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Isolated transition metal clusters have been established as useful models for extended metal surfaces or
deposited metal particles, to improve the understanding of their surface chemistry and of catalytic
reactions. For this objective, an important milestone has been the development of experimental
methods for the size-specific structural characterization of clusters and cluster complexes in the gas
phase. This review focusses on the characterization of molecular ligands, their binding and activation by
Received 9th January 2023 small transition metal clusters, using cluster-size specific infrared action spectroscopy. A comprehensive
overview and a critical discussion of the experimental data available to date is provided, reaching from
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electron lasers as well as other intense and broadly tuneable IR laser sources.

1 Introduction

1.1 Coordinately unsaturated metal clusters

“Cluster chemistry may provide valuable insights to chemi-
sorption and catalysis on surfaces” the American coordination
(and surface) chemist Earl L. Muetterties - rather cautiously -
wrote in the subheading of his 1977 article in Science entitled
Molecular Metal Clusters.” With this statement he refers to the,
at that time, newly introduced concept of the cluster-surface
analogy that sees clusters as ‘little pieces of metal with chemi-
sorbed species on the periphery’. While this picture, with some
limitations, is indeed appropriate, used up to date and one of
the main motivations for this review, the clusters Muetterties
and his contemporaries had been studying are rather different
to what we may have in mind today for cluster models of
a reactive metal surface. From initially studying polyhedral
borane anions, like the famous icosahedral B,,H;,>~, Muetterties
later developed a strong interest in the relation between transition
metal (TM) cluster chemistry and the surface science of metals.
He concluded that the, at his time, ‘virtually unknown area of
coordinately unsaturated metal clusters’ may bear suitable
synthetic models for a reactive metal surface. In the late
1970s, the time may have been ripe for such type of models as
the analogy between cluster compounds and ligand covered
surfaces had been raised also by others,’ realizing full well that
there remain also significant differences, e.g., in the metal’s
coordination or in the electronic structure that is discrete for a
cluster containing only a few atoms as opposed to the continuous
band structure of an extended metal.

This journal is © The Royal Society of Chemistry 2023
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In order to prove the suitability - and also the limits - of
such a cluster/surface analogy the central questions that
emerge are: how does the geometrical and electronic structure
of a coordinately unsaturated or completely bare metal cluster
affect its reactivity? What are the elementary binding mechanisms
for the ligands and the structural properties of the cluster com-
plexes formed? When does the metal binding lead to an activation
of bonds, eventually even to bond-breaking within the ligand and
to further reactions in the cluster complex? How does this all
depend on the coordination of the active metal centers and the
size of the cluster? How does the charge a metal cluster may be
carrying affect the reaction behavior?

A prerequisite for answering these questions is information
on the electronic and geometric structure of the clusters them-
selves and of their complexes. With a few exceptions (e.g., Zintl
type ions), ligand-free metal clusters can only be studied under
very special conditions: isolated in vacuum, embedded in (inert)
cryogenic matrices, or deposited on surfaces in an ultrahigh-
vacuum environment. However, cluster densities are usually
rather low (see below), which hinders the use of standard
analytical techniques. The density problem may be, to some
extent, overcome by accumulating clusters over prolonged times
(minutes to hours). Handling the samples at cryogenic tempera-
tures can extend the time-window available for characterization.
A more severe problem remains for embedded or deposited
species, as their identity may be easily obscured, due to disin-
tegration or other reactions occurring already during sample
preparation, and interactions between the clusters or with the
substrate or matrix. In addition, metal clusters and their com-
plexes are often directly grown in a matrix or on a surface from
their constituents. This typically leads to a distribution of
different species defeating unambiguous, and direct, size or
composition specific assignments. Nevertheless, despite these
difficulties, matrix isolation spectroscopy has made significant
contributions to the understanding of small metal clusters and
their complexes.” On the other side, clusters deposited on
surfaces can be studied in real space by imaging techniques like
scanning probe microscopy’ or aberration corrected electron
microscopy.® The latter clearly reproduces - on a graphite
substrate - the tetrahedral structure of Au,, which had been
identified before by using gas-phase spectroscopy.’

1.2 Experimental characterization in the gas phase

Bare metal clusters are difficult to access with the methods of
preparative synthetic chemistry. Such systems are usually not
stable in condensed phase. However, in the gas phase completely
ligand-free clusters can be prepared by sputtering or aggregation
from atomic vapors.® For many transition metals, thermal evapora-
tion, due to their high melting and boiling temperatures as well as
their reactivity towards many refractory materials at elevated
temperatures, raises significant technical difficulties. Accordingly,
the introduction of the laser vaporization technique® in 1981 was a
breakthrough for the facile production of uncovered, bare metal
clusters - composed out of essentially any metal, in wide size-
ranges, and even in different charge states. Following a similar
principle, electric discharges have also been used for sputtering or
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vaporization.™ Together, these comparably simple and universal
ways for cluster production enabled intensive studies of the
transition metal clusters’ chemistry in the gas phase.®”!

Though, the great flexibility in the cluster production comes
at a very high price:

e The statistical aggregation process generally leads to a
broad distribution of differently sized clusters.

¢ The high instability towards condensation requires handling
of the clusters in molecular beams or - for charged clusters -
using ion beam (or trap) techniques.

e This typically sets limits on the experimental observation
time frame to a few 100 microseconds in a molecular beam.
Longer characterization times (ms-s) can be realized by storing
charged clusters in ion traps.

e Finally, the total number of clusters that can be produced
in a single experiment and achievable densities are rather
limited as illustrated by the space charge limit of ion traps of
about 10° to 107 ions cm ™2,

These densities still correspond to a nearly perfect vacuum,
such that one can neglect cluster—cluster interactions. Also,
collisions with background gases can be controlled via the
experimental conditions. Therefore, the clusters can be studied
practically isolated in vacuum, in a well-defined environment,
and there are no ill-characterized interactions with a support or
a solvent.

Specifically for the characterization of metal clusters and
their complexes in the gas phase and thus in an isolated
environment a variety of experimental techniques have been
employed. Those are reaching, e.g., from an analysis of mass
spectral intensity patterns to decipher composition and relative
stabilities,'? over studies in flow or collision cells that result in
information on reactivities and (collision) cross sections,®”*1*3
electron diffraction,"* measurements of magnetic and electric
moments in Stern-Gerlach type beam deflection experiments,"”
towards a wide range of spectroscopic techniques.

Historically, due to the availability of suitable lasers, the
spectroscopy of metal clusters has been mostly performed in
the visible and ultraviolet spectral region, thus typically indu-
cing electronic excitations and/or ionization.'® Because of the
dense electronic structure of transition metals, these spectra are
congested and (with few exceptions) not well resolved, meaning
they usually lack vibrational and rotational resolution. More
recently, a few examples for vibrationally resolved optical excita-
tion spectra of small gas-phase gold clusters and their com-
plexes have been reported.” However, a quantitatively correct
assignment of a transition metal cluster’s electronic spectrum is
still far from trivial even with the advanced quantum chemical
methods available today. Exceptions are clusters of the ‘simple’
metals like the alkali metals that can be reasonably described
using a one electron-shell model, the ‘jellium’ model, which
naturally also explains the evolution of their size-dependent
stabilities, i.e., the appearance of ‘magic numbers’.">'%%18

For anionic metal clusters, photoelectron spectroscopy has
been - and still is - extensively applied, as one can obtain
selectivity for size and composition by a preceding mass spectro-
metric separation step for the negatively charged clusters.
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Being an optical spectroscopy, anion photoelectron spectro-
scopy (APES) primarily probes the electronic structure and can
deliver insights into orbital interactions and electron transfers
that lead to the formation of chemical bonds between metal and
ligands."® The spectra are often rather complex and contain
information on the anionic as well as the neutral cluster species
and, in some cases, vibrational substructures can be resolved for
the neutral states formed upon detachment. Vibrational pro-
gressions are governed by the Franck-Condon overlap and,
therefore, indicate changes in metal-ligand interaction upon
ionization. An example is the observation of progressions with
~1350 cm ™' for Au,(O,)” (n = 2, 4, 6), revealing that the
detachment involves the ©* orbital of O, and drives a transition
from superoxide (O, ) to only weakly activated O, in the neutral
complex.*’

Using bright X-ray sources like synchrotrons or X-ray free
electron lasers, core level photoelectron and X-ray absorption
spectroscopy of gas-phase metal clusters also became possible.”*
Similar to ESCA (electron spectroscopy for chemical analysis)®*
and its derivatives, element-specific information on the local
coordination environment can be obtained that is, however, in
practice often limited due to comparably small chemical shifts
and, therefore, an inherent finite energy resolution. Further,
studies of the X-ray magnetic circular dichroism have shown to
give a sensitive measure for the magnetic properties of metal
clusters® and thereby complement the traditional Stern-Gerlach
type experiments.

Without any doubt, all these achievements contribute to the
todays understanding of (transition) metal clusters. A central
question thereby - already from early on — was to draw connec-
tions between intrinsic cluster properties and their reaction
behavior. However, such analyses were mostly focused on elec-
tronic properties as expressed by, e.g., ionization or excitation
energies, HOMO-LUMO gap, or similar quantities.*® Initially,
structural arguments typically played roles in the discussion of
saturation compositions, ie., cases where the surface of a metal
cluster is fully covered with ligands. Special counting schemes
were suggested to relate the coordination of a cluster’s surface
atom with the number of ligands it can bind, and from this
approach geometrical models for the metal clusters had been
developed. More details about this chemical probe method*® and
related present-day insights are discussed later for TM clusters
saturated with N,.

Unambiguous information on the structures of a wider
range of bare metal clusters only became available with the
advent of modern density functional theory methods coupled
with efficient search schemes for geometric configurations, in
particular, global structure optimization methods.>® The compar-
ison of predicted properties of the identified structures with
experimental observables has proven to be an effective approach
not only for figuring out the actual cluster structures, but, at the
same time, the suitability of the theoretical approach can be
tested.>” Assignment of experimental data based on quantum-
chemical predictions is nowadays a widely used and very success-
ful approach and, of course, not limited to the field of cluster
science. Noteworthy, comparing complex multidimensional data,
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like spectra or diffraction patterns, has the potential to result in a
more definite structural assignment then comparing quantities
that are represented by a single number only, like ionization
energies or collision cross sections. With a combination of
different experimental techniques, i.e., effectively increasing the
dimensionality of the observable, even isomer selective spectro-
scopy of metal clusters can be performed, by discriminating
isomers via their different reactivities, isomer specific spectro-
scopic properties (using hole burning spectroscopy), or an isomer
selective detection scheme, for instance via near-threshold
ionization.”®

With these possibilities to characterize isolated transition
metal clusters in the gas phase, they become important
models in the study of the chemical behaviour of extended
metal surfaces and for metal nanoparticles relevant in hetero-
geneous catalysis. More specific information on the chemistry
of metal clusters have been obtained, e.g., from the investiga-
tion of their reaction kinetics, equilibrium compositions, by
collision induced fragmentation of cluster complexes, or by
studying the (thermal) desorption of ligands from the clusters.
Such aspects will not be further discussed here, as in the last
years a number of reviews,”® books,*® and thematic journal
issues®" have been devoted - entirely or in part - to the topic of
gas-phase chemistry of metal clusters and their potential as
model systems for catalysis. For instance, a comprehensive
review of gas-phase reactivity studies of metal clusters, relevant
mechanistic aspects and theories, the reactivity of monolayer-
protected metal clusters and metal cluster catalysis has been
given by Luo, Castleman, Jr., and Khanna in 2016.11¢

In this review, the focus will be set on the characterization of
the metal-ligand interaction in such complexes of transition
metal clusters via vibrational spectroscopy, or more specifically
via infrared spectroscopy. Vibrational spectroscopy directly
probes force constants and thereby primarily local properties
of the metal-ligand binding, like the binding configuration,
type and strength of the bonds formed between ligand and
metal atom(s), as well as impacts on the internal bonding of the
ligand, as, for instance, bond activation or consecutive reactions
within the complex. Infrared spectroscopy is a well-established
technique for probing ligand-metal interactions, e.g., in the
fields of (inorganic) coordination chemistry, in surface science,
and to characterize heterogeneous catalysts.>> While the bonds
that are probed are localized at the ligand and the actual
binding site of the cluster, they still sense the entire system
and, thus - to some extent - reflect the total electronic and
geometric structure of the complex. An example is the charge state
and cluster-size specific C-O activation in TM carbonyls - reflecting
the d-electron density involved in the m-backdonation - that
can be probed via the C-O stretching frequency, 1(C-O)
(see Section 3.1.2).

1.3 Size-dependent properties of clusters

Small metal clusters, M,, in the size regime containing a few to
hundreds of atoms, ‘where each atom counts’, often show
peculiar size-dependent chemical and physical properties.*?
Generally one may distinguish between (i) ensemble effects

This journal is © The Royal Society of Chemistry 2023
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leading to smooth changes of a property P that can be described
by scaling laws in the typical form of P(n) = P, + a-n* (in case of
k = —1/3, P scales with the inverse cluster radius like the
ionization energy of a metallic sphere;**” P, may be seen as
the bulk value of P) and (ii) more discontinuous changes caused
by the emergence of special electronic or geometrical structures
for certain cluster sizes. This variability also arises in the cap-
abilities to bind and activate small molecules and makes metal
clusters interesting objects not only in their own right, as oddities
at the nano-scale between atom and bulk, but naturally also for
applications where one strives for a specific, tailor-made reaction
behavior. Furthermore, as clusters are precisely defined, well-
characterizable systems of limited size, they are perfectly suited
to provide quantitative reference data, e.g., to help the under-
standing of more extended, complex systems like deposited metal
nanoparticles relevant in catalysis, or to test the suitability of
theoretical approaches.?*/*3*

As an example, the discovery of Haruta and co-workers in the
late 1980s that gold nano-particles deposited on oxidic supports
can act as an effective as well as selective low temperature
oxidation catalyst,* has triggered a vast amount of experimental
studies on gold clusters in the gas phase, but also of gold
particles in the form of colloids, ligand-stabilized, or deposited
on a substrate.**>"*3¢ By today, gold clusters are probably among
the best experimentally characterized cluster systems. Gold clus-
ters have been well studied with respect to their electronic and
geometric structures,®” isomerism and fluxionality,2***® thermo-
dynamic stabilities,*® radiative and optical properties,"”*° as well
as chemical reactivity and reaction thermochemistry.”***" Even a
number of cases have been demonstrated, where small gold
clusters act as gas-phase catalyst, e.g., in the oxidation of CO by
0,.** Rather central for such oxidations is the capability to bind
and activate molecular oxygen for which a strong cluster-size
dependent reactivity — anti-correlated with the electron binding
energy>*® - is seen for anionic Au clusters. A central hypothesis
for understanding this behavior was the formation of superoxo
(O,7) species that could be eventually clearly detected in
Au,(0O,)” (for even numbered n) complexes — and also for O,
bound to certain cationic and neutral Au clusters - via the
characteristic O-O stretch vibration at about 1100 cm™".** Further
details are given in Section 3.1.4. Also co-adsorbates of the form
Au,(0,)(CO),,~ have been characterized by their IR spectrum
giving structural information about these possibly relevant inter-
mediates in the CO oxidation catalyzed by Au, .** Far-infrared
spectroscopy even has provided detailed information on the inter-
nal geometrical structures of gold clusters.”>**

This review is focused on the characterization of complexes
of bare transition metal clusters with small molecules using IR
action spectroscopy and related techniques. It does not discuss
the wide area of ligand-stabilized clusters that are often pro-
duced in bulk-quantities by preparative methods. If macro-
scopic amounts of samples are available, characterization
with more standard commercial and widespread analytical
equipment becomes possible to get insight into structure and
properties.*® Instead, the focus is set on transient species that
are produced and characterized in vacuo, often in a range of
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differently sized clusters, M,. Particular attention is given to
small clusters containing typically less than 30 atoms, for which
size (and composition) specific experimental data has been
obtained. Metal atom complexes, including clusters of several
ligands/molecules around a single metal atom are not covered.
However, if appropriate in the context, relevant references, in
particular reviews, will be indicated. The majority of complexes
discussed contain just a single ligand, which would correspond
for a surface at the low coverage limit.

The review is structured as follows: after this introduction,
where more general aspects of metal clusters and their chemistry
have been discussed, the experimental techniques for obtaining
mass-selective infrared spectra are introduced in the second
section. Particular attention is given to infrared action spectro-
scopy using infrared free electron lasers, which have emerged as
superior light sources for action spectroscopy in terms of intensity
and wavelength tunability, covering practically the complete
chemically relevant infrared region, from about 50 cm™' to
4000 cm . The following section discusses the data for the various
cluster complexes in order of increasing complexity of the ligands,
ie., molecular size. Most information exists for the smallest
ligands, in particular for complexes with H,, CO, N,, and O, that
are discussed more extensively. The activation of such small
molecules plays a crucial role as an initial elementary step in a
large number of industrially relevant chemical processes like the
Haber-Bosch process, Fischer-Tropsch synthesis, or oxidations
involving 0,."

The discussion of the single ligands in Section 3 starts with
general remarks about their binding mechanism, reactivity, and
summarizes the vibrational properties of the ligands as a free
molecule, in atomic complexes and/or adsorbed on metal surfaces,
which is followed by the data available for the respective metal
cluster complexes. If relevant, further aspects are discussed like
insights obtained from the vibrational spectra into different binding
geometries, molecular vs. dissociative binding, cluster size effects,
studies of saturated complexes or other ligand-specific topics. While
it cannot be the aim to discuss all the relevant studies and their
results here at length, the tables preceding each chapter pursue
completeness, covering the literature from the mid-1980s until end
of 2022 (Table 2 - diatomics; Table 7 - triatomics; Table 8 - 4-atomic
and larger ligands). Complexes containing different, co-adsorbed,
ligands and examples, where the IR absorption is found to induce
thermal reactions (except the simple case of dissociation into the
initial reactants), are discussed subsequently. The closing outlook
sketches some of the actual, potential, and/or desirable further
developments that will enhance the understanding for the fascinat-
ing gas-phase chemistry of transition metal clusters.

