
Dynamics, Inc., model 2) to enter a diﬀerentially pumped
vacuum chamber and is further shaped by a 1 mm aperture
upon entering the extraction region of a mass spectrometer in a
third vacuum chamber. Here, the clusters interact with the IR
laser beam that is aligned colinearly but is counter propagating
with respect to the molecular beam. The focus of the IR beam
lies about 25 mm before the extraction point, having a diameter
of the same order of magnitude as the molecular beam, thus
ensuring that all extracted clusters actually interacted with the
IR laser beam.
The IR light is produced by FELIX,47 which produces
intense IR light in the 66−3600 cm−1 spectral range; for the
present experiments, the range of 200−1700 cm−1 is used. The
FELIX pulse structure consists of macropulses of 10 μs
duration operating at a repetition rate of 10 Hz with a
macropulse energy of up to 100 mJ. The macropulse consists of
a pulse train of picosecond duration micropulses spaced by 1
ns. The micropulses are transform-limited with a spectral
bandwidth that can be adjusted to 0.2−1% RMS of the central
frequency; in the current work the bandwidth was kept at 0.3%.
A few microseconds after interaction with FELIX, all clusters
are extracted by a set of pulsed high-voltage plates into the
reﬂectron time-of-ﬂight mass spectrometer (R. M. Jordan TOF
Products, Inc.) and detected with a microchannel plate
detector. To correct for long-term source ﬂuctuations, the
experiment is operated at twice the FELIX repetition rate,
allowing for the recording of reference mass spectra in between
successive FELIX pulses. Whenever FELIX is in resonance with
a vibrational mode of a given cluster, the number of detected
Con+−H2O cations is reduced due to the dissociation of the
complex.
The IR-MPD spectrum is obtained by monitoring the
depletion of Con+−H2O cations as a function of IR frequency.
Depletions caused by IR-MPD are expressed as the ratio of the
number of ions detected under irradiation with FELIX to that
in the reference mass spectrum.
Theoretical. The density functional theory (DFT) calculations reported here have been performed using the 2013
version of the Amsterdam density functional package
(ADF2013).48−50 Previous calculations reported for cationic
cobalt clusters are based on the PBE functional,33,44,45 but in
the current work, we decided to describe the exchangecorrelation energy with the OPBE functional, a combination of
Handy’s OPTX modiﬁcation of the Becke’s exchange functional
with the Perdew−Burke−Ernzerhof (PBE) correlation functional,46,51 as OPBE has been used successfully in determining
the right spin states for high-spin systems, providing accurate

where clusters, a class of matter that bridges the atomic to the
bulk, are defect sites by deﬁnition: the ability to determine
cluster size and its geometric motif oﬀers a level of control over
defect sites unattainable for bulk studies. The isolation in the
gas phase and in a helium molecular beam environment in
particular allows for the stabilization of collision products that
are inaccessible in surface studies.
Studies on the interaction of metal ions with water in the gas
phase are ample; an overview is given by Beyer.12 The
adsorption of water on metal clusters has drawn considerably
less attention, although the adsorption of water onto aluminum
clusters has been extensively studied.13−16 As cobalt in
nanoparticulate form plays an important role as a catalyst in
the Fischer−Tropsch process,17,18 there has been a large
amount of interest in gas-phase studies of the interaction
between cobalt clusters and ligands. Shortly after the
development of laser ablation sources,19,20 the reactivity of
neutral cobalt clusters toward water and ammonia was
investigated using a ﬂow tube reactor.21 Thermodynamic
information on the interaction between charged cobalt clusters
and several ligand molecules has been obtained through mass
spectrometric techniques,22−30 but these do not yield structuresensitive information.
For this, infrared (IR) photodissociation spectroscopy (IRPD) has proven to be unsurpassed.31 In particular, the use of IR
free-electron lasers has enabled such studies down to the far-IR
region through the absorption of multiple IR photons (IRMPD).32 Using this technique, the structures of bare cobalt
cluster cations Con+ for sizes up to n = 8 were elucidated.33 IR
spectroscopic information has also been acquired for several
ligands bound to cobalt clusters,34−38 but for water such
information is limited to the atomic cation, either solvated by
multiple water molecules39 or in the UV spectral domain.40 We
present here IR spectroscopic data of cationic cobalt clusters,
ligated with a single water molecule. The brightness of freeelectron laser FELIX allows the probing of photodissociation
down to a frequency of 200 cm−1. This provides access to not
just the water vibrations but also to vibrations between the
water and cluster and of the cluster itself.
Density functional theory (DFT) calculations are usually an
integral part in assigning molecular structure to IR spectra. The
treatment of transition metal clusters with DFT is, however,
challenging as the half ﬁlled d-shells may give rise to many
possible spin states. For the cobalt studies in this work we note
earlier DFT studies41−45 and in particular the work of Fielicke
and co-workers33 who combined their IR spectral data for
cationic cobalt clusters with DFT calculations using the PBE
functional.46 In the current work we use similar computational
methods, but focus on the interaction between the cluster and
the water molecule.