2 IR action spectroscopy using FELs
and other tunable IR sources

2.1 Characterization of gas-phase clusters via action
spectroscopies

Metal clusters in the gas phase provide a perfect laboratory for
systematically studying the influence of particle-size (n),

Chem. Soc. Rev,, 2023, 52, 3778-3841 | 3781
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dense medium:
absorption spectroscopy

dillute medium:
action spectroscopy

Fig. 1 Measurement of optical spectra via analyzing either the decrease in
photon fluence ¢ due to light absorption by a dense sample (top) or a
resulting modification within the medium (bottom).

complex composition and coverage (m), or charging (g) on the
chemical interaction between ligand and cluster in the complex
M, LY. However, the combination of very low densities and the
presence of a cluster size-distribution demands specialized
techniques for their spectroscopic characterization.”® The size-
distribution is, most commonly, analyzed using mass spectro-
metry. The required sensitivity in the spectroscopy, together with
cluster-size selectivity, then again is obtained by detecting the
absorption process using a mass spectrometric signal.

Whereas in ‘classical’ absorption spectroscopies the attenua-
tion of light by a sample is analyzed as function of the light’s
frequency, alternative measures for the interaction between
sample and light can be changes within the sample itself
(Fig. 1). Upon absorption of a photon, its energy - and momen-
tum - is deposited in the sample and can induce secondary
processes (Fig. 2) that are then quantitatively analyzed. Accord-
ingly, such methods are therefore usually termed ‘consequence’
or ‘action’ spectroscopies.§ On a molecular scale, these actions
can be categorized as (i) changes of charge state, i.e., ionization or
electron detachment, (ii) changes of particle mass indicating
fragmentation or other reaction (even growth) processes, or, more
generally, (iii) changes of the molecules’ quantum state. Possible
observables are, for instance, depletion of the initially absorbing
species, appearance of reaction products, and emission of elec-
trons or photons (fluorescence). Furthermore, the excited species
may exchange energy via gas-phase collisions, which can lead to
de-excitation, or, depending on the collisional energy, facilitate
collision induced dissociation.** Finally, in particular at low
internal energies, even subtle changes in quantum state may

§ Probably what one could call the first infrared action spectrum of a molecular
substance had been recorded already in 1927/8 by Marianus Czerny.””® The
method he termed ‘photography in the infrared’ goes even back to Sir John
Herschel - son of Friedrich Wilhelm Herschel, discoverer of the infrared radia-
tion - who used a related approach 1840 for thermal imaging of the solar
spectrum.*®® The name of the method, ‘evaporography’, hints at its basic
principles: In Czerny’s experiments the radiation from a Nernst globar was
spectrally dispersed over a glass plate covered by a thin film of a substance
(camphor or naphthalene) that sublimes quickly already at ambient temperature
and is in equilibrium with its saturated vapor. At the location of the film where
the IR radiation hits the frequency of a vibrational transition it is absorbed and
accelerates sublimation, finally leading to a well-recognizable contrast between
absorbing and non-absorbing areas. This process is particularly remarkable, as it
intrinsically compensates for background signal stemming from black-body
radiation.
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Fig. 2 Possible processes following absorption of (multiple) IR photons by
a cluster complex. (a) Depending on its internal energy upon excitation, a
cluster may undergo different relaxation processes: radiative cooling
usually is slow in comparison to dissociation and ionization (photodetach-
ment in case of anions). The impact of collisions strongly depends on the
experimental regime (pressure and observation time) but can be neglected
in molecular-beam experiments. (b) Using weakly bound messenger
complexes — often with atoms of the noble gases — the internal energy
required to observe an action, here the dissociation, can be significantly
lowered. These actions may be used to detect photoabsorption of charged
as well as neutral species, however, the latter always requires an (addi-
tional) ionization step to be analyzed by mass spectrometry.

result in completely altered reactivities, such that the (enhanced)
formation of an addition product can serve to detect the photon
absorption process.*

Parent or product species can be ionic or neutral. However, in
the case of neutral species, an additional ionization step, typically
UV photoionization, needs to be included to allow for mass
spectrometric detection.>® Using the (crude) assumption of a
constant ionization efficiency for a given neutral species at a fixed
photon energy for ionization, the intensity of the detected cations
is — below saturation - directly proportional to the intensity of the
corresponding initially neutral cluster. However, such assumption
may only be valid well above the ionization threshold, as the
ionization efficiency actually depends on the state — or internal
energy - of the cluster. This dependence of the ionization efficiency
on the internal energy near the threshold can be used to detect IR
absorption by neutral clusters before their ionization.>*

In an absorption process, the number of photons removed
out of a laser beam and the number of cluster complexes under-
going an ‘action’ are, obviously, directly related and may be, in
case of one-photon absorption, assumed to be equal. However, as
the total number of cluster complexes in the gas phase is many
orders of magnitude lower than the number of photons, it is
much more straight-forward to analyze the resulting comparably
large relative changes in the abundance of the complex upon
absorption and not the change in photon fluence.

This journal is © The Royal Society of Chemistry 2023
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For photodissociation, the change in ion abundance I as a
function of IR frequency v - or generally the depopulation of
an initial state upon optical pumping - is described by an
expression similar to the Beer-Lambert law

1(v)

— a—0W)e(v) 1
Yo 0

and can be very sensitively determined, unlike the practically
constant (or very weak change in) photon fluence ¢(v) (in
photons per unit area, ie., the time integrated photon flux).
The one photon absorption cross sections o(v) for allowed
infrared transitions are typically on the order of 10 *'-
10'® em®. Pulsed infrared lasers can reach - in pulses of about
10 ps duration - energies of up to 100 mJ (i.e. 5 x 10'® photons
at 1000 cm™ ') or more which, when focused and carefully
overlapped with the clusters in space, may induce changes in
I/1, on the order of 10% or more. This change in ion abundance
can be easily measured, on the other end, the change in photon
fluence will be only on the order of 10~'? or lower. As a side
note, computationally predicted IR intensities are often
expressed as absolute integrated infrared intensities A in units
of km mol ™" (4 = ¢-Na//, with 4 the wavelength and N, the
Avogadro constant). The use of this unit appears particularly
convenient as the numerical values of typical IR intensities are
then on the order of a few ten to few hundreds km mol .
Theoretical approaches for calculating infrared spectra of iso-
lated molecules or clusters have been discussed elsewhere and
may also account for anharmonicities or non-rigidity, ie.,
fluxional behavior.”® Within this review, comparisons are fre-
quently made to calculated predictions usually on the level of
density functional theory (DFT).

2.2 Infrared multiple photon absorption and the messenger
technique

Using IR radiation, the ‘action’ (Fig. 2a) will be dissociation of a
cluster complex, although, in particular for strongly bound
clusters, also photoionization®**** (for neutral species) or
photodetachment®® (for anions) may become energetically fea-
sible. Noteworthy, these processes, including most dissociation
reactions, typically require much higher internal energies of a
cluster complex than can be reached by the absorption of a single
IR photon. The mid-infrared region considered here ranges from
about 2.5 to 40 um (4000-250 cm™ ') which relates to photon
energies of 0.5 to 0.03 eV (1 eV = 96.485 k] mol ' =
8065.54 cm™'). For comparison, M-L binding energies of iron
cluster monocarbonyls, Fe,,"-CO,>® are measured to be 1.4-2.8 eV
depending on cluster-size, and for Au, -O, (even sized Au
clusters) they are 0.4-1 eV.*'? This illustrates that at the typical
stretching frequencies of a carbonyl (CO) ligand at around
2000 cm™ " or a superoxo (O, ) ligand at 1100 cm ™" at least four
or five IR photons need to be absorbed by a single initially cold
complex to overcome the M-L binding and to be able to observe
dissociation of these complexes.

Sequential absorption of multiple IR photons by a single
complex may be accomplished at sufficiently high photon
fluences,” ie., in an infrared laser beam. After absorption of
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a photon, anharmonic coupling between the initially excited
vibrational mode and the background modes of the cluster
complex can lead to rapid intramolecular vibrational energy
redistribution (IVR). The speed of this process strongly depends
on the coupling strength between the initially driven oscillator
and the background modes acting as heat bath, as well as on
the density of states, the latter rapidly increasing with size of
the system and with its internal energy. Measurements on
extended surfaces find a vibrational lifetime of 2-3 ps for the
internal stretch of CO chemisorbed on metals, while for CO
physisorbed on non-metallic NaCl this process is much slower
and happens only within milliseconds.”® These examples illus-
trate extreme cases for adsorbed molecules. More typical values
for IVR times within larger molecules range from several ten
picoseconds to nanoseconds.>

Usually, as cross-anharmonicities tend to be small, the
vibrational resonance will undergo - with increasing internal
energy — only small shifts. However, this may be compensated
by the fast IVR processes, resulting in a lifetime broadening of
the absorption transition.®® At even higher internal energies the
wealth of multi-mode resonances (combination modes) leads to
a quasi-continuum of states. Therefore, a complex can repeat-
edly cycle between resonant absorption and energy redistribu-
tion towards the heat-bath of low-frequency modes. As a result,
if the excitation laser is not too narrowband and the irradiation
is of sufficient duration, a single molecule or cluster is capable
of sequentially absorbing tens or even hundreds of IR photons
in a vibrational resonance, reaching internal energies of up to
several ten eV.®" The probably most extreme case is reached in
IR resonance enhanced multiple photon ionization (IR-REMPI)
spectroscopy where the thermionic ionization of sufficiently
stable clusters is used to detect their vibrational spectra.>**

The majority of spectral information discussed in this review
has been obtained using direct infrared multiple photon dissocia-
tion (IR-MPD). Its variant, the messenger technique® (Fig. 2b) - for
metal clusters often using physisorbed Ar atoms as messenger
tag - is applied in the investigation of cold complexes, where the
presence of a weakly van-der-Waals-bound tag may also stabilize
meta-stable configurations within the entrance channel at low
temperature. Thereby, further reaction towards thermodynami-
cally more favorable products may be suppressed, allowing for
the characterization of otherwise inaccessible species.®?
Furthermore, a messenger complex can dissociate after absorp-
tion of only a single or very few photons, thus it dramatically
increases the sensitivity for weak absorption bands, or at low IR
frequencies.®*”** Compared to IR-MPD, the messenger technique
gives the possibility to more effectively avoid band broadening by
saturation effects at high IR laser fluence and to reduce the
anharmonic band shifts, such that spectra obtained using a
messenger tag are usually much better resolved compared to
those measured by IR-MPD.®*® However, the binding of any
messenger species to a cluster has an effect on its structure,
affects the vibrational spectrum, and may even over-stabilize
certain isomers, such that the isomer distribution in the
complex does not necessarily map the distribution for the
non-tagged cluster.”®>®® It is usually found that such effects
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scale with the polarizability of the messenger and they are often
negligible for He complexes.®”

The binding strength between noble gas atoms and metals can
vary strongly with the type and size of system, metal, electronic
state and charge, etc. For instance, for complexes with atomic
transition metal cations, the bond dissociation energies range
approximately from a few ten meV for He, to 0.15-0.5 eV for Ar,
and nearly 1 eV for Xe.®® For the other extreme, somehow closer to
a neutral metal cluster, the adsorption of noble gas atoms on an
extended, overall neutral metal surface, the binding energies scale
typically in a similar manner: from only a few meV for He to about
0.3 eV for Xe, but also depend on the adsorption site and
coverage.” In neutral metal rare-gas complexes the attractive
component of the binding is usually determined by comparably
weak dispersion interaction, while in ionic complexes charge
induced dipole interactions result in a significantly stronger
binding. Also, (partly) covalent interactions are found, in particu-
lar for the heavier noble gases Ar, Kr, and Xe.”® In case of binding
of multiple ligands to a cluster, the M-L binding energy often
strongly drops after ‘saturation’ of the cluster — caused by steric or
electronic effects — such that additional (molecular) ligands may
also act like messengers.”" As a side note, embedding neutral and
charged molecules or clusters in superfluid He droplets (at about
0.4 K) is by now a well-established technique for their spectro-
scopy - including in the IR - in a nearly non-disturbing environ-
ment at low temperature.”” The fast dissipation of energy from the
molecule into the superfluid He surrounding minimizes hot-
bands and band shifts due to (cross-) anharmonicities.

2.3 Experimental realizations

A sketch of the experimental set-up as used by the author and
collaborators for obtaining IR spectra of metal cluster com-
plexes is depicted in Fig. 3 (see ref. 73 for details). It resembles

reflectron time-of-flight
mass spectrometer

4
ion
b detector
Nd:YAG \\
laser N
reaction
gas
i lgs:S ? pulsed ion
p_uL_ | extraction \
I
metal rod Sklmmer /
1 mm UV photo
aperture ionization
temperature IR beam
controlled

reaction channel

Fig. 3 Experimental set-up for IR action spectroscopy of metal cluster
complexes in a molecular beam. Clusters are produced by laser vaporization
and aggregation in the presence of a short pulse of He. Reactions with gas,
injected via a second pulsed valve, occur under thermalized conditions in a
copper channel that can be temperature controlled by a flow of liquid N, and
an electrical heater in the 80-400 K range. After expansion into vacuum, the
clusters pass through a skimmer and an aperture before being detected in a
reflectron time-of-flight (ToF) mass spectrometer. Depletion spectra are
determined from analyzing mass-specific intensity changes induced by
irradiation with IR light.
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other arrangements used for depletion spectroscopy in mole-
cular beams.” In contrast to experiments involving guided ion
beams or ion traps, see below, it becomes possible to prepare
and characterize neutral as well as charged (usually singly
charged cations or anions) species under very similar condi-
tions. The set-up allows for the production and characterization
of clusters typically in a size range starting with the atom, to
clusters containing up to 20-50 atoms, and their complexes
with molecules added to the source formed at temperatures
between about 80 and 400 K. However, most experiments are
performed close to room temperature (~300 K).

Clusters are formed by laser ablation of a solid metal target
by a pulsed Nd:YAG laser (532 nm, 1-20 mJ per pulse, ~5 ns
pulse duration) and injection of a short pulse of He gas into the
source channel. The amount of complex formation and the
(average) number of ligands sticking to a cluster is controlled
via the pressure and opening time of a second - again pulsed -
reaction gas inlet valve. Typical total pressures in the source
during cluster formation and their reactions can be estimated,
by comparison to the optimal pressures measured for similar
cluster sources,”” to be a few 10 mbar, consisting mostly of He
carrier gas. This relates to a He stagnation pressure of typically
5-10 bar upstream the pulsed valve.

Complex formation is stopped at the end of the reaction and
thermalization channel by expansion into vacuum resulting in
total reaction times on the order of ~100-200 ps. To obtain
spectra, the IR laser beam is counter-propagated to the cluster
beam and loosely focused through an aperture that defines the
overlap between the beams. Then, the experiment is run at
twice the repetition rate of the IR laser (5 or 10 Hz) to allow for
alternate on/off measurements of the mass spectrometric
intensities as a function of IR frequency (Fig. 4). From the ratio
of these intensities, relative IR intensities are calculated follow-
ing eqn (1). Neutral cluster complexes can be detected after UV
photoionization, usually by an ArF excimer (6.4 eV) or an F,

1Au,(0,)F 12
] initial distribution 10
] n= 6 "‘ l_‘

2] |

3 —

S ] irradiation with 1050 cm’ -0, .f\)z

1800 2000 2200 2400
m/z (u)

1400 1600

1200

1000

Fig. 4 Mass spectra of O, complexes of anionic gold clusters. Upper
trace: initial mass distribution, only even-sized clusters form stable com-
plexes with a single O, molecule in abundance. Lower trace: upon IR
irradiation at 1050 cm~* (~50 mJ per pulse), the complexes get depleted,
while the intensities of the corresponding pure gold clusters increase. The
amount of depletion varies for the different sizes, as the absorption bands
are slightly shifted relative to each other, see Fig. 29.
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(7.9 eV) laser. Overall, typically several 100 to 1000 single mass
spectra are averaged per frequency step to compensate for the
inherent instabilities of the laser vaporization source.
Principally, such approach allows for a characterization of all
species in the beam that can undergo dissociation, as it misses a
mass selection step before the interaction with the IR laser light.
Consequently, for a given charge state a large number of differently
sized complexes can be investigated simultaneously. However, the
mass spectral intensities may be affected by ingrowth due to
fragmentation of larger complexes, e.g., through fragmentation
cascades or other processes leading to mass coincidences between
parents and fragmentation products. Therefore, potential frag-
mentation pathways need to be carefully considered. The effect
of fragmentation cascades can be reduced at very low reactant
partial pressure, such that — at maximum - only a single ligand
binds per cluster. As a consequence, mass spectral intensities of
complexes formed under such conditions are typically very low.
In more evolved tandem-mass spectrometric experiments
(MS? or MS"), ionic complexes of a specific mass/charge ratio can
be selected out of a broader size distribution, interrogated, e.g.,
by interaction with IR radiation, and finally the product distribu-
tion is re-analyzed by mass spectrometry.”” Due to the initial
mass selection, the difficulties with fragmentation cascades are
removed and often the fragmentation products can be analyzed
background-free. This can significantly improve the quality of the
generated IR spectra compared to depletion spectra. These
instruments may be equipped with a cryogenic ion trap allowing
for an efficient cooling of the ions, and thus, for the formation of
complexes with very weakly bound - hence only mildly disturbing -
messengers like He, Ne or H,.”*’® Fig. 5 shows an example of
such an arrangement based on a quadrupole mass selector and a
reflectron ToF mass spectrometer.”® An alternative approach
employs Fourier transform ion cyclotron resonance (FT-ICR)
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1 [ {— LAl
e S .. 2- — >3 I ‘I channeltron
nanospray He-filled quadrupole
ion source ion guide mass filter
ion trap 10 mbar
ol
11
|| | 10® mbar
time-of-flight O_'X5

- 4—_5_ —=—_ |l
—=—1181===""Tummm
MCP % reflectron
hv,

mass spectrometer

hv,

Fig. 5 Schematic of a 6 K ring-electrode ion-trap triple mass spectro-
meter. lons are generated, guided and mass-selected in the first branch
(1-3) of the spectrometer. The second branch houses the cryogenic trap
(4) where the ions are accumulated, cooled by collisions with He and
where messenger complexes can be formed. In the last branch (5-7) the
product distribution is analyzed in a time-of-flight mass spectrometer. The
ions exiting the trap can be irradiated with IR light in the extraction region
of the time-of-flight mass spectrometer (5) and, a second time using a
different laser, when they pass through this region again (6) returning from
the reflectron and flying towards the micro channel plate (MCP) ion
detector (7). This arrangement can be used for isomer selective spectro-
scopy via (IR) hole burning. Reproduced from ref. 76 with permission of the
publisher (Taylor & Francis Ltd, https://www.tandfonline.com).
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mass spectrometers to both store and mass analyze ions.”” The
FT-ICR cell itself may be cooled to reduce the effects of blackbody
infrared radiation on the stored complexes,””’ but thermalization
via collisions is - due to the low pressure inside an FT-ICR cell -
ineffective (Fig. 9). Initial cooling and complex formation, there-
fore, may be realized in a preceding gas-filled ion trap.””

Finally, mass selected ions can be embedded in superfluid
He droplets by guiding a beam of He droplets through an ion
cloud held in an ion trap.®® In this way the heavy droplets can
pick up and flush out the ions from the trap, while - under
evaporation of He atoms - nearly instantaneously thermalizing
them to the droplet temperature. Such a procedure can be
expected to lead to a distribution of ionic isomers in the droplets
that closely resembles the one present in the trap.

2.4 IR-MPD spectroscopy of metal cluster complexes using
CO, lasers

The IR-MPD spectrum of Feg(CH3;OH) has been the first
reported for a metal cluster complex that was produced by
laser ablation and interrogated in a molecular beam.®! In these
experiments, a line tunable pulsed CO, laser, providing about
50-100 mJ per pulse, was used to obtain the depletion spectrum
between 930 and 1085 cm ™. This spectrum is discontinuous
and contains gaps - the largest between 986 and 1040 cm " -
due to the output characteristics of the CO, laser that only
emits at specific ro-vibrational line-transitions. These gaps in
the emittance of the CO, laser can be partially filled, and the
tuning range extended to lower frequency, by using different
CO, isotopologues. Still, the entire tuning range of a CO, laser
is rather limited to around 10 pm (880-1090 cm ™).

A comparison of the IR-MPD spectra of two different hydro-
genated iron clusters measured using the entire emission range
of a CO, (**CO, + *CO,) laser, as well as with an IR-FEL over a
significantly larger wavenumber range is shown in Fig. 6. The
CO, laser spectrum exhibits for Fe,H,, — and for the other sizes
and compositions studied - features in the 880-1090 cm ™' range
that have been, in conjunction with DFT calculations for the
model cluster Fe;;H,,4, assigned to vibrations of bridging and
face-capping H-species.’” Additional spectroscopic data in the
same spectral range has been obtained for deuterated Fe clusters
of analogous compositions. Due to the increased reduced mass
for Fe-D vibrations compared to Fe-H and the related isotope
shift of about 1/,/2, the spectra of the deuterated complexes can
be used as an indication for the spectra of the hydrogenated
species in the 1250-1540 cm ™ * range.®? Thus, the spectroscopy of
isotopologues is an additional approach to extend the accessible
spectral range, similar to changing the CO, isotopologues in the
lasing medium. However, when studying isotopologues one
needs to be aware of isotope effects in the complex formation,
which may also affect the respective product distributions.
Further details about metal-hydrogen complexes and an assign-
ment of the spectrum of Fe;H," can be found in Section 3.1.1.

2.5 The rise of IR-FELs in molecular and cluster spectroscopy

For the characterization of many transition metal complexes,
the spectral range accessible by CO, lasers is clearly insufficient.
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Fig. 6 IR-MPD spectra of hydrogenated iron clusters. Top: spectrum of
neutral FegH1o measured with a CO, laser over the entire emission range
reachable using 2CO, and *CO,. Adapted from ref. 82, with the permis-
sion of AIP Publishing. Bottom: spectrum of FegH,* measured using FELIX
in the region of metal-hydride vibrations. Data from ref. 83. The gray area
marks the wavenumber range accessible by CO, lasers.

Either it does not cover enough features to draw stringent
conclusions about the metal-ligand interaction, or simply that
the relevant vibrational fundamentals (or possibly detectable
overtones and combination modes) do not fall in that region
around 10 pm. Thus, an intense and widely tunable light source,
which is not dependent on discrete molecular transitions nor
limited to the spectral transmission range of a dense lasing
medium, was highly desirable.

The free electron laser®® (FEL), as invented by John M.
J. Madey, provides such a ‘transparent’ lasing medium and
has hence been demonstrated to be capable of producing light
from millimeter-waves to hard X-rays.*> Compared to other
lasers, even a single FEL may be capable of emitting light over
an extremely wide frequency range. For example, the mid-IR
FEL at the Fritz-Haber institute (Berlin, Germany) can be tuned
in total from about 3 to 60 pm, which results in a factor of 20 in
wavelength tunability.®® The lasing medium of a free electron
laser consists of relativistic electrons that are ‘free’ as they are
not bound to atoms or molecules, but travelling through a
vacuum. More precisely, FELs rely on the coherent emission of
synchrotron radiation by accelerated relativistic electrons. At
the same time, the electron beam acts as the light amplifying
medium, essentially by stimulated transfer of energy from the
electrons’ motion towards the radiation field.

Although the first IR-FEL has been demonstrated in the mid-
1970s,%” it took until the mid-1990s for FELs to find their
applications in gas-phase molecular spectroscopy. Early uses
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of these intense high-power IR sources were, apart from envi-
sioned military purposes,®® focused on, e.g., material processing,
surgery, as well as nonlinear and/or time-resolved spectroscopy in
the condensed phase.®® Gas-phase studies were initially concen-
trated on IR-MPD with one goal being isotope selectivity to use
the process for isotope separation or enrichment.’® Another topic
was the study of IR matrix-assisted laser desorption (MALDI).”*

The first mass-selective study of isolated molecules using an
IR-FEL was reported in 1996. By measuring the IR spectrum of
p-aminobenzoic acid (PABA) using an IR/VUV two color ioniza-
tion scheme, a sensitivity increase of about eight orders of
magnitude — compared to the direct absorption by a 10 cm cell
filled with 1.4 Torr of PABA - was demonstrated.”> This was
quickly followed by recording the IR-REMPI spectrum of Cgo
between 6 and 20 pum in an effusive molecular beam.”® Upon
heating via absorption of many IR photons this cluster under-
goes, due to its high stability, delayed thermal ionization rather
than fragmentation. The detection of the resulting Ce," cations
provides a sensitive and selective means for probing the IR
absorption spectrum. It was realized that this method for obtain-
ing vibrational spectra can be applied also to other strongly
bound clusters and, subsequently, the IR spectra of other full-
erenes and clusters of metal carbides, oxides, and nitrides have
been determined.>**

Today about a dozen FELs operate in the mid-IR range
worldwide.>* Table 1 lists IR-FELs that have been more dedicated
to gas-phase spectroscopic studies. Owing to the significant costs of
installation and operation, but also the size and complexity of an
FEL, they are often run as central institutional facilities (of uni-
versities or research institutes). Many also grant significant parts of
the available beam time to the projects of external users.

Starting around the year 2000, several experiments, particularly
dedicated to IR spectroscopy in molecular beams or on trapped
molecular ions, have been (permanently) installed at the FEL
facilities CLIO (France), FELIX (The Netherlands), and FEL-TUS
(Japan), including the aforementioned cluster set-up® which was
followed, e.g, by a Paultype quadrupole ion trap/ToF-MS
experiment®® where mostly ions of astrophysical interest have been
studied,” and FT-ICR mass spectrometers.””**® Using an FEL, the
first IR-MPD spectra of transition metal cluster complexes have been
measured in 2001 using FELIX.” These studies focused on silver
cluster-ammonia complexes and extended former CO, laser studies
that where more limited in the frequency range, see Section 3.3.1."%

An overview about some more recent cluster studies using short-
wavelength FELs - a complementary field of research that is rapidly
emerging since the first XUV FEL started its operation 2005 in
Hamburg (Germany) - has been given by Bostedt and co-authors.'**
Also the combination of a VUV-FEL with IR lasers allowing for the
spectroscopy of neutral molecules or clusters and complementing
earlier studies®™**> where an IR-FEL had been combined with a
fixed frequency VUV-laser has been highlighted recently.>?”

2.6 Working principle of an IR-FEL

The principles, designs aspects, and specifications of (IR)
free electron lasers have been described in detail
before,8%89%102:103,1044,107,108 in lyding in the context of their
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Table 1 [|R-FELs used in gas-phase molecular spectroscopy
Operational Spectral range Macropulse Macropulse
Institution (location) FEL since (um) repetition rate (Hz)  energy (mJ)  Ref.
University Paris-Saclay (Orsay, France) CLIO? 1991 3-90 25 <100 102
FELIX Laboratory, Radboud University FELIX®
(Nijmegen, The Netherlands) FEL1 1991 30-150 <10 <100 103
FEL2 1992 3-45 <10 <200 103a
FELICE? 2009 5-100 <10 <5000 104a,b
FLARE® 2011 100-1500 <100 105
Tokyo University of Science (Tokyo, Japan) FEL-TUS 2000 5-14 1-5 <65 106
Fritz-Haber Institute of the Max-Planck FHI-FEL 107
Society (Berlin, Germany) mid-IR/far-IR 2012 3-60/(5-165)" 5-20 <100 86
National Synchrotron Radiation Laboratory =~ FELiChEM
(Hefei, PR China) mid-IR/far-IR 2019 2.5-50/40-200 1-10 <200 108

“ Projected specifications are given in parentheses. ” Centre Laser Infrarouge D’Orsay. ¢ Free Electron Laser for Infrared eXperiments. ¢ Free
Electron Laser for IntraCavity Experiments. ¢ Free Electron Laser for Advanced spectroscopy and High Resolution Experiments./ Formerly FEL-

SUT, from ‘Science University of Tokyo’.

use in molecular spectroscopy.**>**®1%® The following discus-
sion of these aspects is therefore limited to the very basics. It
shall be noted that these principles are generally valid for FELs
throughout the full electromagnetic spectrum. However, there
are significant differences in the accelerator technologies used
for obtaining electron beams of rather different energy and,
maybe even more important, in the amplification mechanism that
occurs, for long-wavelength FELs usually in an oscillator-
configuration using a closed resonator, while at short wavelength,
where highly reflective mirrors are not available, different
principles are used.®*>®%” Essentially, in this case, the multi-
pass oscillator arrangement is replaced by a single pass ampli-
fication in a much longer undulator. This, together with larger
accelerators for reaching higher electron kinetic energies,
makes short-wavelength FELs generally significantly larger and
more costly than mid-IR FELs.

A simplified sketch of an IR-FEL is depicted in Fig. 7. It
consists of an electron accelerator - in all cases listed in Table 1
these are linear normal-conducting radiofrequency accelerators
(LINAGCs) - and an undulator which is a periodic magnet
structure that is located within a cavity formed out of two
(metal) mirrors. In hole-coupled resonators, a small hole with a
diameter of a few mm in one of the cavity mirrors allows for
out-coupling of a fraction of the radiation from the oscillator.
All this is usually located within a radiation-safe and during
operation inaccessible vault, as running of the FEL goes along
with — unwanted but difficult to avoid - ionizing radiation.
FEL facilities also incorporate systems for the characterization

electron

electron Mirror
beam

magnet array

infrared (undulator)

light mirror with
outcoupling hole

Fig. 7 Scheme of an infrared free electron laser. Undulator period (iy)
and undulator gap (dy) are indicated.
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(power and spectrum) and manipulation (e.g., for changing the
polarization or attenuation), as well as for the transport of the
IR beam to the place of an experiment outside the vault.

In an FEL, a beam of electrons - each carrying a rest mass of
me and a charge of —e - is accelerated to relativistic kinetic
energies, in case of IR-FELs typically to Ey;, = 10-50 MeV. This
corresponds to a relativistic (Lorentz) factor

yzl/ 1= (/e

of 20.6 to 98.8 (approximately 2 times the value of Ey;, in units
of MeV) or to roughly 99.9 to 99.99% of the speed of light, ¢, in
vacuum. The electrons are injected into a periodic magnetic field
produced by the undulator, where the electron beam gets periodi-
cally deflected and, hence, spontaneously emits synchrotron radia-
tion that peaks in forward direction as a narrow cone. The relativistic
electrons traveling along the axis of the FEL resonator sense the
undulator as an oncoming electromagnetic wave of period /Ay,
shrunk due to the Lorentz contraction by 1/y;, where y, is deter-
mined by the velocity component of the electrons in forward
direction, v;. Therefore, in the moving frame of the electrons,
they form Hertz oscillators emitting light with a wavelength 1.

Ay
I=— 2
- (2)

In the resting laboratory frame this wave is seen contracted by a
(longitudinal) relativistic Doppler shift.

Vi—/9 ‘)

e

As the electrons are not moving on a straight path through the

)vobs =

oscillator, but wiggle through the undulator field, the velocity in
forward direction gets reduced depending on the amplitude
of the deflection. This results in y; being lower compared to
the total y depending on the strength of the magnetic field B -
expressed by the dimensionless parameter K - on the FEL axis.

} . el
b= with K= p @
1+ K? 2nmec
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Putting together eqn (2)-(4) one obtains the undulator equation
that forms also the resonance condition for an FEL.

)Lobs ~ ;7;(1 + K2) (5)
With K being on the order of 1, typical undulator periods
measuring a few centimeters and a y of 100 (Ey, & 50 MeV),
such a device emits infrared radiation of few pm wavelength.

Wavelength tuning can be achieved by changing either the
undulator period (/y), the undulator parameter (K) by changing the
undulator gap (dy), or y via the kinetic energy of the electron beam.
In practice, changing of the undulator gap is done more easily and
allows — at a given beam energy - to vary the wavelength by a factor of
2-3. To access other wavelength ranges the kinetic energy is adjusted,
but changes of the electron beam parameters usually require exten-
sive adjustments of the accelerators and electron beam optics.

The electron beam has, determined by the type of accel-
erator used, a unique time structure that is also imprinted in
the temporal structure of the emitted light (Fig. 8). In the case
of LINACSs, it consists of a train of few ps long electron bunches
spaced by typically 1 ns, each containing a charge of about
0.2-1 nC, leading to peak currents within an electron bunch of
10-100 A. To limit the power consumption, as well as the
thermal load in normal-conducting accelerators, the pulse train
is restricted to a length of 5-10 ps and repeats at several Hz.

The electron bunches emit, as described before, spontaneous and
incoherent radiation in the oscillator. Amplification is reached by an
interaction of the electromagnetic wave that is building up in the
oscillator and the electrons wiggling along the undulator axis.
Electrons moving in-phase with the light wave get decelerated due
to the ponderomotive force acting between them, while out-of-phase
moving electrons get accelerated. This results in a micro-bunching of
the electrons within the pulse, with a modulation period equal to the
IR wavelength. The packages moving in-phase with the wave now
radiate coherently and, thereby, amplify the initial radiation. ‘Spent’
electron pulses leave the oscillator, get dumped and the oscillator is
repeatedly refilled with ‘fresh’ electrons from the accelerator until the
macropulse stops. The resulting light pulses have a - via the
detuning of the cavity mirrors adjustable — near-transform limited
bandwidth of 0.3-10% (fwhm) of the central wavelength and,
accordingly, a pulse length of a few 100 fs to several ps. Several
thousand of these micropulses - typically spaced by 1 ns and, thus,
mirroring the time structure of the electron bunches - form a
macropulse of light of 5-10 us duration that can contain energies
of up to 100-200 mJ.

few 100 fs
to ps
1 e

«—=100 ms —> | «—=100 ms —>

1ns
N
111

I« 5-10 us !

macropulse consisting of
several 1000 micropulses

Fig. 8 Typical pulse train structure of the infrared light emitted by an IR-FEL.
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In these aforementioned conventional hole-coupled FELs typi-
cally only a few percent of the IR radiation is coupled out and used
in experiments. However, inside the cavity much higher fluences are
present. This is used in FELICE, the Free Electron Laser for
IntraCavity Experiments, which is part of the FELIX facility and
designed to perform experiments on optically thin media inside the
FEL cavity.'®* In addition, if experiments are not performed at the
highest available fluence of FELICE, ie., in the region of the optical
focus inside the cavity, but at a wider beam waist, the much larger
overlapping volume with the molecular beam (or an ion cloud)
significantly enhances the sensitivity. This allows for, in particular,
the study of IR multiple photon excitation of species with extremely
low absorption cross sections, like metal clusters. Also, normally
very weak signals stemming from overtones and combination bands
can adopt appreciable intensities in such experiments.”

2.7 Other IR laser sources

Table-top systems for the generation of intense and tunable
infrared radiation are, aside from molecular lasers, usually based
on nonlinear frequency conversion of pulsed ns lasers either in
an optical parametric oscillator (OPO), via difference frequency
mixing (DFM), or by combining both methods in a consecutive
way, see below. At first glance, the time averaged output char-
acteristics of current commercially available IR-OPO systems can
be similar to that of IR-FELs used in molecular spectroscopy, see
Fig. 9. Even peak power, pulse energy, and overall repetition rate
may be comparable, but the main difference lies in the details of
the pulse structure. While the macropulse of an FEL extends over
several microseconds and facilitates cycling of a single cluster or
molecule over very many absorption/IVR steps within one macro-
pulse, a pulse of an IR-OPO system that is only a few ns long
limits passing through such cycles.

Depending on the OPO medium - typically potassium titanyl
phosphate (KTP) or (periodically poled) lithium niobate - these
lasers can be broadly tuned approximately in the 2.1-4.7 pm
(2100-4800 cm ') range and pulse energies exceeding 10 mJ at
pulse durations of 5-10 ns can be generated.''”> Longer wave-
lengths are reachable - albeit with about an order of magnitude
lower power - via difference frequency mixing (DFM), e.g,, in
AgGaSe,.""** Therefore, these table-top IR lasers are clearly out-
performed by FELs at longer wavelength, typically above 4.5 pm
(below 2200 cm™'). In combination with messenger tagging,
however, also IR spectra of metal cluster complexes have been
measured up to about 8 pm (1200 cm ') with IR-OPO systems,
e.g., for discriminating nitride formation from molecular N,
absorption on a Ta," cluster."”® In general, these systems have
a bandwidth on the order of 0.1-1 cm™'. DFM/OPA systems as
developed, e.g., by Gerhards for the spectroscopy of isolated
molecules and metal cluster complexes,"™* show a performance
that is overall similar to the aforementioned OPOs.