■

METHODS
Experimental Section. The experiments described in this
paper have been performed using a molecular beam instrument
which is coupled to the free electron laser for infrared
experiments (FELIX).47 Cationic clusters are created by pulsed
laser ablation of a cobalt sample rod (Goodfellow, purity
99.99%) using the second harmonic of an Nd:YAG laser (532
nm, Brio Quantel, attenuated to 30 mJ per pulse). The sample
is rotated and translated by a stepper motor, enabling a
homogeneous erosion of the rod. The ablation takes place in a
4-mm-diameter ﬂow-tube-type cluster growth channel in the
presence of a helium carrier gas (190 μs, 5−8 bar) that is
10829
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values for the high-spin/low-spin energy splitting for iron
complexes.52−55
The triple-ζ-type (TZP) basis set from the ADF basis set
library is used in which the 1s−2p core for Co atoms as well as
the 1s core for the O atom have been kept frozen. To account
for relativistic eﬀects, the zeroth-order regular approximation
(ZORA) has been used for all calculations. 55,56 SCF
convergence of such high-spin systems as cobalt is diﬃcult,
but convergence to 10−6 is possible in practice in combination
with high-accuracy techniques. In some calculations, a mobile
block Hessian (MBH) calculation57,58 was performed in which
the relative positions of the cobalt atoms are kept ﬁxed and only
the motion of the water relative to the cobalt cluster is
considered.
We performed calculations on bare Co6+, Co9+, and Co13+
using the initial starting structures of the lowest-energy
conformers according to previous studies.44,45 For every cluster
species, a wide range of spin states has been considered to
determine the spin state with the lowest energy. As usual in
DFT calculations, we hereby deﬁne the spin state by the MS
value of the Kohn−Sham determinant, which only rigorously
corresponds to the exact spin quantum number for the highest
possible spin state of the system.59
Minima were veriﬁed by frequency calculations with
analytical or numerical second derivatives. All energies reported
include zero-point energies of all vibrational modes.
Once the stable geometries and spin states of the bare
clusters were established, water molecules were added at several
trial positions, and the resulting structures were reoptimized in
a range of spin states around the lowest-energy spin state found
for the bare cluster. To once again establish whether the
resulting structures are true minima and, more importantly, to
be able to analyze the experimental IR spectra, harmonic
frequencies were calculated. All IR spectra reported in this
paper have been calculated using analytical frequencies. The
accuracy of these calculations was checked by running both
numerical and analytical frequency calculations: frequencies
calculated using both methods diﬀer by less than 5 cm−1. All
frequencies presented in this work are unscaled.
For each optimized complex, a Hirshfeld charge analysis60 is
performed to evaluate the nature of Con+−H2O bonding.
Binding energies are calculated by taking the diﬀerence
between the energy of the optimized complex and the sum of
the unperturbed cluster and water energies, Eb = Ecluster−H2O −
(Ecluster + EH2O). This value thus includes the energetic cost of
possible cluster and water structural rearrangements upon
adsorption.

Figure 1. IRMPD spectra of Con+−H2O (n = 6−20) complexes in the
200−1700 cm−1 spectral range. The size dependence of three lowfrequency bands is indicated by the red dashed lines; the frequency of
the free water bending mode is indicated by the green dashed line.