A comparison of different table-top IR-OPOs with rather differ-
ent time-structure for their suitability for IR-MPD spectroscopy of
mass selected molecular ions at around 3 pm in a 3D quadrupole
ion trap has been reported recently.**?” The comparison includes
two pulsed ns lasers running at 10 Hz and 20 kHz, a pulsed ps laser
at a repetition rate of 80 MHz, as well as a cw OPO. The pulsed lasers

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Time structure of IR lasers used for infrared multiple photon dissociation plotted over 12 time decades to cover the laser pulses as well as the
duty-time intervals (first pulse maxima are at t = 0). For illustration purposes, ns OPO (blue) and IR-FEL (orange) are assumed to have the same
(macro)pulse energy of 10 mJ repeating at a rate of 10 Hz. This results in a time-averaged power of 100 mW (horizontal black line). Their peak power is
comparable, although the lasers have very different temporal structures. Bottom: Typical time-scales of energy dissipation processes relevant in IR-MPD
together with time and pressure scales of different experimental environments used in IR-MPD spectrosopy. Collisional rates between a cluster and He
atoms are estimated using the hard-sphere model for Aug® at 300 K, with the experimental collision cross section taken from ref. 110. Radiative cooling

rates for metal clusters have been reported in ref. 111.

had similar average power (150-600 mW), while that of the cw laser
was significantly higher (5.4 W). Under the conditions in a gas-filled
radiofrequency ion trap, collisional deactivation becomes a relevant
parameter counteracting the IR pumping (Fig. 9). Therefore, IR-
MPD yields are dependent not only on the absorption cross sections
of the ions, dissociation energy, average IR power, and irradiation
time, but also on background pressure, IR peak-power, and duty
cycle. This is different from the (nearly) collision-free environment
in a molecular beam or in an FT-ICR cell, where collisional cooling
is of less importance, and only becomes relevant — along with
radiative processes — at long storage times.

A more extended overview of experimental methods to produce
tunable IR radiation for the spectroscopy of transient gas-phase
species has been given by Bernath.''> However, other IR lasers like
the molecular CO or far-IR lasers, as well as lead-salt, F-center, or
quantum-cascade lasers are less frequently applied in studies of
metal cluster complexes, mostly due to their low (peak) powers and
limited tunability. This holds also for frequency conversion via
mixing with microwave radiation or by harmonics generation, ie.,
for shifting the output of a CO, laser into the region around 5 pm
(2000 cm™%). Exceptions are some high-resolution studies of com-
plexes formed in superfluid He droplets.”>'1®

3 Probing ligand binding and
chemistry on metal clusters
3.1 Diatomic ligands

3.1.1 H,. Binding mechanism. Molecular hydrogen, H,, in
its (c)*(c*)° ground state configuration can be considered the

This journal is © The Royal Society of Chemistry 2023

most simple neutral molecule. Binding to transition metals can
either be via physisorption, chemisorption of the intact H,
molecule, or by splitting the H-H bond and the H atoms
forming strong M-H o bonds. Chemical binding of molecular
hydrogen to metal centers has been only discovered relatively
recent in coordination complexes.’”® Also on extended metal
surfaces, molecular chemisorption is comparably rare and
mostly observed at low temperatures, i.e., <20 K, or on open
surfaces with low coordination metal sites."”*

The binding of H, to M can be described via donation from
the fully occupied o(H,) orbital into an empty metal d orbital,
thus forming a 3-center 2-electron bond. A significant addi-
tional stabilization is given through a back-bonding by dona-
tion out of symmetrically fitting occupied metal orbitals into
the empty o*(H,) orbital. That way the H, molecule is bound
side-on to the metal. Thus, the H,-complexes can be seen as
prototypes for c-complex formation.'”” The binding mecha-
nism suggests that the strength of the M—(H,) interaction and
the weakening of the H-H bond are strongly correlated, which
will also be seen in the frequencies of the corresponding stretch
vibrations.

Both contributions to the M—(H,) bonding link H-H bond
activation and formation of M-(H,) bond(s) and allow for a
gradual transition from weakly bound molecular complexes

Chem. Soc. Rev, 2023, 52, 3778-3841 | 3789
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Table 2 Summary of experimental studies on the vibrational spectroscopy of gas-phase metal cluster complexes with diatomic molecules

Molecule Metal System Cluster sizes (n) Coverage (m) Method”
H, Sc Sc,O[Hz )", S¢,05[Ho]" 3-20 Saturated IR-MPD*?
\Y% Vo [Ha]n' 4-20 Saturated IR-MPD®**%7
V,.[H,],CO" 5-9 Saturated IR-MPD'"”
Fe Fe,[H,)m; Feu[Dalm 9-20 Saturated IR-MPD, CO,%
Fe,[Hy ' 4-15 Saturated IR-MPD*?
Ru Rug[H,][N,]," 8 1 IR-PD''8
Co Co,[Ham' 4-20 Saturated IR-MPD*
Co,[H,],CO" 4-20 0-6, saturated IR-MPD? 11°
Ni Ni,[Hylm™ 4-15 Saturated IR-MPD®
Ni,[Hy]m" 4-6 1 IR-MPD"'*°
Pt Pt,[Ha]m" 2-7 Saturated IR-MPD'*!
Cu Cu,[Hs]n"; Cup[Dolm 4-7 1 IR-MPD'??
Al/V ALV[H,]," 10-12, 13, 15 1 IR-MPD'*?
AlLV,[H, )" 2,3,6,8-12 1 IR-MPD'**
Al/Nb Al,Nb[H,],," 2-9 Saturated IR-MPD'*®
Al/Rh Al,Rh[H,],," 1-12 1 IR-MPD"**
Al,Rh,[H,]," 2-13 1,2 IR-MPD'*”
CcO Ti Ti,[CO],," 1,2 Saturated IR-PD'*®
Cr Cr,[CO),," 2 7-9 IR-PD'*’
W W,[CO],, 5-14 1 IR-MPD"*°
Re Re,[CO],," 4-14 1,2 IR-MPD"°
Fe Fe,[COl,," 18-30 1 IR-MPD"*°
Fe,[CO],." 1-3 Saturated IR-PD"*!
Fe,[COl,~ 2 4-9 IR-PD'*?
Fe,[COl,~ 1-5 Saturated IR-MPD"*?
Ru Ru,[CO],,""~ 4-19 1 IR-MPD"*°
Co Co,[CO],, """~ 3-37 1 IR-MPD'**
Co,[CO],," 2-4 Saturated IR-PD'*®
Rh Rh,[CO],,"""~ 3-34 1 IR-MPD73%134.136
Rh,[CO],," 1-6 Saturated IR-MPD"*’
Ir Ir,[COJ 3-21 1 IR-MPD"*®
Ni Ni,[CO],,"*"~ 4-23 1 IR-MPD*3413°
Ni,[CO],," 2-4 Saturated IR-PD'*?
Ni,[CO],,~ 1-3 1, saturated APESli‘:2
Pd Pd,[CO],," 2 5-8 IR-PD
Pd,[CO],, "~ 3-12 1 1R-M11>B139
Pd,[CO],.~ 2,3 2 APES™*1¢
Pt Pt,[CO],,"""~ 3-25 1 IR-MPD"*°
Pt,[CO],." 3-14 1 IR-MPD'*?
Pt,[COl,,~ 1-4 Saturated APES™"!
Cu Cu,[CO],," 2-4 Saturated IR-PD'**
Cu,C[CO],,~ 4-10 3-7 IR-MPD'*®
Cu,0,[CO],," 2 3-7 IR-PD'4¢
Au Au,[CO],~ 2 0-3 APES'"
Au,[CO],~ 3-14 1, saturated IR-MPD™®
Au,[CO],," 4-8 1 IR-MPD'*®
Au,[CO]," 4-14 1 IR-MPD"*°
Au,[CO],." 3-10 Saturated IR—MPBlSl
Au,0,[CO],,~ 2 2-6 IR-PD
Pt/Mo Pt,Mo[CO],," 2-13 1 IR-MPD'*?
Au/Pd Au,Pd[CO],," 3-13 1 IR-MPD"*°
N, Nb Nb,[No]~ 2-8, 10, 11 1 APES'?
Ta Tay [Nyl 4 1-5 IR-PD'*?
w W[N]~ 6-8 1 APES"?%1%3
Fe Fe[Nolm' 8-20 1,2 IR-PD”'?
Fen[No]n' 13,17, 18 Saturated IR-PD"*?
Ru RU, [N, ], 5-16 1,2 IR-MPD"**
Ni Ni, [N, 5-20 1, 2, saturated IR-PD*®
Ni[No]m® 9,13 1-saturated IR-PD'?°
Co Con[N, " 8-17 1 IR-PD””*
Rh Rh,[N,],..* 6-15 1, saturated IR-PD*
NO Rh Rh,[NO],,* 6-16 1 IR-MPD"*®
Rh,[NO],," 6,7 2,3 IR-MPD**°
Ir Ir,[NO],," 3-6 1 IR-MPD*8/:1¢0
Pt Pt,[NO],, 4-18 1 IR-MPD'**
Au Au,[NO],," 4-20 1 IR-MPD"'*’
Au,[NO],,~ 4 1,2 IR-MPD'?
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Table 2 (continued)
Molecule Metal System Cluster sizes (n) Coverage (m) Method”
Rh/Ta Rh,Ta[NO],," 2-8 1 IR-MPD' #5163
Rh/Ir Rh,If[NO],," 3-7 1 IR-MPD'**
0, Cu Cu,[O]n 6,7 1 APES'®®
Ag AZ[Oa]m~ 2,8 1 APES'®®
Au AU,[O,], 4,7,9,11, 21 1-3 IR-MPD*?”
AU O] 2-8, 10, 12, 21, 22 1-4 IR-MPD*3%167
AU [O0,] 2,4,6 1 APES20-100b:168
Au,[0,]n~ 4,6, 8, 10, 12, 14, 18, 20 1 IR-MPD***
Au,[0,][CHuloq2" 2 1 IR-MPD'*°

“ IR-MPD - infrared multiple photon dissociation using IR-FELs; IR-MPD, CO, - IR-MPD using line-tunable CO, laser; IR-PD - infrared photo
dissociation employing OPO/OPA or DFM/OPA lasers as IR sources; APES - anion photoelectron spectroscopy. 2 Only 1(CO) range.

with short H-H bonds to c-bound M hydrides where the H-H
unit is completely broken. The ‘true’ H, complexes with H-H
distances <1 A are often termed after Kubas, stretched dihy-
drogen complexes are those in the range of 1.0-1.3 A, and
compressed dihydrides fall in the range 1.3-1.6 A. Overall they
are usually called non-classical hydrides."”® For comparison,
the H-H atomic distance in free H, is 0.741 A.17*

Complexes with single metal atoms. Dihydrogen and dihy-
dride complexes of metal atoms have been intensively studied
by cryogenic matrix isolation IR spectroscopy.'”” For example,
Pd(H,) synthesized by reaction of Pd atoms with H, in an Ar
matrix has been a key system for the detection of chemically
bound H, by single metal atoms, see Table 3."7° For weakly
bound (non-covalent) M-H,(D,) complexes with metal cations,
gas-phase IR-PD spectra have been obtained with rotational
resolution."””

Metal cluster reactivity. Reactions of H, with neutral and
charged clusters have been intensively studied already in the
late 1980s and 90s both under single collision conditions, e.g.,
for cluster ions trapped in FT-ICR mass spectrometers, or under
multiple collision conditions in higher pressure regions of
cluster sources. This work has been summarized before, e.g., by
Knickelbein'*? and by Luo, Castleman, Jr., and Khanna.'*? For
late transition metal clusters, M,, often a strong size depen-
dence in reactivity is found, with reaction rate constants chan-
ging dramatically just by addition of another M atom. In many
cases the reactivity correlates with experimental observables of
the valence electron structure. For iron clusters, for instance, a
high ionization energy — as measure of a strong stabilization of
the HOMO - is connected with low reactivity. This has been
explained by an electron transfer model, where the donation of
electrons from the cluster’'s HOMO into the o*(H,) is the rate
determining step.”** While this corresponds to the backdona-
tion part of the M—(H,) interaction, a more recent explanation
(anti)correlates reactivity with the HOMO-LUMO promotion
energy,”** which involves relative energies of filled and
empty metal orbitals that are both essential in the molecular
hydrogen chemisorption and activation as described above.
Also for TM doped Al clusters the shape and occupation of
frontier orbitals and their interactions with the o*(H,) orbital
have been identified as significant parameters in the activation

This journal is © The Royal Society of Chemistry 2023

of H, and the formation of stable complexes with molecular H,
vs. dihydride-formation."**'*7¢

Vibrational modes and frequencies. For dihydrogen side-on
bound to a single metal atom, there are three vibrational
normal modes: the H-H stretch and the M-(H,) symmetrical
and antisymmetrical stretch vibrations. In larger entities there
exist additional bending and torsional modes. The three
stretching modes are, due to the binding mechanism, highly
coupled, and this essentially leads to a significant IR intensity
for v(H-H).

}
H /H
M—| M| M—|—
H NH :
{
VHy) v (M-Hy)  v(M-H)

Examples for experimentally observed vibrational frequen-
cies of different dihydrogen species, including the free H,
molecule, simple metal complexes, surface adsorbates, and
H, bound to metal clusters are given in Table 3. Typically, the
stretch frequencies of chemisorbed H, are found in the ranges
2200-3500 cm ™" for »(H-H), 1200-1600 cm ™" for v,y(M-H,),
and 650-950 cm™* for v5(M-H,). The broad ranges reflect the

Table 3 Experimentally observed vibrational frequencies for selected
dihydrogen species (in cm™)

Vas Vs 0

System Y(H-H) (M-H,) (M-H,) (M-H;) Ref.
H,, free molecule 4161.166 32(18) 178
W(CO);(P'Pr;),(H,) 2695 1567 953 465 179
Pd(H,) 2971.4 1507.5 950.0 176
Ni(510)-H, surface 3210 1185 670 230 180
Niy(H,)" ~3480° 680 120
Ni H,4(Hy)," ~ 3420 710 83
NisHg(H,)s" ~ 3450, ~3560% 650, 760" 83
Al,Rh,(H,)" 1580 820 127a
Aly3Rh,(H,)" 1590 830 127a

“ Calculated from the experimental value of the D, complex. ” Two
different types of coordination sites.
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wide variability in the H-H bond activation and metal binding
strength in these systems. The M-H, deformation modes,
5(M-Hy,), are found below 500 cm ™. Not unexpectedly, usually
a clear anti-correlation between »(H-H) and »(M-H,) is seen,
e.g., in complexes with less activated H, and high »(H-H) the
bonding to M is weak and, correspondingly, »(M-H,) are found
at lower values within the given ranges. The observation of a
band in the range for ©(H-H) is a very characteristic experi-
mental sign for molecular hydrogen adsorption, as for metal/
hydrogen systems no other vibrational fundamentals are
expected above ~2200 cm™".

For M cluster hydrides containing dissociated H,, M-H
vibrational frequencies are for two-fold bridging H typically
vs(1o-H) =1400 cm ™" and v,4(1,-H) &~ 1200 cm™; for three-fold
face-capping H v4(p3-H) 21200 cm ™" and v,4(us-H) ~ 800 cm™*
(Table 4). The M-H stretch vibrations of the dihydrides of
single transition metal atoms are, in most cases, found in the
1500-2100 cm ™' range,’”® ie., well above the ranges of the
vibrational fundamentals of higher coordinated H and still
below (H-H) of chemisorbed H,.

Molecular and dissociative adsorption. Molecular precursors
in the formation of stable hydrogen complexes of transition
metal clusters have been proposed before based on the detec-
tion of inverse temperature dependencies of the overall reaction
rate at low temperature.'®® Using IR-MPD spectroscopy, such
molecular cluster complex has been detected for H,(D,) bound
to Ni," clusters (Fig. 10)."*° The Ni,D," complex shows a band at
2460 cm™ " that is assigned to (D-D). Another prominent band
is observed for v(Ni-H,) at 680 cm . These are related to side-
on bound H, on a single Ni atom of (quasi-) tetrahedral Ni,".
While the spectrum of NijH," contains additional features in
the 800-1200 cm ™ range that are attributed to a second isomer
containing dissociated H,, the bands assigned to molecular H,
are missing for the NisH," and NigH," complexes.120 Compar-
ison to IR spectra calculated via DFT methods assigns bands in
the 800-1400 cm ™" range to stretches of bridging (u,) or trigonal
face-capping (u3) hydrides. The v,4(Ni-H,) band of chemisorbed
H, on Ni," falls in that range and is therefore, alone, not
sufficient to prove a molecular adsorption. The second, lower
abundant isomer of NiH," contains H-atoms bridging two
neighbored edges of the Ni tetrahedron. NisH," and NigH,"
are found to contain p,- and psz-bound hydride, respectively.'>°

The structural differences in these complexes go along with
a change in reactivity. The rate constants for complex formation

Table 4 Experimental frequency ranges for IR active collective M-H
vibrations of saturated 3d TM cluster hydrides (in cm=%?

Metal v(M-p,H) Vas(M-}1,H) v(M—p3H) Vas(M-pisH)
Sc? 1100-1110 ¢ ¢ ¢

% 1420-1430 ¢ 1270-1280 810

Fe 1350-1400 1130-1220

Co 1385-1400 1030-1110 1150-1230 ¢

Ni 1210-1270 ¢

“ Data from ref. 83 and 181. ? Clusters contain in addition a single O
atom. “ No clearly resolved bands in the experimental spectra.
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Fig. 10 IR-MPD spectra of Hx(D,) bound to small nickel cluster cations
Ni,* (n = 4-6). Due to experimental constraints, »(H—H) was not acces-
sible directly and only »(D-D) could be determined. The experimental
depletion spectra are compared to simulated spectra (red traces) from DFT
(BP86/TZVP) calculations for the shown low energy structures. The
simulated spectrum of NigH>" is a linear combination with a ratio of 4:1
of the spectra of the molecular adsorbate (dashed line) and the one with
atomic H (dotted line) respectively. Reproduced from ref. 120 with permis-
sion from the PCCP Owner Societies.

with H, as determined by a pseudo-first-order model scale as
1:65:85 for Niy', Nis', and Nig", respectively, i.e., Ni," reacts
nearly two orders of magnitude slower."* This difference in
reactivity can be understood assuming a precursor mediated
dissociative adsorption as depicted in Fig. 11A. Initially, a
molecular precursor complex (either physisorbed or chemi-
sorbed) is formed that can easily (barrier-free) fall apart again
into the bare cluster and H,. For H-H dissociation, the system
has to overcome an activation barrier with a height depending

MF+2H

E/arb.u——
E/arb.u.——s

E,

ads, diss

@ i

E,

ads, molec

7!

Fig. 11 Schematic potential energy diagrams plotting total energy (E) of
complexes between dihydrogen and a metal cluster as function of a
simplified one-dimensional reaction coordinate. (A) Shows the more
classical case of dihydride formation as non-activated (dashed line) or
activated (dotted line) process after molecular precursor formation. (B)

Illustrates the situation in case molecular adsorption is energetically
favored as for NizH,*. Adapted from ref. 181 with permission of the author.
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on the depth of the molecular interaction potential and the
crossing position with the dissociative adsorption potential. In
the case of a high barrier, the complex misses the possibility
for stabilization by forming the dihydride, which is usually
thermodynamically more favored. Overall a low reactivity is
observed. In NijH,", however, the situation appears slightly
different, as for this cluster the molecular complex is predicted
to be more stable than the dihydride isomer (Fig. 11B). Never-
theless, as the molecular complex has no possibility for further
stabilization but can rapidly decompose again without barrier,
the observed reaction rate for Ni," is much lower than for
NisH," and NigH," *2%18!

For the molecular complex, a comparison of the experi-
mental band positions to calculated harmonic frequencies
indicates systematic deviations due to a significant overestima-
tion of the Ni-H, binding in the DFT calculations (PB86/TZVP),
i.e., Y(D-D) values are predicted much too low, while v4(Ni-H,)
are too high as is the case for the H,-saturated Ni clusters
discussed further below.®*'*° The challenges in accurately
predicting the properties of elongated H, complexes have been
discussed already by Kubas.'’°* The potential for the H-H
stretch has been found in several cases to be extremely flat
with variations in d(H-H) by ~0.1 A leading to energy changes
of only a few k] mol "."®® Therefore, it comes not as a big
surprise that DFT calculations have difficulties in locating the
correct minimum within such a shallow potential. Instead, the
full (nuclear) Schrodinger equation needs to be solved to
accurately describe the motion of the light H atoms."”**'%3

For small cationic copper clusters Cu,’ (n = 4-7) H, (or D,)
adsorption has been investigated by experimental IR-MPD
spectroscopy and computational searches for potential reaction
products using a minima hopping search procedure (DFT:PBE
and PBEO). Based on a comparison of experimental and pre-
dicted IR spectra in the 350-1700 cm ™" range, it is concluded
that multiple isomers are present for all sizes. For n = 5 it is
found that the products are dominated by hydrides, while for
the other sizes molecular adsorbates prevail.'*>

Saturated TM cluster hydrides. Neutral iron clusters Fe,
(n = 9-20) covered with hydrogen until saturation have been
investigated already by Knickelbein using a line-tunable, pulsed
CO, laser (Fig. 6).*> Stoichiometries of the Fe,H,, cluster com-
plexes are close to n/m = 1. From the observation of band
patterns in the 885-1090 cm™ ' range that were sensitive to
cluster size and change when H is replaced by D, it had been
concluded that indeed ligand related modes where observed
and a comparison with model calculations revealed dissociative
complex formation.

In the case of saturated hydrides of vanadium cluster cations
V," (n = 5-9), a close correlation between the number of
triangular facets of the metal clusters and the number of H
atoms in the complex is found.'"” The structures of bare V,," had
been determined before from their far-IR spectra.'®® Indeed,
from the IR-MPD spectra of the saturated hydrides and compar-
ison to spectra from DFT calculations (BP86/TZVP) it becomes
apparent that most H ligands are pz-bound. Probably due to
space constraints, a minor number of p,-bridges is also present

This journal is © The Royal Society of Chemistry 2023
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in some of these hydrides. In V¢Hg" all facets of the octahedral
Ve-core are covered by ps;-H, and it shows, due to the high
symmetry, a particularly simple IR spectrum (Fig. 12). Oy,-VeHg"
has three (triply degenerate) IR active modes, all of ¢;,, sym-
metry, a collective v,(V-y13H) experimentally seen at 1275 cm ™,
a collective v,4(V-j13H) at 810 ecm ' and, below the range
measured (350-2200 cm™ '), metal cluster modes that are essen-
tially V-V stretches.

In a comparative study of several 3d transition metals (Sc, V,
Fe, Co, Ni), the IR-MPD spectra of hydrogen saturated cluster
cations containing up to ~20 metal atoms have been deter-
mined in the 500-1600 cm ™" range.®* For Sc, due to its high
oxophilicity, only clusters of the type Sc,0" could be investi-
gated. Typical stoichiometries of these complexes are for Fe and
Co m/n ~ 1, for Sc and V about m/n ~ 1.3-1.5, and for Ni it
reaches up to m/n ~ 3.

Smaller 3d metal cluster hydrides (n = 4-6) have pronounced
band patterns in their IR-MPD spectra that allow for detailed
structural assignments by comparison with results from DFT
(BP86/TZVP) calculations (Fig. 12). For larger clusters, mostly
broader, unresolved features are seen. Most bands are found in
the 800-1400 cm ™" range, indicative of bridging (u,) or trigonal
face-capping (u3) hydrides. Fe cluster hydrides are found to
contain exclusively p,-H. Sc, Co, and V clusters bind H depend-
ing on their size either as p,-H or ps-H or a mixture of both.®

For Ni, however, prominent bands are found between 600
and 800 cm ™' that are for almost all cluster sizes even the most
intense signals in the depletion spectra. These bands are assigned
to v4(Ni-H,) and their observation goes along with the detection of
a band corresponding to 1{D-D) in the deuterated complexes. The
H-H stretch was expected to be experimentally not accessible due
to limitations of the IR source. The chemisorbed H, ligands are
attached to every Ni atom in the clusters in addition to pz-H
covering the facets. NisHye', €.g., contains 6 pz-H and 5 c-bound
H, ligands. The molecular ligands bind in two nonequivalent sites,
either in equatorial positions or to the top and bottom of the Nis"
trigonal bipyramid. This leads to a splitting of the »/{H-H) and
vs(M-H,) bands (Fig. 12 and Table 3). In Ni;H;," and NigH;5" the
ps-H, as well as o-(H,) binding sites, are all equivalent and the
observation of broad (H-H) and v4(M-H,) bands has been
attributed to the presence of additional isomers or to a broad-
ening due to a low barrier for rotation of the o-(H,) ligands.®?
The IR-MPD spectra measured for the larger H saturated clusters
can, in most cases, be explained with the same H binding motifs
as for the small clusters, for which DFT calculations have been
performed to facilitate structural assignments.®> An overview on
the assigned M-H modes is given Table 4.

For cationic platinum clusters saturated with hydrogen
(Pt,Hyo", Ptz;Hy,", PtyHy,", and PtsHye') IR-MPD spectra have
been reported in the 550-2050 cm™ ' range.’*’ Experiments
were performed with isotopically enriched '**Pt to facilitate
determination of the exact compositions. Basin-hopping Monte
Carlo simulations were used to search for low-energy isomers at
the DFT (BP86/def2-SVP) level. These were further optimized at
the TPSS/def2-TZVP level and the IR spectra calculated to
compare with the experimental data. The structures assigned
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contain p,-H and o-(H,) ligands, for Pt,H;,", and PtsH;s", 2500-3200 cm™ ' ranges, respectively, thus above the experi-
in addition to terminal (p,) H. The »(Pt-p;H) and »(H-H) mental range. The v(H-H) and »(Pt-p,H) stretching modes are
fundamentals were predicted in the 2000-2250 cm ' and highly coupled, making detailed assignments of the observed
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energy isomers. Adapted with permission from ref. 121. Copyright 2013
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bands difficult."””" Experimental IR-MPD spectra and calculated
IR spectra for the lowest energy isomers of the structurally
similar Pt,H,;," and Pt;H,," are compared in Fig. 13.

TM doped Al clusters. Hydrogen binding to gas-phase aluminum
clusters has been studied mainly under the aspect of reversible
hydrogen storage and addition of transition metal atoms to Al
clusters is known to significantly enhance the reactivity towards
molecular hydrogen.'®® Neutral Al, clusters are largely unreactive
towards H, with the exceptions of n = 6-8."%® For cationic clusters,
Al," (n=10-12, 14-27), activation barriers between 1.3 and 2.2 €V are
found, with the barriers increasing with size and showing a
pronounced odd/even oscillation with n, the even 7 (open shell)
clusters having the lower barriers.'®” From the photoelectron
spectra of anionic Al,D,” species it has been concluded that,
depending on cluster size, physisorbed molecular D,, chemi-
sorbed D,, or hydrides may be present, however, no clear
vibrational progressions have been observed."®® The matrix IR
spectra of alanes (AlH3),, (7 = 1-4) in solid H, reveal stretching
frequencies of (terminal) Al-yi;H in a comparably narrow range
of 1884-1942 cm™ ', while those of bridging H depend strongly
on the Al-H-Al angle and can be found in a rather wide range
from 1268 cm™ " (AlHg, b,y,) to 1871 cm ™" (Al4Hy,, by,b,)."°

IR-MPD spectra of TM doped aluminum clusters reacted
with H, have given information on both, the activation mechanism
of H, by the doped Al cluster as well as the final H binding sites.
The first spectrum reported was on Al;,VH," (Fig. 14)."** In the
measured range of 800-2100 cm™ ' three bands have been
observed, at about 1200 cm ™!, 1350 cm ™, and 1900 cm ™. The
latter is at a typical value for {Al-y;H), indicating dissociation of
the H, molecule. Comparison to calculated spectra (DFT: PBE/
def2-TZVP) led to assignments of the lower frequency bands to v
and v, of a u,-H bridge between the V dopant atom and an Al
atom. The spectra reported for Al;;VH,", Al;,VH,", Al;;VH,", and
Al;sVH," all show similar features, though much less pronounced:

This journal is © The Royal Society of Chemistry 2023
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a (Al-;H) band at about 1900 cm™' and bands between
1100 cm™* and 1500 cm™ ", typical for bridging H."** When two
V atoms are introduced into Al clusters'>* formation of a V-H-V
bridge is found for most of the investigated H complexes, Al,V,H,"
(n = 2-12, no spectra reported for n = 4, 5, 7). The characteristic v
band at ~1500 cm ™! is close to the value measured for p,-H on
pure V clusters, see Table 4. For n = 3, 6, 8, 10 again a sharp band at
1900 cm ™' is seen that is related to 1{Al-y;H). For other sizes,
Al-H-V bridges are also predicted to be present in the assigned
structures (DFT: PBE/def2TZVP)."**

For Al clusters doped with single Rh atoms, Al,Rh", the IR-MPD
spectra revealed molecular H, adsorption on the smallest clusters
(n =2, 3) via the detection of vy(Rh-H,) and v,{(Rh-H,) at 650 cm ™"
and 1230 cm ™, respectively, in the case of Al;RhH,"."*® For Al,Rh",
only the complex with two H, units has been characterized for
which two bands at 790 and 910 cm ' are observed that are
assigned, by comparison to the calculated spectrum (DFT: PBE/
def2TZVP) for the lowest energy isomer, to the in-phase and out-
of-phase symmetric stretching modes of two Rh-H, bonds
predicted at 904 and 1099 cm ™. An additional feature around
1900-2000 cm ™' suggests the presence of more than one isomer
in the experiment. The H complexes of the larger clusters (n =
4-10) all show a clear band in the 1860-1890 cm™ ' range- that is
assigned to v(Al-y;H)."*® The Al,Rh" clusters with n=1-3, and 7
are found to be the most reactive with H,, and the abundances
of the hydrogenated clusters correlate well with the calculated
binding energies of molecular H,. It is, therefore, concluded
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Fig. 14 Experimental IR-MPD spectra vs. calculated IR spectra for energeti-
cally low-lying isomers of AligVH,*. The metal cluster framework of the
assigned structure (‘Ground state’) is very similar to the ground state structure
of the bare AljpV," cluster. Reprinted from ref. 123 with permission of John
Wiley and Sons.
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that the initial molecular adsorption of H, is the determining
step for hydrogen interaction with the Al,Rh* clusters.’*® A
similar relation is found for Al clusters doped with two Rh
atoms, n = 1-9.127?

Larger Al,Rh," clusters (n = 10-13) show a pronounced size-
dependence in the formation of complexes with H,.">’* Their
IR-MPD spectra are compared to predicted IR spectra for the
lowest energy isomers in Fig. 15. While for n = 10, 11 H-H
dissociation and spillover to Al is indicated through the detec-
tion of v(Al-u;H) at approximately 1900 cm™", the features in
the spectra for n = 12, 13 can be assigned to vs3(Rh-H,) and
V,s(Rh-H,) of molecular H, complexes with the H, bound to a
single Rh atom. DFT calculations reveal for n = 11-13 formation
of strongly bound Kubas complexes, which for n = 12, 13 are
even thermodynamically favored such that no H-H splitting
occurs.'*”?

For most of the TM; ,Al," clusters studied, the ability to
activate and bind H, appears to be limited to only 1 or 2 H, units
per cluster. This can be understood, based on the vibrational
spectra for the complexes discussed above, by the presence of TM
bound hydride species in the complexes, i.e., terminal TM-H or
TM-H-Al bridges. Their persistence indicates an incomplete
spillover of H towards the Al atoms - after activation and bond
dissociation occurring at the TM center(s) - thereby effectively
blocking the activation site for further H, molecules.

However, Nb doping of Al clusters leads to a different
behavior, and up to 6 H, units are found to bind to an Al,Nb*
(n = 1-12) cluster.”® For the exemplary case of NbAlgHg" a
particularly simple IR-MPD spectrum has been recorded, display-
ing only a single, comparably narrow, band at about 1900 cm™*
that can be readily assigned to {Al-l,H). DFT calculations reveal
for the structure of the complex an unusual 8-fold coordinated
central Nb atom surrounded by Al-H units. This complex, with
20 valence electrons in total, fulfills the 18 electron rule for the
central Nb, while two more electrons are delocalized over a slightly
distorted hexagonal AlgH, ring surrounding it.
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Further systems. For the ground state of neutral Au,H,
vibrational modes at 2050(100) cm ™" and 148(4) cm™* are deter-
mined from vibrational progressions in the photoelectron spectra
of its anion Au,H and assigned to 1{Au,-H) and i{(Au-Au),
respectively.'”* While the anion is found to be linear, the neutral
adopts a bent structure with / (Au-Au-H) = 131°.*?

In Ne matrix two isomers of V,H, have been identified,
which can be interconverted by irradiation. Linear HVVH has
two IR active modes (r, and o) at 343.4 cm ™' and 1570.7 cm ™
and the lower energy twofold H-bridged V,(i,-H), isomer has
modes at 565.4 cm™ " (ay), 917.2 cm ™" (b,), 1405.3 cm™ " (ay),
1425.1 cm ™' (by)."?

3.1.2 CO. Binding mechanism. The binding of CO to TM
centers has been intensively studied theoretically,'®* though
certain details, such as the interplay of covalent interactions,
orbital polarizations, and bond strengths, are still under
discussion.'®* The TM-CO bond is usually described in terms
of the Blyholder model'®® as c-donation/r-acceptor interaction
involving the frontier orbitals of CO: the HOMO, a o¢* orbital
that is largely localized at the C atom, thus often designated as
the C-lone pair, and the LUMO, a n* orbital (Fig. 16). Inter-
action of the filled o¢* orbital with an empty, symmetrically
fitting, metal-centered orbital leads to formation of an M-CO o
bond. To fulfill neutrality this e-transfer towards M goes along
with the interaction of a filled d-type orbital on M with the n*
orbital of CO, i.e., n backdonation. The latter has (for “classi-
cal” carbonyls) two important consequences: (i) the strength-
ening of the M-CO interaction through formation of an
additional © bond and (ii) the weakening of the C-O bond
due to the (partial) occupation of an orbital with pronounced
C-O anti-bonding character. This binding mechanism naturally
describes many experimental observations related to CO as
ligand or adsorbate on TMs.'® Most important is the sensitivity
of the C-O bond strength to the degree of n backdonation that
can be experimentally evaluated by determining the shift of
1(C-0) in the chemically bound system, relative to the free CO

40+
< 30}
)
=20
= 10}
0
6009\
400
3
2005
=)
. — S _jo -
750 1250 1750 750 1250 1750 750 1250 1750 750 1250 1750 2250

wavenumber / cm™’

Fig. 15 Comparison of experimental IR-MPD and simulated IR spectra for energetically low-lying isomers of Al,Rh,H,* (n = 10-13). The color scheme
for the structures is as follows: Ru — blue, Al - lightgrey, H — darkgrey. Adapted with permission from ref. 190. Copyright 2018 American Chemical
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bonding contributions in linear TM—CO complexes.

molecule. Further, as will be shown more in detail below, the
C-O bond strength becomes sensitive to the (partial) charge at
the metal center. Finally, backdonation from multiple M atoms
can weaken the C-O bond even more, giving a simple method
to evaluate the CO binding geometry.

The localization of the ,* HOMO leads to metal binding
through the C atom. CO binding atop (terminal) to a single M
atom () forms linear M-CO units, a consequence of the ©
system in M-CO. Other common coordination geometries are
symmetrically bridging CO ligands between two M atoms (}1,) or
CO capping a face of 3 M atoms (u3).