90% could be achieved. For the reported measurements a
compromise between spectral broadening and band visibility
has been found for conditions where a maximum depletion of
60% occurred. The spectra in the 200−700 cm−1 spectral range
are multiplied by a factor of 4 to increase the visibility of the
bands.
The spectra exhibit clear resonances in the two spectral
regions with widths of several tens of cm−1, which is indicative
of a multiple-photon excitation process as suggested in previous
experiments.61 To estimate the number of absorbed photons
necessary for dissociation, we consider the bond strength of
water to cobalt clusters. The bond strength of water to the
cobalt ion (Co+−H2O) is measured to be 1.7 eV.24 While no
experimental value is known for clusters, our theoretical
calculations on the binding energy of water on Con+ (n =
6,9,13) (vide infra) predict substantially lower values than for
the ion. All are higher than 0.33 eV, implying that the
absorption of at least two photons at 1600 cm−1 and
substantially more at lower frequencies is necessary to
photodissociate the complex.
It can further be seen that the signal-to-noise ratios reﬂect
the production eﬃciency: the spectra for the larger clusters are
clearly nosier than those in the n = 6−18 range.
As all cluster sizes exhibit a limited number of bands and
these bands appear to have a reasonably regular evolution with
cluster size, we facilitate the discussion of the resonances by
denoting these bands α, β, γ, and δ as indicated in Figure 1. To
guide the eye, the evolution of these resonances with size is
indicated by dashed red lines. These red lines have been
obtained by ﬁtting the observed bands to a Gaussian line shape
function; the resulting band centers were subsequently ﬁtted to
linear (band α) and hyperbolic (bands β and γ) functions as
shown in Figure 2.
All cluster sizes exhibit a resonance around 1600 cm−1 (band
δ). This band is indicative of the presence of an intact water
molecule as it nearly coincides with the bending vibration of

■

RESULTS AND DISCUSSION
Experiments. Figure 1 shows the experimental IR-MPD
spectra of Con+−H2O clusters in the 200−700 and 1500−1700
cm−1 spectral ranges for n = 6−20. Spectra have also been
recorded in the 700−1500 cm−1 range, but in this range no
depletion has been observed. The spectra are presented as the
IRMPD intensity IIRMPD deﬁned by
IIRMPD(ν) ≈ −

⎛ I (ν ) ⎞
1
ln⎜ IR ⎟
Φ(ν) ⎝ Iref ⎠

where IIR(ν) and Iref represent the ion intensities with FELIX on
and oﬀ, respectively, and Φ(ν) is the photon ﬂuence at
frequency ν. Under full power conditions, depletions of up to
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the intensities of these bands are very low as compared to those
of the α band for n = 6 but gradually become larger, and for the
n = 12 cluster they dominate the low-frequency range of the
spectrum.
Finally, it is of interest to note that cluster sizes n = 15 and 16
exhibit frequencies that are not very well ﬁtted by the
hyperbolic function shown in Figure 2. A closer inspection of
the spectra in Figure 1 hints at a splitting of bands β and γ. The
cause of this splitting is unknown. Interestingly,38 there is a
report on similar splitting of the N2 stretching vibration for
Con+−N2 clusters starting at n = 14.
DFT Calculations. DFT calculations have been performed
for Co6+, Co9+, and Co13+ complexed with water. In all
calculated structures the water molecule is, as expected, bound
to the positively charged cobalt surface through the binding of
the electronegative oxygen to a single Co atom (atop binding).
The orientation of the water dipole is not directed completely
orthogonal to the surface but certainly is not parallel to the
surface as was predicted for the bulk.5 We ﬁnd dihedral angles
Co−O−H−H on the order of 130−140°. This can be
rationalized by the imperfect surface nature of a cluster. All
results are collected in Table 1.

Figure 2. Fitted band centers for the diﬀerent observed IR resonances
and ﬁts to linear and hyperbolic functions. The horizontal dashed line
in the top panel indicates the frequency of the free water bending
vibration.

Table 1. Stabilization Energies and Binding Energies (in
eV), and the Hirshfeld Charge Transfer

free water at 1595 cm−1.62 The fact that we have observed
depletion for the water bending mode of up to 90% at higher
IR ﬂuences suggests that for the large majority of species
investigated here, water molecules remain intact. Nevertheless,
we cannot rule out the presence of dissociated water complexes.
The frequency of the δ band shows a small but clear size
dependence as can be seen in Figure 2. One observes that the
resonance frequency for smaller cluster sizes exhibits a marked
blue shift, which decreases with the cluster size and eventually
turns into a slight red shift. This behavior is consistent with
other experiments,63 most notably on Vn+−H2O clusters.64 The
blue shifts for the smaller cluster size observed there were
attributed to an increase in the H−O−H bond angle caused by
a charge transfer induced by the binding of the oxygen atom to
the cluster. As a result, electron density on the oxygen is
transferred toward the cluster, thereby weakening the H−O
bond strength. As the cluster size increases, the transferred
charge is redistributed over a larger surface, which is consistent
with the decrease in blue shift observed. The red shift for larger
clusters, even beyond the free water value of 1595 cm−1, is
attributed to the weakening of the O−H bonds. We cannot rule
out that the multiphoton techniques used in acquiring the data
contribute to the shift. To the best of our knowledge, no value
for the water bending mode has been reported for the binding
of water to bulk cobalt.
The bands in the lower-frequency range, especially bands β
and γ, show a much clearer size dependence. Unlike for the
water bending vibration, where vibrational motion is localized
entirely in the water molecule, the vibrations expected in this
range involve the bond between the cluster and the water
molecule. As the reduced mass for this system is sizedependent, the resulting vibrational frequencies will change
with size. We will later discuss the exact nature of these modes
when we compare the experimental results to the results of the
DFT calculations. The regular size evolution of the α, β, and γ
bands suggests that the modes are not very sensitive to the
cluster structure. In contrast, ﬂuctuations in the δ band indicate
a larger sensitivity. A second trend we note is the evolution of
the relative intensities for the β and most notably the γ band:

spin state
species
6A
6B
6A−H2O
6B−H2O
site 1
site 2
site 3
9A
9B
9A−H2O
9B−H2O
13
13−H2O

MS

E0

Eba

Δqb

13/2
15/2
13/2
15/2
13/2
15/2

0.23
0.00
0.79
c
0.00
0.03

−0.83
−0.56

−0.288
−0.238

13/2
13/2
13/2
9
9
9
9
15
16
15
16

0.70
0.81
0.85
0.00
0.51
0.00
0.62
0.17
0.00
0.01
0.00

−0.68
−0.58
−0.53

−0.275
−0.244
−0.245

−0.64
−0.57

−0.250
−0.251

−0.52
−0.34

−0.247
−0.201

Eb = E(cluster-H2O) − (Ecluster + EH2O) bΔq = qcluster − qH2O cStructure 6B
with this spin state relaxes into structure 6A
a

The nature of the interaction of the cationic cobalt clusters
with H2O can be further studied using an energy decomposition analysis (EDA).65,66 In this method, the interaction
energy between two fragments is split into three physically
meaningful components: Pauli repulsion (ΔEPauli), attractive
electrostatic (ΔEelstat), and orbital (ΔEorb) interactions. ΔEelstat
gives the electrostatic interaction energy between the fragments, which is calculated with a frozen electron density
distribution in the geometry of the complex. The associated
orbital term ΔEorb accounts for charge transfer, polarization,
and (if applicable) electron-pair bonding. Table 2 shows the
energy decomposition for symmetrized Co6+ (Oh), Co9+ (D3h),
and Co13+ (D4h) clusters interacting with water at the OPBE/
10831
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Table 2. EDA and QTAIM analysis for Con+−H2O (n =
6,9,13)
EDA (eV)

(0 and 0.03 eV, respectively). This is reﬂected in a substantially
larger binding energy of 0.83 eV for water on the MS = 13/2
surface against 0.56 eV on the MS = 15/2 surface.
For the capped trigonal bipyramid (6B), several water
adsorption sites (6B-1, 6B-2, and 6B-3) have been tested
(Figure 3). The lowest-energy structures are all found for a spin

QTAIM (au)