(o) 0 (0]
I I | 0
c C C o4
[ /N M M/—\M
M M—M \;t g
Hq Mo H3
terminal bridging face-capping semi-bridging

Unsymmetrically (semi-)bridging CO ligands with one short
and one long M-C distance are less common and can be classified
into two types: (i) one having an M-C-O angle significantly
deviating from linearity due to additional n back-bonding into

This journal is © The Royal Society of Chemistry 2023
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the CO’s n* orbital from the more distant metal atom via inter-
action with an M-M antibonding orbital. Those can be seen as
intermediates between terminal and symmetrical-bridging CO
ligands. However, a linear semi-bridging CO (ii) indicates,
according to Hall,"®” © back-bonding from a filled n orbital
along the M-M entity, i.e., it stabilizes the M-M bonding orbital,
while the bent semi-bridging carbonyl stabilizes an M-M anti-
bonding orbital.

Complexes with single metal atoms. Vibrational data of
unsaturated transition metal carbonyls, neutrals and as cationic
or anionic species, has been reviewed by Zhou, Andrews and
Bauschlicher, Jr.,"* though this work is concentrating on studies
in low temperature matrices. Results from gas-phase IR spectro-
scopy on mononuclear ionic carbonyls are summarized in ref. 198.
More recent studies from M. F. Zhou and co-authors include
carbonyls of the lanthanides, actinides, and of main group 2
elements (Ca, Sr, Ba) that behave like transition metals by invol-
ving their d orbitals in the bonding."*’

Metal cluster reactivities. The reactivity of CO with transition
metal clusters and the relation to the CO binding energy has
been summarized before.”®® Overall, there is only little size-
dependence.”’" Few-atom sized clusters are comparably unreac-
tive, and for larger clusters reactivity increases smoothly with
size. This observation is explained by a combination of geome-
trical effects and a better initial stabilization of the (entrance
channel) complex through a longer life-time with increasing
density of vibrational states.”®> A lowered reactivity of small
anionic Rh clusters in comparison to the cations has been
related to Pauli repulsion between the electron cloud extending
outside the surface of the metal cluster and preventing reactive
collisions with the CO.>°> More pronounced size-effects have
been observed for cluster systems that are well-known to show
stabilizations due to electronic shell closings, like the coinage
metal clusters.”®® For instance, for neutral Au, (n = 9-68) the
reactivity is found to be particularly high for n = 16, 18, 32.
Assuming CO as 2e-donor ligand, the corresponding CO com-
plexes contain 18, 20, and 34 valence electrons, respectively.
These numbers agree to electronic shell closings within the
spherical jellium model and may be related to an increased
stability of the complexes, i.e., a higher CO binding energy.>**
Notably, such variations are not found for Au,” (n = 1-65)
studied in an FT-ICR mass spectrometer.”' Inconsistencies
between the predictions from shell closing arguments and the
observed reactivity and stability patterns of copper clusters have
been pointed out before.2°*? Instead, it had been concluded that
the symmetry of the cluster’s HOMO is the relevant factor. Thus,
a HOMO with n symmetry would allow for stronger back-
bonding and thereby increase the stability of the complex.?**”

Effects of heteroatom doping of TM clusters on the CO
reactivity have been investigated more recently for Pt and Au
clusters, 3150190204 por instance, doping Au, with one or two
Ag atoms lowers the reaction probability, but, due to the similar
electronic configuration of Au and Ag, the reactivity pattern is
not changing.>*** More pronounced changes are observed for
Au clusters doped by metals with open d-shells like V or
Pd.’*>2%% For the latter system, detailed RRKM simulations
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allowed the experimental rate constants to be related to the CO
binding energies (Ep), and good agreement to the values from
DFT calculations is obtained.**® For Pt clusters no significant
change in the dissociation rates of the CO complexes is found
upon doping with Sn or Ag, while the rates increase, ie., E,
decrease, upon Nb or Mo doping.?°*” This is understood by a
different charge transfer from the dopant to the Pt atoms in
these cases. While through replacement of Pt in the cluster by
Nb and Mo the electron density is enhanced at the reacting Pt
atom, it stays rather constant for Sn and Ag. Based on an
analysis of the calculated density of states, it is argued that
more positively charged Pt leads to a stronger stabilization of
the CO o¢* orbital with concomitant better acceptor properties
of the cationic Pt, thereby leading to a higher B, 143190204
Vibrational modes and frequencies. Most important to
characterize CO ligands or adsorbates on TM has been the
C-0 stretching vibration as it gives direct information on the
activation of the internal C-O bond. In classical carbonyls,
where M — CO & backdonation governs the interaction, (C-O)
is found below that of free CO at 2143 cm™* (7, — 2%..). The
lowering of 1(C-0) can be related to the ability of the metal to
donate electrons to the CO’s n* orbital that depends on the
orbital overlap, its ionization energy, and the effective (partial)
charge at the binding site. In addition to the effect of these
electronic factors on 1(C-0), it can also give indications about
the coordination geometry of the CO ligands.****°® While
terminal (y;) CO ligands have 1(C-O) typically well above
1900 cm ™, interaction of the CO with multiple M atoms leads
to an incremental lowering of (C-0) by about 100-200 cm ™"
per additional M atom the CO is bound to. This is illustrated in
Fig. 17 for complexes of cationic, neutral, and anionic rhodium
clusters with a single CO ligand, Rh,CO"%~.73%13¢ For most
complexes, a band at higher frequencies is observed that
corresponds to ¢(}1;-CO) with its exact position depending on
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cluster size and charge state. Bands at lower frequencies are
seen for some of the complexes, e.g., in the case of the cations
for Rh;CO" at 1903 cm ™' and for Rh,CO" at 1788 cm™* that are
assigned to |, and g structures, respectively. With Rh;CO"
showing the band at 2054 cm ™, this corresponds to shifts of
151 cm™* from p, to p, and of 115 cm ™! from p, to ps. The
observation of two bands in the »(CO) range for a number of
Rh,CO"~ complexes indicates the presence of isomers with
CO binding in p, as well as p, coordination.”**

Values of 1(C-O) higher than that of free CO have been
observed only for few metal carbonyls. These carbonyls termed
“non-classical” are typically cationic metal centers, often con-
taining coinage metal atoms. For instance, 1(C-0) for CuCO",
AgCO", and AuCO" measured in Ne matrices are 2234.4 cm™*,
2233.1 cm™ ', and 2236.8 cm ™", respectively.>*® Central to the
understanding of such carbonyls is the role of the CO o4*
orbital. Notably, questions about the anti-bonding character of
the o¢* orbital have been raised more recently, as it is found to
have no node between C and 0.°*? Instead it is thought to be
weakly C-O bonding. A detailed analysis of the bonding in
these species has been given lately.'**

Spectroscopic investigations of ©(M-CO), located typically in
the 300-600 cm ™' range, are comparably rare, although it
would give a more direct measure of the strength of interaction
between metal and CO. The difficulty lies in the low IR intensity
of such modes, therefore, often other spectroscopic techniques
are used for the characterization. A larger amount of data for
Y(M-CO) exists for surface species investigated by electron
energy loss spectroscopy.'*® Some stable metal cluster carbonyls
have been characterized in early Raman and far-IR studies.*®”
APES of Pt3(CO)s~ has resolved a low energy vibrational progres-
sion at 425 + 30 cm ™' that is assigned to a collective 1(Pt-CO)
mode."" More recently, {M-CO) was determined in matrix-IR
studies of Fe,CO and Co,CO at 483.2 cm™* and 488.7 cm™*,
respectively, and the bending modes, §(M-CO), at 371.6 cm '
and 357.9 cm™ .2 In both studies, the authors emphasize the
challenges of the measurements as the intensities of these
modes are about 2 orders of magnitudes lower than for 1(CO)
measured for the same samples. Far-IR bands of Pd,,CO (n = 2-4),
grown in Ne and Ar matrices, have been assigned to M-CO
bending and stretching modes of CO bound in either py, ,, or 3
configuration, depending on the cluster size.>*® Using synchro-
tron radiation, far-IR spectra between 50 and 650 cm™ ' have
been obtained for bulk Ru;(CO);,, HyRu,(CO);,, and bimetallic
Ru,(p-AuPPh;)(pu-Cl)(CO);o dispersed in polyethylene matrices
gave access to 1(M-CO), related bending modes, and the metal
core vibrations.”"°

Intensity of 1(CO). An important additional aspect for the
investigation of metal carbonyls using vibrational spectrosco-
pies is the usually high IR intensity of ©(CO) that facilitates
experimental characterizations. The enhancement of the IR
intensity of 1(CO) for CO adsorbed to low coordinated metal
surface sites can be explained by an antenna effect.”!* For metal
clusters, this effect leads to a steady increase of the 1(CO) IR
intensity with cluster size. This is illustrated for Au,CO" in
Fig. 18 where the calculated IR intensities*'® are compared to

This journal is © The Royal Society of Chemistry 2023
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Fig. 18 Intensity of the C—O stretching vibration calculated for Au,CO*
(n = 1-8, 20) compared to the experimental cross section of bare Au,* as
function of n?3, i.e., an idealized cross section. The experimental cross
sections are determined from the ion mobility in He.**° IR intensities were
calculated for the lowest energy isomers at the DFT-BP86 level. Forn = 8
two values are given as two isoenergetic isomers were found.*'? The IR
intensity at n = O (metal cluster cross section of zero) refers to that of
neutral CO.

the geometrical cross sections Q of Au,’, as determined from
the ion mobilities."*® For this system both properties appear to
be closely related, which can be understood by the following
considerations. For CO bound to a discrete metal cluster, the
transition dipole moment 0u/0Q of the 1(CO) mode is increased
through charge separation over a distance that is essentially
given by the dimensions of the metal cluster, thus significantly
larger than the molecular dimensions of the local C-O oscilla-
tor. This is a consequence of the binding mechanism that
couples e-transfer from the metal and C-O bond strength, and
thereby also the change of charge distribution in the cluster-CO
entity during the 1{CO) vibration. The effective charge separation
distance [ may be approximated by the sum of the cluster
diameter plus the distance of the CO molecule from the cluster
surface. If the charge transferred along the normal coordinate Q
stays constant with cluster size one obtains a linear relation
between the IR intensity scaling with (3/0Q)* and 2, the latter
being proportional to a slightly enlarged cluster cross section
that, in turn, can be approximated by €.

Molecular and dissociative adsorption. The reaction of CO
with metals can lead to two different types of products, either to
metal carbonyls containing molecular CO ligands, or to carbide
and oxide species as a result of dissociative adsorption. The
detection of a vibrational band in the 1400-2200 cm ™" range for
an M,,CO complex is a strong indication for the presence of an
intact CO unit in the complex, as the frequencies related to
vibrations of M-C and M-O species as well as the metal cluster
modes are well below that range.

Fig. 19 gives a compilation of available data from gas-phase
IR-MPD StudieS.63b,73a,117,130,134,136,138,139,143,1487151,200,213 In
short, for the late transition metals CO binds intact, indicated
by the presence of a (CO) band, while for the group 5 transition
metals (V, Nb, Ta) such a band could not be detected,"”*'*>'

This journal is © The Royal Society of Chemistry 2023
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Fig. 19 Chemisorption behavior of CO on TM clusters as identified by the
presence or absence of ¥(CO) absorption bands in the cluster complex
(complexes formed at ~300 K). Orange shading denotes verification of
molecular chemisorption through the presence of 1{CO) bands, while blue
shading designates the absence of any 1(CO) bands indicating a dissociation of
CO on the cluster surface. The bold line gives the borderline between
molecular and dissociative adsorption on extended surfaces at ~300 K as
suggested by Brodén.?'? The lettering specifies if the experiments have been
performed on anionic (A), neutral (N), or cationic (C) clusters. Adapted from
ref. 200. Copyright (2009), with permission from Elsevier.

leading to the conclusion that CO dissociates on these clusters.
Nb,CO " (n = 3-8) has been studied more in detail by intra-
cavity IR-MPD using FELICE and DFT calculations (BP86/def2-
SVP). The IR spectra are dominated by strong bands around
600-700 cm™ " that are assigned to stretch vibrations of sepa-
rated carbide and oxide units.>'* As far as data is available, these
trends are independent of the clusters’ charge state and only for
tungsten a particular size-dependence is seen, marking for the
5d elements at W the transition between dissociative and
molecular adsorption.'*® There are no studies of the vibrational
spectra for single CO molecules bound to gas-phase clusters of
the earlier TM (group 3 and 4) or of Cr, Mo, Mn, and Tc.

In the M,,CO complexes with intact CO ligands, the C-O bond
gets gradually more activated when moving from metals at the end
of the d-rows towards the earlier TM and one observes a decrease
in 1(CO). Table 5 and Fig. 20 illustrate this behavior with the
experimentally determined values of 1(;-CO) in gas-phase neutral
TM cluster complexes. For each of the 3d, 4d, and 5d metals, (CO)
increases with further filling of the d-shell and within a row, the
highest values are seen for the coinage metals. Within a group the
C-O activation appears to follow the order 3d > 4d > 5d.

This chemistry of CO seen for the gas-phase TM clusters is
very similar to that of extended surfaces. While clearly

Table 5 Average values for (CO) (in cm™ assigned to atop (i) CO
ligands in neutral M,,CO complexes containing up to 30 metal atoms.

Adapted from ref. 200. Copyright (2009), with permission from Elsevier

Group\row 6 7 8 9 10 11
3d FelSO C0134 Ni139
1865 1940 1994
4d Rua,130 Rh73a,134,136 Pdll,139 Agb,Z()O
~1910 1960 ~2000 2090
5d W130 Ir138 Ptl39 Auc,ZOO
1927 1976 2020 2091

“ Average of anionic and cationic clusters. ” From Ags(CO),. © From
complexes that contain 3-5 CO ligands and 3-11 Au atoms.
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Fig. 20 Observed C-O stretching frequency versus group number for
CO bound in atop positions on neutral transition metal clusters. Further
details about the data are included in Table 5. Adapted from ref. 130, with
the permission of AIP Publishing.

dependent on the particular surface structure, CO coverage and
temperature, a borderline between the elements with dissocia-
tive vs. molecular CO adsorption on their extended surfaces*'?
is often drawn, as shown in Fig. 19, and the tendency of the
earlier transition metals for CO dissociation has been explained
by the up-shift of the d-band center relative to the Fermi energy
when going from the late to the early transition metals (from
right to left in the periodic system of elements).”** This leads to
a gradual increase in the M-CO n backdonation and at the
same time an over-stabilization of oxide and carbide vs. mole-
cular CO for the early TM. Similar arguments hold also for the
activation and dissociation of other molecules by transition
metal surfaces, e.g., N, and NO.

Binding geometries. CO binds, according to the assignments
based on measured values of 1(CO), to most transition metal
clusters in atop geometry. This is in agreement with the predic-
tions for the preferred |1; adsorption sites at metal surfaces of low
CO coverage.?'””?'® Only for Ni and Pd is binding in higher
coordination hollow sites energetically preferred. For complexes
of gas-phase transition metal clusters with a single CO molecule,
M, CO""~ the experimental observations are summarized in the
following.

The IR-MPD spectra for CO complexes of the 3d transition
metals Fe, Co, Ni indicate exclusively ji;-binding."*****'3° Only
for small anionic Ni clusters vibrational progressions in APES at
1800 + 80 cm™" (Ni,CO™) and 1750 + 80 em™" (NizCO~) have
been related to CO binding in higher (y, or p3) coordination.™*"
Also, for the noble metals Ag, Au, Pt, as well as Ir, CO is found to
only bind in y; configuration,®3+138:139:143,148-151,200 t 550 in a
study on small Au clusters grown in cryogenic Ar matrix a band
at 1852.9 cm™ " has been assigned to Aus(p,-CO).>"”

For the remaining 4d and 5d TM a wider range of CO binding
geometries is observed. A band assigned to p,-CO is present for
all investigated Ru clusters (anions: n = 4-15; cations: n = 4-20)
and some clusters in the n = 9-16 size range show a minor signal
corresponding to a i, isomer."*® Rh clusters bind CO in py, p,,
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or p; coordination depending on cluster size and charge state as
discussed above.”**'**'%¢ In particular for Rh the number of
clusters binding CO in p, coordination and the apparent
abundance of these complexes is increasing with electron
density on the metal, similar to that observed for Rh nano-
particles supported on zeolites.*'® CO binding in higher coordi-
nation is also seen for Pd with p,, [1,, and p; isomers appearing,
e.g., for all anionic and cationic complexes, Pd,cO", in the
n = 6-9 size range."*° However, while for Rh p,-coordination is
prevailing (Fig. 17), Pd favors CO binding in higher coordination.
This agrees with data from matrix-IR spectroscopy, where for the
Pd dimer isomers with p; and i, bound CO have been identified,
while for trimer and tetramer CO binds in p; coordination.?*
Comparing CO binding within the late 4d TM Ru, Rh, and Pd
there is a tendency of CO binding in higher coordination towards
the end of the row.

Within the late transition metals of group 9 (Co, Rh, Ir) and
group 10 (Ni, Pd, Pt) the 4d metals stand out as only for Rh and
Pd clusters CO is found to bind in p, or ps;-coordination.'3%:2%°
For the group 10 metals this behavior has been ascribed, based
on gradient-corrected DFT calculations for CO bound to cluster
models of the Ni, Pd, and Pt (100) surfaces, to a relativistic
effect stabilizing CO in p,-configuration.>'® In non-relativistic
calculations the M-CO bond length is found to increase mono-
tonically in the row Ni < Pd < Pt, related with a decrease in CO
binding energy. If scalar-relativistic corrections are applied, the
M-CO distance shortens for Pd and Pt, and the CO binding
energy increases. Both effects are, however, nearly absent for
bridge-bound CO leading to a stabilization of atop Pt-CO
relative to bridge bound CO. In the case of Pd, bridge bound
CO ligands remain the more stable species.>' A similar mecha-
nism can be expected for the group 9 metals.

For Ru cluster complexes a size dependent oscillation of
1(CO) is seen with odd numbered clusters having a clearly lower
1(CO) for both, ;- and p,-CO, compared to the complexes with
even n."** The effect is more pronounced for the cations with
differences ranging from 30 cm ™" to 100 cm ™' compared to the
anions where it is only ~15 ecm™". Ru is the only metal for
which such an effect is observed. It may be related to the special
growth pattern of the Ru clusters that is, for small clusters
(n = 8-12), based on a cubic motif.*** The odd-sized clusters
contain apex atoms capping a square plane. Such structural
element is also found in Ruys~ but not present for any even-
sized Ru cluster or Ru; .