complex

ΔEPauli

ΔEelstat

ΔEorb

ΔEint

Eb

ρ

∇2ρ

6A−H2O
9A−H2O
13−H2O

2.93
1.58
2.33

−2.21
−1.56
−1.83

−1.61
−0.64
−0.93

−0.89
−0.62
−0.43

−0.83
−0.64
−0.52

0.068
0.057
0.058

>0
>0
>0

TZ2P level of theory. The symmetrization was needed to be
able to converge the spin-restricted DFT cobalt clusters that are
needed as an intermediate step in the EDA. The ﬁnal ΔEint
includes spin polarization and is, apart from a small geometrical
distortion in the latter, identical to the calculations reported in
Table 2. From Table 2 we see that the interaction energy
2O
2O
2O
decreases in the order |ΔE13−H
| < |ΔE9−H
| < |ΔE6A−H
|.
int
int
int
This is due to the primarily electrostatic nature of the bonding
that decreases in strength as the positive charge on the cobalt
cluster is spread out over more atoms. There is no simple trend
in the number of atoms; however, for the less symmetric Co9+
cluster all three contributions to the interaction energy are
relatively small, leading to an energy in between those of the
other two. Comparing the very symmetric Co6+ and Co13+
clusters we see that the drop in charge on the frontier cobalt
atom from 1/6 e to about 1/13 e correlates well with the factor
of 2 decrease in interaction strength. This primarily electrostatic
nature of the bonds is also conﬁrmed by a quantum theory of
atoms in molecules (QTAIM) analysis.
In Bader’s topological analysis,67 the nature of the bonding is
analyzed in terms of the properties of the electron density and
its derivatives. The Laplacian of electron density at the bond
critical point (BCP), ∇2ρ(r), is related to the bond interaction
energy by a local expression of the virial theorem 1/4∇2ρ(r) =
2G(r) + V(r).68 The sign of ∇2ρ(r) at a BCP is determined by
which energy is in present excess over the viral average of 2:1 of
kinetics to potential energy. In covalent interactions, the charge
density at the BCP is tightly bound and compressed over its
average distribution. Therefore, for covalent bonds, a negative
value of ∇2ρ(r) is expected. On the other hand, in electrostatic
interactions the electronic charge is expanded relative to its
average distribution. The kinetic energy density is dominant
and ∇2ρ(r) is positive at the BCP. The computed electron
density ρ (r) and Laplacian ∇2ρ(r) at the BCPs of selected
Con+−H2O bonds are presented in Table 2. The positive value
of ∇2ρ(r) at the BCPs indicates that this interaction should
indeed be classiﬁed as an electrostatic type of bonding. The
magnitude of electron densities at the BCPs furthermore
correlates well with the trend in interaction energies.
Co6+−H2O. For Co6+, the two lowest-energy isomers have
been investigated: a tetragonal bipyramid (structure 6A) and a
capped trigonal bipyramid (structure 6B). Geometries have
been taken from ref 33. For structure 6A, the lowest energy is
found at a spin state of MS = 15/2 having bond lengths ranging
from 2.24 to 2.33 Å. The same geometry with a spin state of MS
= 13/2 is found 0.23 eV higher in energy with slightly
shortened bond lengths. Structure 6B is found at 0.79 eV with a
spin state of MS = 13/2. These calculated results are in good
agreement with previous DFT studies.33,44,45
Because of its highly symmetric shape, only one water
adsorption site on the surface has been calculated for structure
6A. The addition of water onto 6A strongly reduces the energy
diﬀerence between the lowest spin states: the energies of 6A−
H2O complexes with MS = 13/2 and 15/2 are almost identical

Figure 3. Experimental spectrum of Co6+−H2O compared to
calculated IR spectra of the lowest -energy structures of 6A and 6B.
Each calculated spectrum is accompanied by the structure name, spin
state MS (in parentheses), and its relative energy (including zero-point
energy).

state with MS = 13/2. In absolute terms, they are all found at
energies of 0.7−0.85 eV above that of the 6A−water complex.
It is further noteworthy that 6B−1 and 6B−2 relax into 6A−
water on the MS = 15/2 surface, as does the bare cluster itself.
The calculated spectra for selected structures are shown
together with the experimental results in Figure 3. The
calculated IR spectra have been convoluted with a Lorentzian
line shape function with a 15 cm−1 width. The experimental
spectrum of Co6+−H2O shows four distinct peaks centered at
331, 501, 590, and 1614 cm−1. The α and δ bands are the most
intense and have widths of 68 and 26 cm−1 (fwhm),
respectively. The β and γ bands are much weaker, with
associated widths of 45 and 35 cm−1, respectively.
All calculated IR spectra predict a number of vibrational
modes below 300 cm−1 with IR intensities of less than 20 km/
mol and associated with internal cluster vibrations. Each
calculated spectrum is dominated by two very intense bands:
the water bending vibration close to 1600 cm−1 and the water
wagging vibration. The line position of the latter varies
considerably for 6A, ranging from 282 cm−1 at MS = 15/2 to
325 cm−1 at MS = 13/2. Values for 6B are found in between
10832
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these extremes. Most structures exhibit two minor bands in
between the two high-intensity bands. The highest-frequency
mode of these is in all cases the rocking motion of the water
molecule. A zoom-in on this part of the spectrum shows their
presence, with calculated IR intensities lower than 10 km/mol.
Although in agreement with the experimental observation
that each calculated spectrum displays a strong band, the overall
match between calculated and observed spectra in the 200−600
cm−1 spectral range is not very good. The observed mismatch
in predicted and observed frequency of the strong band should
not be of too much concern: in most theoretical calculations,
the harmonic frequencies reported are typically overestimated
in comparison to observed values. This discrepancy is
attributed to the fact that the theoretical treatment does not
take anharmonicity into account. In most cases, the
discrepancies are found to be uniform and can be corrected
for by empirical scaling factors so that good agreement between
theory and experiment can be obtained.69 In the present case,
the concern is rather that none of the calculated spectra exhibit
the reasonably intense β and γ bands. Although the calculations
predict bands to the blue of the α band, they are very weak and
their frequency does not match the experimentally observed
frequencies. Of course, the signal-to-noise ratio for the β and γ
bands is not as good as for the α band, but their visibility for
larger cluster sizes is much better and calculations do not
predict these either, as will become clear below.
One could speculate that the problem is caused by the
density functional that is employed; a common strategy is then
to carry out calculations with other functionals as well and
check for qualitative diﬀerences. In order to do so, we carried
out calculations using diﬀerent functionals for three diﬀerent
spin states of Co6+−H2O. We chose the revised Perdew−
Burke−Ernzerhof (revPBE) functional in the generalized
gradient approximation (GGA),46 with which the spectral
assignment of bare cationic cobalt clusters was performed,33
and the Tao−Perdew−Staroverov−Scuseria (TPSS) functional
in the meta-generalized gradient approximation (Meta-GGA).70
With the latter we have recently been able to assign the spectra
for neutral cobalt clusters.71 To test whether a dispersioncorrected density functional has an inﬂuence on the vibrational
frequencies, we included calculations with the OPBE functional
corrected with the D3 method of Grimme.72 All calculations
make use of the same TZ2P basis set. The results of these
calculations are depicted in Figure 4. As in all other ﬁgures, no
frequency scaling is applied. The results show that recomputed
spectra vary substantially in line positions but not in their
failure to predict the relatively high intensities of the β and γ
modes. Thus, this is likely to be a general feature of the use of
harmonic frequencies calculated at the minima of the potential
energy surface.
On the basis of these calculations we can neither assign our
spectrum to a speciﬁc structure nor give a verdict on which of
the used functionals is the most accurate. We continue for the
moment our use of OPBE for harmonic frequency calculations,
but we will later discuss the purported failure of the spectral
predictions in more detail.
Co9+−H2O. For our calculations on bare Co9+, we have
started from the geometry of the lowest-energy structure as
predicted by previous theoretical studies.44,45 These are the
tricapped trigonal prism (9A) and the bicapped pentagonal
bipyramid (9B), for both of which a spin state of MS = 9 turns
out to give the lowest energies, with 9B being less stable by 0.51
eV. Co−Co bond lengths found range from 2.24 to 2.52 Å for

Figure 4. Comparison of the experimental spectrum of Co6+−H2O to
theoretical spectra for structure 6A calculated with diﬀerent theoretical
methods.

9A and from 2.22 to 2.35 Å for 9B. Diﬀerent spin states around
this minimum structure have energies about 1 eV higher. Onto
these stable structures water is added, and the structure is
reoptimized for diﬀerent spin states. The results in Table 1
show that the interaction of H2O with both 9A and 9B does not
change the spin state; the average O−H and Co−Co bond
lengths and the H−O−H bond angle, on the other hand,
increase slightly upon complexation.
The experimental spectrum (top panel in Figure 5) displays
four distinct peaks centered around 342, 480, 577, and 1609

Figure 5. Comparison of the experimental IRMPD spectrum of the
Co9+−H2O cluster with the computed spectra for diﬀerent structures.