1(CO) as probe of electron density. Investigation of 1(p,-CO)
for charged metal cluster carbonyls, M,,CO"'~, reveals a distinct
size dependence with the frequencies decreasing with growing
cluster size for the cationic clusters and increasing for the
anions. Their values appear to approximately converge for large
sizes towards values seen for neutral clusters that themselves
do not show much size-dependence of ©/(CO). Fig. 21 shows this
size and charge dependence for Rh clusters’** and similar
correlations have been reported for CO bound to clusters of
Co, Ni, Pd, Pt, and An.73%134,139,143,148,149

The effect can be understood within a charge dilution
model,"** where it is assumed that the total charge of the

This journal is © The Royal Society of Chemistry 2023
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Fig. 21 Frequency of the ¥(CO) vibration of ;-CO in Rh,CO*%~ as a
function of cluster size and fits to the charge dilution model derived in
ref. 134. The dashed line illustrates the pure electrostatic effect Avgs. The
small box marks the data for n = 5-9, replotted in Fig. 22 as function of
charge state. Data of the atomic species (open symbols) have been
measured in a cryogenic Ne matrix.?2° Values reported for v(u;-CO) on
Rh surfaces are marked by a grey band. Adapted from ref. 200. Copyright
(2009), with permission from Elsevier.

cluster z-e is equally distributed over ng surface atoms of the
cluster, i.e., the cluster behaves like a metallic sphere.

Then, for a CO molecule binding to a surface atom of a charged
metal cluster, it can be assumed that this charge dilution gets
directly reflected in the occupancy P of the n* orbital:

P(n*) = P(1*),, — y-2/ng

Here, z/ng is the fraction of the charge number at the CO
binding site and y a proportionality factor expressing how
much a variation in the charge influences the occupation. With
increasing number of surface atoms the fractional charge per
surface atom converges to zero, hence, within this charge
dilution model, P(n*),, corresponds to the value of the neutral
clusters. In addition to the change in the orbital occupation,
the charge residing at the metal cluster leads also to an
electrostatic polarization effect, and both are influencing the
C-O stretching force constant. Thereby, 1(CO) is shifted with
respect to the value of the bulk limit v, .

(CO) = v, + Avgg + 7' z/ng

The electrostatic effect Avgg, in comparison to the influence of
the m back-bonding, causes only a minor change in (CO).
Details on the derivation of this relation have been reported
in ref. 134. Fits of the model to the experimental values of (CO)
for Rh,CO"~ are included in Fig. 21. This relation allows to
quantitatively probe electronic properties like charge distribu-
tion, and effects of co-adsorbates or dopants in clusters via the
experimental determination of 1(CO).

CO adsorption and measurement of »(CO) is a technique
widely used to characterize the oxidation state of surface

This journal is © The Royal Society of Chemistry 2023
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adsorption sites, e.g., atomic or nano-scale metal particles
deposited on a support.”*>?** While gas-phase metal clusters
lack the interaction with a support, they allow to determine
1(CO) as function of their precise size, CO coverage and charge
state. In that sense, they are useful model systems for compar-
ison to the deposited counterparts to develop a scale for local
charging based on 1(CO). Such approach had been used before
to estimate the oxidation state of mononuclear metal carbonyls
MCO (M = Rh, Pd, Ir) prepared on alumina films by comparison
to 1(CO) obtained for the cationic, neutral and anionic species in
cryogenic matrices.”>> An example for gas-phase CO complexes is
shown in Fig. 22 where the values for 1(CO) for CO bound to
small Rh clusters are plotted as function of charge state and
compared to 1{CO) for CO interacting with Rh clusters containing
on average 5-6 metal atoms that are supported on highly ordered
Al,03.2%* Based on 1(CO), the charge on the supported clusters is
estimated to +0.5 —+0.6e.”>* Similar data for differently charged
gas-phase complexes has been obtained for Au,*® Co,"** Ni,"*
Pd,*® and Pt"*° clusters. In case of platinum model-catalysts for
CO oxidation, the comparison facilitates the characterization of
oxidation state and particle size of the metal, from single atoms
to nanoclusters.?2*>22*

The same principle can also be used to study how electron
density of a metal cluster is altered by co-adsorbates or dopants.
In case of co-adsorption of hydrogen with CO on cationic cobalt
clusters containing 4-20 Co atoms, (CO) is, in most cases,
blue-shifted compared to the H-free system (Fig. 23). The
shift increases close to linearly with the number of H in
Co,[H,],,CO".**° This is interpreted as H, binding dissociatively
and charge getting localized in Co-H bonds thus reducing the
amount of electron density available for © back-bonding. Com-
paring the shifts of 1(CO) per co-adsorbed H-atom and the shifts
in 1/(CO) for the same-sized charged vs. the neutral clusters gives
a gauge for the amount of charge localization. For Co clusters, a
single H-atom has the same effect on the electron density of the
metal cluster as 0.09-0.25 of a single positive charge.'**>%
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Fig. 22 Effect of charge on v(CO) of pi-bound CO in small rhodium
cluster—CO complexes containing 5-9 rhodium atoms. The horizontal
line indicates the observed ¥(CO) value of 2000 cm ™~ for CO adsorbed on
Rh clusters of similar size grown on highly ordered Al,O3.2>? Adapted with
permission from ref. 73a. Copyright 2004 American Chemical Society.
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Fig. 23 Effect of co-adsorbed hydrogen on »(CO) in cationic cobalt
cluster carbonyls Co,[H,l,,CO*. Adapted from ref. 200. Copyright
(2009), with permission from Elsevier.

Exceptions are seen for n = 7-9, where binding of the first H,
unit induces a small red-shift for 1{CO) indicating an increase of
electron density. This could be a sign of molecular H, com-
plexes, as in these the TM <« H, o-donation outweighs the
TM — H, backdonation.'*”

Studying the infrared driven CO oxidation in co-adsorbates
of O and CO on cationic platinum clusters Pt,0,,CO" (n = 3-7,
m =0, 2, 4), also an effect of the oxide species on 1{CO) has been
observed. Similar to hydride, the oxygen adatoms lead to a
localization of electron density and reduce the extent of n back-
donation to CO.°* For anionic Au,0,(CO), complexes, the large
blue shift of 1{CO) of about 200 cm™' compared to Au,(CO),~
indicates the presence of a formally neutral Au, entity in the
mixed complex, which is in line with the formation of a superoxo
species (0,7).** Another example for using (CO) to gauge local
charging has been CO bound to Mo doped Pt clusters, where the
influence of Mo doping on the reactivity has been discussed
above. Here, a combination of quantum chemical calculations,
experimental studies of CO binding energies, and IR spectro-
scopy revealed that electron transfer between Mo and Pt atoms
within the cluster depends on the cluster’s size. A correlation
between the cluster-CO bond strength and the dopant-induced
electron transfer was found; sizes with a more positive charge on
the platinum binding site have lower CO binding energies."*?

Site dependence of CO binding in mixed metal clusters. For
cationic gold clusters doped with a single Pd atom PdAu,_,"
(n = 4-14), shifts in 1(CO) compared to the values seen for pure
Au,," clusters have been interpreted as signature of CO binding
to the Pd dopant.’®® While for most PdAu,_,(CO)" the mea-
sured (CO) are 30-70 cm™* below those for Au,,(CO)*, for n = 4,
5, 11 both values are very similar. This leads to the conclusion,
that only for these sizes CO is bound to an Au atom, and in the
other cases it is Pd-bound. The assignments are supported by
the structures of the putative global minima of PdAu,(CO)"
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identified using the Birmingham Parallel Genetic Algorithm
(BPGA)*** combined with DFT. In all cases, CO is ji; bound to a
single metal atom.

Saturated homoleptic cluster carbonyls. Studies of saturated
cluster carbonyls by molecular or ion beam techniques allow for
comparison to the properties of stable, in bulk quantities synthe-
sizable, cluster carbonyls."**“**® The stoichiometries of such clus-
ter carbonyls can be often well described by the Wade-Mingos
rules, ie., electron counting rules relating the total number of
valence electrons contributed from ligands and TM atoms to a
specific structure of the metal cluster skeleton.””” While initial
experimental studies were limited to characterization by mass
spectrometry, more recently also vibrational data on the gas-
phase cluster carbonyls has been obtained. Thus, the structural
models derived from the electron counting can be tested and
further information on the binding modes of the ligands, or even
full structural characterization, becomes accessible.

A first example for such gas-phase synthesis and character-
ization by IR-MPD spectroscopy in the (CO) range were anionic
iron carbonyl clusters up to Fe;(CO),; , synthesized by ion-
molecule reactions between Fe(CO),;~ and Fe(CO)s."** For most
of these carbonyls the spectra are dominated by bands assigned
to 14,-CO, however, e.g., Fe,(CO)s~ and Fe,(CO),;3 show additional
bands red-shifted by about 150 cm ™" that are related to p,-CO. For
Fe,(CO)s~, this assignment was confirmed by comparison to
results of DFT calculations (B3LYP/LACVP+*) predicting a Cj
structure with two symmetric p1,-CO bridges."* It is noted in this
study that extending the experiment to the range of M-CO vibra-
tional bands should give valuable additional information. The
often very low IR intensities of such modes in comparison to the
intensities of {CO), however, make this a challenging task. IR-MPD
spectra including the range of M-CO stretch and deformation
modes (300-600 cm ') in addition to the 1(CO) range (1800-
2200 cm ') have been measured for cationic saturated Rh cluster
carbonyls containing 1-6 Rh atoms and their structures have been
assigned by comparison with results of DFT calculations (B3LYP/
TZVP)."*’ For instance, Rh;(CO)," has a paddle wheel structure with
only 1;-CO ligands, Rh,(CO),," is tetrahedral, again exclusively p,-CO
ligated. Rhg(CO),¢" has an octahedral metal core capped by four p-
CO and each Rh atom binding two more p;-CO. This structure is
nearly identical to that of the well-known neutral Rhg(CO);6. For
other Rh carbonyls, the structures differ between neutral and
cationic species. While neutral Rh,(CO); and Rh,(CO),, contain
two or three 1,-CO, respectively, there are exclusively p1;-CO ligands
in the corresponding cations. For Rh,(CO),,, the transition upon
ionization from a bridge-bonded structure to one containing only ;-
ligands is attributed to a destabilization of the HOMO that is
involved in the p,-CO binding."”

While these initial studies have been utilizing the IR free
electron laser FELIX, dissociation spectroscopy of metal carbonyls
in the range of {CO) has also been performed using IR-OPOs.
More recently, several studies have extended the spectroscopy of
charged gas-phase mononuclear TM carbonyls extensively per-
formed, e.g., by Duncan'®®**® towards binuclear or even larger
(up to tetramer) clusters'44,128,131,132,135,140,142,144,146,229 These mea-

surements, however, are so far limited to the range of 1{CO).

This journal is © The Royal Society of Chemistry 2023
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Fig. 24 Experimental and simulated vibrational spectra of Co4(CO)y," in
the frequency range of (CO). The experimental spectrum (bottom line)
was measured by monitoring the CO fragmentation channel leading to the
formation of Co4(CO)1;*. The simulated spectra (a and b) were obtained
from scaled harmonic vibrational frequencies and intensities for the two
lowest energy structures calculated at the B3LYP/6-31+G(d) level. Rep-
rinted with permission from ref. 135. Copyright 2014 American Chemical
Society.

Fig. 24 shows exemplary the IR-PD spectrum of the cationic
saturated cluster carbonyl Co4(CO)y,"."** It contains three
K-CO in a structure similar to neutral Rh,(CO);,, but is of
lower symmetry. A rather unusual CO binding motif is seen in
binuclear chromium carbonyls Cr,(CO)," (n = 7-9)."*° These
carbonyls can be structurally characterized as neutral 18e
Cr(CO)e unit in which one CO ligand forms a linear bridge to
a Cr(CO),_e fragment. Within the Cr(CO)s unit, binding is
described by the donation/back-bonding scheme as described
before involving ¢¢* and n* orbitals of CO, while O-binding to
form the bridge involves donation from the CO’s o, orbital to
the lower coordinated Cr atom and n-backdonation into the
perpendicular ©* orbital of CO. Thereby, CO in the Cr-C-O-Cr
bridge acts as 4e donor. The (CO) of the linearly bridging CO is
found at 1740-1797 cm ™, the stretches of the terminal ligands
in Cr,(CO),,* (n = 7-9) are reported between 2044-2174 cm™.**°

In addition to these homometallic carbonyl clusters, a
number of cationic and anionic hetero-binuclear transition
metal carbonyls have been studied containing a combination
of late 3d transition metal (Fe, Co, Ni) atoms and a Zn, Cu,
group 3 TM (Sc, Y, La), or U atom.**>**° These complexes
involve saturated CO coordinated building blocks which pre-
clude multiple bonding between the metal centers, except for
the very low coordinated species MFe(CO);~ (M = Sc, Y, La, U).
The latter contain a triple bond between the metal atoms, in
case of the group 3 TM even an additional 5¢c-2e bond involving
both metal and the carbon atoms.>**%¢

3.1.3 N,. Binding mechanism. The N, molecule is iso-
electronic to CO, as ligand in metal complexes it often behaves
similarly. For example, binding to TM centers can be described
by the Blyholder model'®> as 5-donation/n-acceptor interaction,
however, the donator and acceptor strengths are generally
lower than for CO. As a result, TM-(N,) binding is usually
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weaker compared to TM-CO and, e.g., for metal surfaces it is
known that (for the same surface) N, has a significantly lower
heat of adsorption and activation energy for desorption com-
pared to CO.'® With increasing amount of electron transfer
towards N, the triple bond (in the free molecule) is successively
weakened as the anti-bonding n* orbital gets filled with up to
four electrons. While towards isolated metal atoms the N, unit
usually is bound end-on (i), to multiple metal atoms it can
bind in bridging geometries of various hapticity.”*"

Complexes with metal atoms. Himmel and Reiher reviewed
in 2006 the literature on the interaction of N, with metal atoms
and metal-atom dimers studied via gas-phase as well as matrix-
isolation experiments.*' More recent investigations include a
comparison of N, and CO binding to Rh* in the gas phase®*%¢
and of N, reacted with Ir atoms in cryogenic matrices.>*>

Metal cluster reactivities. The field of N, binding and
activation by gas-phase metal-containing species, including
metal clusters, their hydrides, carbides, oxides, and nitrides,
has been reviewed lately by He et al?>** In many cases, the
cluster-size dependent reactivity resembles that of H,."*>*%¢ For
example, neutral Nb clusters exhibit a strong anti-correlation of
the reactivity with the clusters’ ionization energy and DFT
calculations for small cluster models like Nb,N, lead to the
conclusion that dissociation of the molecular ligand requires charge
transfer by transit of an avoided crossing between neutral and ionic
potentials. Using a charge transfer model, an inverse correlation is
predicted between reactivity and an effective ionization energy
which is in agreement with the experimental finding.**? More
recently, a comparative experimental study of cationic, anionic,
and neutral Co clusters has shown an exceptional low reactivity of
N, towards Cog'. A quantum chemical analysis of the system reveals
a particular stable open-shell superatomic structure of D3y symme-
try for Cog " causing the low reactivity.”>* The often observed increase
of reactivity at low temperature points to the initial formation of a
weakly bound molecular complex. This forms the precursor to the
activated irreversible dissociation into atomic N on the cluster
surface, alternatively molecular N, can be released again from the
molecular complex.''?

Vibrational modes and frequencies. In complexes with
metals »(N-N) is usually lower compared to the value observed
for free N, at 2329.9 cm™* (¥, — 2%.7.). Due to the variability in
N-N bond order (between 3 and 1), (N-N) can be found in a
wide frequency range, i.e., for N, covered TM surfaces vibra-
tional bands between ca. 1050 cm ™" and 2250 cm " are all
ascribed to the internal stretch of molecularly chemisorbed
N,.’°® The N-N bond lengths in N, complexes and the corres-
ponding 1(N-N) frequencies are anti-correlated and follow Bad-
ger’s rule.>*® Simple examples for this variation of 1{N-N) with BO
are free N, (N=N) with 2330 cm', E-diimide (HN=NH)
1529 cm™',**® and hydrazine (H,N-NH,) 1077 cm™~.**’ Nitrido
complexes typically have {M=N) frequencies between 900 and
1100 cm >

Anion photoelectron spectra of Nb,N, ™ (n = 2-8, 10, 11) and
W, N, (n = 6-8) show vibrational progressions of 0.15-0.30 eV
(~1200-2400 cm™ ') and 0.2 eV (x1600 cm '), respectively,
that are assigned to molecularly chemisorbed N,.*>**?
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IR spectroscopy. Neutral Ru, clusters (n = 5-16) complexed
with one and two N, ligands have been investigated using
FELIX in the 1300-2300 cm ' range. Their IR-MPD spectra
have been interpreted in terms of presence of o-bonded N, that
is oriented perpendicular to the cluster surface, i.e., end-on (i)
bound."* Bands are found 120-220 cm ™' below (N-N) of free
N, (Fig. 25), indicating some amount of N-N bond activation.
RugN,,, and RugN,,, appear somehow special, as for RugN,,,
two 1(N-N) bands are observed, showing the presence of two
differently activated dinitrogen species. One of these bands is
the lowest ©(N-N) frequency observed in this study, while the
maximum of (N-N) is observed for RugN,,,.">*

Complexes of cationic Fe, Co, Ni, and Rh clusters with N, have
been studied by IR-PD in an FT-ICR mass spectrometer.”'?751557157
In these experiments, the complexes are formed and thermalized
under multiple collision conditions in a hexapole ion trap held at
26 K. IR-PD is performed with an OPO/OPA system in a cryogenic
(10 K) ICR cell to avoid heating of the cluster complexes due to black
body radiation. Complexes with a single N, ligand show a similar
behavior as seen for the complexes with a single CO. The IR spectra
of most complexes contain a comparably narrow band that may be
indicative of a single (or structurally very similar) N, binding site(s)
for a given cluster size. Model calculations (DFT: PBEO/cc-pVTZ) for
Co40N,", however, show that N, binds always in p,-geometry and
that there is only little variation in (N-N) for rather different
adsorption sites with shifts of less than 10 cm ™. With increasing
cluster size, {N-N) decreases proportional to 1/ng (g being the
number of surface atoms in the cluster), as observed for CO, see
Fig. 26. The frequency change can be explained by the charge
dilution model as described before for CO, confirming the similar
binding mechanism involving a relevant amount of backdonation
into the m* orbitals.