cm−1. The theoretical spectra exhibit a similar trend as for
Co6+−H2O: an intense band near 300 cm−1 and only weak
features to the blue of this band, in clear disagreement with
experimental ﬁndings. The calculated spectra appear to be less
sensitive to changes in the spin state than for Co6+−H2O; the
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All methods reasonably agree on the nature of the vibrations
calculated, which are schematically shown in Figure 7. The

energy diﬀerence between 9A and 9B is substantial at 0.62 eV.
Binding energies found for 9A and 9B are 0.64 and 0.57 eV,
respectively.
Co13+−H2O. Calculations for Co13+ have been made using
the cluster geometry found in ref 44. The most stable structures
found have spin states of MS = 15 and 16, where the higher spin
state is favored by 0.17 eV. The binding energies of water to
Co13+ (MS = 15) is computed at 0.52 eV, and that for MS = 16
is even lower at 0.34 eV, making the MS = 16 structure the
lowest in energy, albeit by a meager 0.01 eV. Both binding
energies are substantially lower than the binding energies found
for the Co6+ and Co9+ clusters. This can be rationalized by
taking into account that in the icosahedral structure each atom
is coordinated to ﬁve neighboring atoms. It also implies that at
1600 cm−1 only two photons need to be absorbed to induce
dissociation.
The experimental spectra (Figure 6) follow the trend
observed before: an intense band at 343 cm−1 and at least

Figure 7. Schematic representation of theoretically predicted vibrational modes.

most intense band is the water libration mode, where the water
molecule makes a wagging motion. We tentatively assign the α
bands, being the most intense bands observed, to this vibration.
A second much more deﬁnite assignment is the water bending
mode to the δ bands. For the β and γ bands none of the
calculations oﬀer a satisfactory prediction. Frequencies do not
match, and the intensities are very low. They also give no
indication of an increase in intensity with growing cluster size.
One may argue that IR-MPD spectra should not be
compared to the (calculated) linear absorption spectrum. It is
true that IR intensities are not always represented well, but
usually the frequencies are predicted quite accurately. In the
present case, the intensities are very diﬀerent, and no clear
trend is found in the frequency of modes upon enlarging the
number of Co atoms in the cluster. Given the regularity in the
frequency evolution with cluster size, it is, however, tempting to
conclude that the exact cluster geometry is subservient to the
Co−O bond involving the single Co atom and that the cluster
size eﬀectively comes in only to modify the reduced mass
involved in the vibration.
To test this hypothesis we carry out two types of calculations.
In the ﬁrst we calculate the analytical Hessian to obtain the IR
spectrum for Co+−H2O and then calculate the equivalent for
isotopically substituted analogues, taking the mass of Con. The
results of these calculation are shown in panel a of Figure 8. As
a single atom will also be electronically quite diﬀerent from a
cluster, we also repeat this calculation for structure 6A, where
we show the results of a similar isotopic substitution in Figure
8b. In a second type of calculation we employ the mobile block
Hessian (MBH) approach to freeze the internal degrees of
freedom of the Co clusters, letting the cluster move as one
heavy atom. Together these calculations allow a separation of
the electronic eﬀect of enlarging the cobalt cluster versus the
increase in the mass of the cluster.
Calculations of Co+−H2O yield a structure characterized by a
1.925 Å Co−O bond length and a 142.5° Co−O−H−H
dihedral angle. The bond length found is slightly shorter than
that for the 3B2 structure reported in ref 73 (1.992 Å). Of its six
vibrations, the four in the presently studied spectral region are

Figure 6. Comparison of the experimental IRMPD spectrum of the
Co13+−H2O cluster with the computed spectra for diﬀerent structures.

two bands at frequencies of between 400 and 600 cm−1 (band
centers at 438 and 552 cm−1, respectively). Interestingly, we
now ﬁnd that the band at 552 cm−1 is more intense than the
band we tentatively assign to the wagging vibration at 343
cm−1. The calculated spectra for diﬀerent spin states are nearly
identical apart from a substantial shift of the frequency of the
wagging vibration. As observed before, the predicted intensities
of the higher-frequency modes do not agree with the
experimental observations.
Discussion. The results from the previous sections show that
the harmonic calculations do not provide a qualitatively correct
description of the observed spectra: where the predicted
frequencies and IR intensities for the water bending mode
(around 1600 cm−1) are quite reasonable, those predicted for
the water−cluster vibrations are inadequate as they simply fail
to reproduce the number of intense IR bands observed in the
experiments. To rule out any eﬀects from the choice of
functional, we carried out the same calculations for Co6+−H2O
using two diﬀerent functionals. The results suggest that OPBE
is not performing worse than OPBE-D3, revPBE, or TPSS:
there are diﬀerences in frequencies and intensities, but neither
method oﬀers a better prediction of the intensities of the β and
γ bands.
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local minima only. In such regions away from the minima, local
dipole moments may change rapidly, leading to much stronger
absorption intensities. Exploratory calculations at geometries
that are slightly distorted along the lowest-energy vibrational
coordinates (torsions of the Co−O bond or slight water
displacements) indeed already show a large inﬂuence on both
frequencies and IR intensities.
One way to improve the current calculations is thus the
implementation of methods that sample not just the potential
minimum but a larger part of the potential energy well.
Recently, Born−Oppenheimer molecular dynamics (BOMD)
were successfully implemented to describe the very anharmonic
vibrations probed in small peptide model systems.74 However,
for the problem at hand the implementation of such
calculations is not expected to be trivial, given the proximity
of diﬀerent spin surfaces.

■

CONCLUSIONS
We have recorded the IR spectra for cationic cobalt clusters
complexed with water molecules, Con+−H2O (n = 6−20), using
IR-MPD spectroscopy. These constitute the ﬁrst spectra of
water adsorbed onto transition-metal clusters that directly
address the vibrations of the water−cluster bond; one earlier
study of water adsorbed onto vanadium clusters investigated
only the vibration of the water itself.64 The experimental
spectra provide clear resonances in the 200−600 cm−1 spectral
range that are evolving quite regularly with cluster size.
The deceiving simplicity of the size-evolution of the observed
bands is all the more intriguing as the theoretical description
using harmonic frequencies at the OPBE/TZP level is accurate
for the localized water bending mode near 1600 cm−1 but
interestingly appears to fail in the low-frequency range. We
have investigated whether the use of other functionals OPBED3, revPBE, or TPSS) improves the description, but we found
no large improvements. Factors that may play a role in this are
a possible overestimation of the coupling strength between
water−cluster motions and internal cluster vibrations or a
strongly anharmonic shape of the potential well of the Co−
H2O bond.
As the current data are the ﬁrst that directly probe the
interaction between cobalt clusters and water, they can serve as
a benchmark for future developments in describing the metal−
water bond which is of fundamental importance. At the same
time it is clear that extending these types of studies to other
metals will further our understanding of such bonds. Such
studies are therefore currently being pursued in our laboratory.

Figure 8. Two methods attempting to separate cluster and cluster−
water vibrations: isotopic substitution of Co+ (a) and 6A (b) and
frozen-block calculations for structures 6A, 9A, and 13 found above
(c).

the water bending mode (1582 cm−1), the Co−O stretching
mode (425 cm−1), and two water libration modes (wagging at
313 cm−1, and rocking at 642 cm−1). As expected, the three
low-frequency modes shift toward the red for an increasing
cobalt mass, but it is striking that the water bending mode and
the rocking mode barely shift. At the same time, the relative IR
intensities for the two lower-frequency modes change
substantially. The isotopic substitution of the calculated
spectrum for 6A oﬀers less clear trends. The wagging mode
red shifts but only marginally, whereas the rocking mode is
virtually unchanged. In both cases the change in mass alone
does not explain the experimental observation of strongly redshifted β and γ peaks that are both increasing in intensity.
In the MBH calculations, we consider the minima found for
6A, 9A, and 13 as shown in Figure 8. Unfortunately intensities
are not yet implemented for this method, so we can discuss
only the position of the peaks. Here, we discern substantial red
shifts for all three low-frequency vibrations (stretching,
wagging, and rocking) with mass. In particular, for the
problematic γ bands it is the ﬁrst time we observe a substantial
shift. However, the shift of the wagging mode is now larger than
observed in the experiments, and assuming that the stretching
mode is not responsible for the α band, the third β band is not
predicted either.
It is obvious that the simple qualitative models discussed
above are not accurate enough for the current problem.
However, they do to some extent exhibit the systematic shifts
that we observe in the experimental spectra. While they
certainly do not match the observed spectra, the size-dependent
shifts reinforce our suspicions that the water−cobalt coupling is
less strong than the calculations for the optimized geometries
suggest.
A possible cause of the discrepancy is the shallowness of the
potential energy surface relating to the Co−H2O bond, which
gives rise to rather anharmonic potentials that can invalidate the
harmonic approximation used to compute the frequencies.
Moreover, at the temperature at which the experiments are
carried out this ﬂuctional system may actually sample a larger
region of the potential energy surface than is described by the
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