In particular for some larger clusters (n > 10), multiple
bands have been detected in the range of (N-N). The shifts

2220

® Ru,(N,),
500 % % O RuN,
£ 2180 % } % %
s
A
; § :
S 2160
o
: :
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Q
21204 g §
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4 6 8 10 12 14 16
cluster size, n

Fig. 25 Band positions of the v(N-N) vibration in Ru,N, (open circles) and
Ru,(Ny), (black squares) complexes (n = 5-16). The error has two con-
tributions: an uncertainty in the wavelength calibration of about 0.2%
(~4 cm™) that applies equally to all values (thus not changing relative peak
positions). The second contribution is an estimated part to account for
deviations from a Gaussian line profile of the depletion bands. Reprinted
with permission from ref. 154. Copyright 2013 American Chemical Society.
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Fig. 26 v(N-N) of Ni,(N)* (black dots) and Ni,(Ny)," (orange diamonds)
as function of cluster size (n = 5-20). The dashed line is to guide the eye
and corresponds to the charge dilution model for 1/(CO), see Section 3.1.2.
The shaded area indicates the range of ©(N-N) stretching frequencies on
various Ni surfaces. Reprinted from ref. 155, with the permission of AIP
Publishing.

between these bands are on the order of up to 50 cm ™", much

smaller as between, e.g., n;-CO and p,-CO. Thus it is concluded
that the bands are all associated with p;-N,, but that the ligands
are bound to metal atoms of different metal coordination.
Bands more shifted to the red have been related to N, bound
to metal atoms of higher coordination, while more blue-shifted
bands have been suggested to indicate N, adsorbed on top of
low coordinated M atoms.'>>"™” These different adsorption
sites may be present in a single cluster structure or the reactive
sites of different isomers. However, the N, reaction kinetics do
not show multi-exponential behavior, which would indicate co-
existence of multiple metal cluster isomers. On the other side,
bi-exponential behavior has been detected, e.g., for Rh,," (n =
6-8, 11, 12) in reactions with NO or N,0.?*® It is well concei-
vable that under the cryogenic conditions the N, complexes can
be trapped in meta-stable adsorption geometries, leading to
several observable IR bands for a single composition.
Molecular and dissociative adsorption. IR-PD spectra of
Tay(Ny),,~ (m = 1-5) formed at cryogenic temperatures (26 K)''®
contain for n > 2 broad bands in the 2200-2300 cm ™" range that
have been tentatively assigned to {N-N) of end-on bound N, as
well as bands in the range of 1443-1475 cm™ ' that correspond to
activated N, bound across an edge of the Ta, tetrahedron. For
Tay(N,),," (m = 1, 2), no bands are observed in the IR-PD spectra
leading to the conclusion that in these complexes N, is fully
dissociated. This behavior is supported by the measured associa-
tion kinetics as well as DFT calculations revealing submerged
activation barriers below the entrance channel that allow for
spontaneous cleavage of the first and second N, ligand, while
the dissociation of a third N, molecular is kinetically hindered.**?
Saturated homoleptic N, complexes. The saturated adsorption
of molecular N, to TM clusters has been used to elucidate metal
cluster structures via the chemical probe method.>® Hereby it is
assumed that the number of N, molecules (or other ligands like
CO, H,0, or NH;) binding to a metal atom of the cluster’s surface

This journal is © The Royal Society of Chemistry 2023
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is reflecting its coordination geometry within the cluster. Thus, by
counting the available N, binding sites for a given structural
model and comparison to the experimentally observed satura-
tion stoichiometries, structural information may be gained.

In more recent experiments the kinetics of the stepwise N,
adsorption on cationic Fe, Co, Ni, Rh clusters at cryogenic
temperatures - from the first N, ligand up to saturation - has
been studied together with the IR spectra of the formed
complexes and compared to predictions from DFT calculations.
Thereby, information on cluster structure, N, coordination
geometries, and adsorption induced rearrangements have been
0btained‘77l‘,1557157,239

Two examples for the evolution of the IR spectra in the
1(N-N) range for Ni,(N,),," species with increasing coverage, m,
are shown in Fig. 27. Nig(N,),," and Ni3(N,),," present a rather
different behavior, which has been related to their different -
‘rough’ vs. ‘smooth’ - surface morphologies.'>® The »(N-N)
bands are found in the 2180-2255 cm ™" range, thus assigned
to py-N,. In case of Nig(N,),,", with increasing coverage, m, a
multitude of bands appear, indicative of non-equivalent N,
binding sites. Further, the adsorption limit of m = 13 exceeds
the number of metal atoms in the cluster revealing the presence
of geminal N, ligands, i.e., several N, molecules binding to a
single Ni atom. This interpretation is supported by the reaction
kinetics, showing individual pseudo-first-order rates for each
N, addition step and a drop of the rate for the addition of the
9th N, ligand, which is supposed to bind in a geminal position.
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Fig. 27 IR-PD spectra of Nig(N,),,* (left) and Nigs(No),* (right) at 26 K.
Note the variation in the observed band positions and splittings with
further adsorption for Nig(N,),," in contrast to the single dominant band
for all Niyz(N2),". The black dotted line highlights a minor peak that has
been tentatively assigned to combination bands with N, wagging modes.
Reprinted with permission from ref. 156. Copyright 2017 American
Chemical Society.
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The high adsorption capability of the Niy" cluster with its non-
equivalent adsorption sites is suggested to be indicative of a
cluster with ‘rough’ surface. In contrast, the IR spectrum of
Niy3(N,),," hardly changes with coverage, m. Each complex, in
essence, shows a single band that is not shifting with m. The
rate constants for the complex formation also do not vary with
composition. Finally, the saturation limit of m = 12 strongly
suggests the presence of an icosahedral structure with its 12
equivalent surface atoms forming a ‘smooth’ surface.'>®

Further systems. In the cationic boron complexes B(NN);"
and B,(NN); ,", the binding between N, and B shows much similarity
to the binding in transition metal carbonyl complexes.** The 1{N-N)
bands are found in the 1888-2240 cm ™" range, well below {N-N) of
free N,. Structures of the complexes are assigned by comparison to
results of DFT (B3LYP/aug-cc-pVTZ) calculations. Using an energy
decomposition analysis of natural orbitals it is shown that orbital
interactions account for 67-78% of the binding energy with the
strongest contribution being NN — B ¢ donation followed by
B — NN =n backdonation out of occupied p (r) orbitals.

3.1.4 O,. Binding mechanism. The chemistry of the oxygen
molecule in the *X,~ ground state is largely determined by its
half-filled, doubly-occupied n* orbitals. Successive one-electron
reduction leads to superoxide O,  and peroxide O,>~, while
oxidation to O," requires (in the gas phase) 12.07 eV>**! which
can only be achieved with extreme oxidants. Formation of oxide
ions O®” via dissociation of the O-O bond requires in total
transfer of 4 electrons. The molecular orbital scheme of O, is
shown in Fig. 28. The 6, and = orbitals are fully occupied, while
there is one electron in each of the degenerate m* orbitals
leading to a formal bond order (BO) of 2. Increasing the
occupation of n* leads to a reduction of BO to 1.5 in superoxide,

energy

Fig. 28 Molecular orbital diagram for the 329’ ground state of O,.

Chem. Soc. Rev., 2023, 52, 3778-3841 | 3805


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00104g

Open Access Article. Published on 10 May 2023. Downloaded on 6/27/2026 9:13:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

Table 6 Properties of different oxidation states of O,

0, 0, 0" 0,""
Name Dioxygenyl Dioxygen  Superoxide Peroxide
Configuration op ! o't opmi'n op it
Formal bond order 2.5 2.0 1.5 1.0
(0-0) (em™) 1872%2% 1556.2%2% 1072474 7620
r(0-0) (A) 11172 1.208*% 134> 1.50°

9 e — 2% ? Solid K,0,, Raman spectrum, ref. 247. ¢ Solid Na,0,,
ref. 248.

0,7, and 1 in peroxide, 0,>". This change goes along with a
reduction of the O-O stretching frequency and an increasing
bond length, (O-0). The values given in Table 6 are for the
isolated, gas-phase species or from ionic solids, i.e., when there
is no (or negligible) covalent interaction between the dioxygen
species and other atoms. However, due to hybridization
between the dioxygen m* orbitals and d-orbitals on the metal,
the M-(0,) bond can be significantly covalent. Binding modes
to a single metal atom can be end-on (n') or side-on (n?), as
well as bridging between multiple metal atoms (Fig. 31, right).
The n” structures are in most cases identified as peroxo
complexes, although the exact amount of electron transfer from
the metal into the anti-bonding n*(0,) strongly depends on the
system and the O-O bond order takes on a continuous range of
values covering both peroxo and superoxo species.***

Complexes with metal atoms. Data for complexes of transition
metal atoms with O, have been extensively reviewed by
Gong, Zhou, and Andrews>*’> and more lately by Hiibner and
Himmel.*?

Oxide clusters. The aforementioned reviews include
data on oxides of single metal atoms, metal dimers, and small
multinuclear clusters. The vibrational spectroscopy of gas-phase
metal oxide clusters, structural and related reactivity aspects have
been further summarized by Asmis, Sauer, and Schwarz.*3>4*

Metal cluster reactivities. Mass spectrometric reactivity stu-
dies of metal clusters with oxygen have been extensively dis-
cussed in the review by Luo, Castleman, Jr., and Khanna.'*® The
reaction of O, with metal clusters can lead to dramatic changes
in the observed cluster-size distributions. For instance, in case
of O, + Al,~, under multiple collision conditions, the reactive Al
clusters get stepwise oxidized under elimination of neutral Al,O
and degrade until a comparably unreactive, i.e., stable cluster-
size is reached. After such oxygen-etching, the distribution is
dominated by the least reactive clusters Al;; ™, Al,;~ and Al
which have electron counts agreeing to shell closings within the
jellium model.'? Rate constants for the O, + Al,” reaction
show an effect of cluster spin on the reaction and a strong anti-
correlation of the rate to the electron binding energies of
the Al,” odd-n clusters.>*® A more recent study emphasizes
the determining effect of the electron binding energies on the
activation energies and, therefore, interprets the barrier to arise
from charge transfer to the 7* orbital of 0,.>*°

In studies of transition metal clusters under single-collision
conditions, however, only a smooth change of the reactivity
with size is observed with the noteworthy exception of the
coinage metal clusters. For neutral niobium clusters, the

4b,243
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reaction rates are near the gas-kinetic collision rate, indicating
a facile, irreversible adsorption not depending on details of
cluster geometrical or electronic structure.’*”?*? For anionic V,
Cr, Co, Ni (and Al) clusters the activation energy for the reaction
with O, is found to correlate with the electron binding energy.
This correlation can be further extrapolated to the bulk proper-
ties suggesting a common oxidation mechanism based on
electron transfer from the metal towards 0,.2°*

The literature about coinage metal (Cu, Ag, Au) clusters
reacting with O, (and other molecules) has been evaluated
several times more recently.'*®2°47252 Anionic coinage clusters
exhibit a pronounced odd/even oscillation of the reaction rate
that is anti-correlated with the electron binding energies of the
clusters. The even-numbered coinage cluster anions M,,  are
open-shell due to the d'’s" atomic configurations and typically
show lower electron binding energies than their neighboring
sizes. The unreactive Au,¢ is exceptional with its high detach-
ment energy that is due to the stable cage-structure and the
degenerate t,° HOMO of the closed-shell Au,>~,%”>?% leading
to a triplet ground state for the neutral Au,¢ cage. Due to this
strong anti-correlation of reactivity and electron binding
energy, it had been concluded early on that spin pairing as
well as transfer of a comparably weakly bound electron from
the metal cluster to O, and formation of a superoxide species
might be determining for the binding.*®* Similar relations
between electronic structure and reactivity are found for Cu,,"
(ref. 255), Ag,," (ref. 256), and Cu, (ref. 254b and 257) clusters.
The other neutral species as well as Au," (except for n = 10,
ref. 254a) are reported unreactive.

Vibrational modes and frequencies. Most diagnostic for
dioxygen complexes is #(O-O) as its value is strongly correlated
with the O-O bond order. Calculated Mayer BO in (partly)
covalent complexes can take intermediate values compared to
the ionic systems listed in Table 6.>*> {O-0O) values are generally
found in the 650-1900 cm ™" range and they not only depend on
the oxidation state but are also sensitive to the coordination
geometry. Details are given in the right part of Fig. 31. There is
significant overlap with the frequency range of oxo species, the
products of O, dissociation. {M=—O0) are usually found in the
800-1050 cm™"' range. The stretch vibrations of bridging oxo
groups M—-O-M are typically between 400 and 900 cm ™~ *.*%*%3

Low frequency modes related to O, ligands have been
measured for Au,(0,)," at 245 cm™" and 325 cm ™' and are
assigned to Au-O, bending modes of only very weakly activated
0, with a reported experimental »(O-O) of 1472 cm *.**°

Vibrationally resolved APES. Anion photoelectron spectra of
CusO, and Cu,O, formed by oxidation of the copper clusters
with O, show vibrational progressions of 150 meV (x~1200 cm™ )
and have been assigned to 1{O-0) of adsorbed O, ."** For Ag,0,~
and Agz0,”, progressions of 170 meV (~1400 cm™ ') are seen,
respectively, indicative of a molecular adsorbate.'*** Au, 0, (n =2,
4, 6) formed by reaction of metal clusters with molecular O, yield
progressions of about 150-180 meV.2*%%*168 jge of atomic O
in the production of Ag,O0,  and Au,0, leads to different
spectra without vibrational substructure which is attributed to
the formation of oxides.'®®” Uncertainties of these APES data

This journal is © The Royal Society of Chemistry 2023
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were reported to be 10-20 meV. Vibrational progressions in
APES are mostly providing information on the neutral species
formed in the electron detachment process with the exception
of hot-bands due to the presence of vibrationally excited anions.
Therefore, unambiguous assignments are usually only obtained
by comparison to calculated data and spectrum modelling, e.g.,
through Franck-Condon simulation.

0, activation by anionic gold clusters. IR-MPD spectroscopy
on the species formed in the gas-phase reaction of Au,,~ with O,
clearly identifies superoxide units in all Au,;0,” (k=2-7, 9, 10)
complexes.”* In the 700-1400 cm ' range studied, the IR
signature of these complexes is a single, comparably narrow
peak, centered between 1053 cm ™" and 1081 em ™, depending
on cluster size. The only exception is AugO,~ that exhibits a
broader signal with its detailed shape varying depending on
cluster source and reaction conditions (Fig. 29 and Table S1,
ESIf). This broad signal appears to be composed out of three
poorly resolved bands of changing relative intensities and has
been related to (i) the well-known co-existence of two isomers
for Aug 2*? and (ii) that one of these isomers can bind O,
in either end-on, n' coordination or p,(n*:n") bridging coordi-
nation. For the smaller clusters (k < 5), the measurements have
been complemented by DFT calculations (TPSSh/def2-TZVP).
Results are shown in Fig. 30. It is concluded that the higher
frequency 1(O-0) in the 1060-1075 cm ' range relates to n'-
0,~, while the bands at slightly lower frequency (~1050 cm ™)
indicate p,(n"n")-0,7.*** APES studies on these complexes in
conjunction with DFT calculations (PBEO/CRENBL) led, for
most sizes, to very similar structural assignments.>*®

0, activation by neutral and cationic gold clusters. Although
neutral and cationic gold clusters have been considered to be
unreactive towards O,, with the exception of Au,,",”*** more
recently the formation of such complexes was seen at low
temperature (—100 °C).**”° Under these conditions, binding
of multiple O, molecules is frequently observed, in contrast to
the anionic species that only bind a single O, unit per cluster.
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Fig. 29 IR-MPD spectra of even sized, anionic gold cluster-dioxygen

complexes, Au,,O, . For AugO,™ two traces are shown, one continuous
the other dashed and are intended to emphasize the different features
observed in the spectra under different source conditions, see text.
Reprinted from ref. 43a with permission of John Wiley and Sons.
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Fig. 30 (a) Comparison of predicted and experimentally observed O-O
stretching frequencies in Au,O,". (b) Structures corresponding to the
putative global minima and two additional isomers for AugO, . (c) Corre-
lation between electron affinities of the gold clusters and the experimen-
tally determined 1(O-0) values. The labels indicate which cluster (and
isomer) the data refer to. Open squares are p,(ntn?) type binding, closed
n'. Adapted from ref. 43a with permission of John Wiley and Sons.

Au,(0,); ;" has also been reported in a co-adsorption study of
0, and C,H, onto Au," at room temperature.'® For these
complexes, 1/(0O-0) values somewhat below that of free O, are
found that are slightly decreasing with increasing ligand
coverage.

The IR-MPD spectroscopic results for the neutral and cationic
complexes are summarized, together with the data for the
anionic complexes, in Fig. 31 and Table S1 (ESIf). The majority
of the observed bands fall into the 1450-1550 cm ™" range and are
assigned to physisorbed or very weakly activated O,. For com-
plexes of odd-sized neutral clusters, Au, with n =7, 9, 11, 21, and
even-sized cationic clusters, Au,," with n = 10, 12, 22, all having an
odd number of electrons, presence of superoxo ligands has been
demonstrated based on the detection of {O-O) in the 1050-
1070 cm ™ * range.**” A special situation is found for the cationic
gold tetramer covered with 2-4 O, ligands, for which a band
appears half-way between 1(0-O) of free O, and O, at about
1260 cm™ " Interestingly, a band at the same position can be
observed for Au,0,Ar;", thus it is assigned to a fractionally
activated O, ligand. It has been concluded that its formation is
enabled through solvation of the cationic cluster by the addi-
tional, not-activated O, ligands or the Ar atoms,**" similar to what
is seen in reactivity studies of H,/N,/CH, and O, with Au,,".*#2#2%
Overall, these assignments are well in line with the results of
accompanying DFT calculations (TPSSh/def2-TZVP). In none of
these calculations (partial) electron transfer from O, to the gold
cluster, ie., a reaction towards dioxygenyl, is found. This may
be understood as the ionization energies of the neutral gold
clusters, although amongst the highest of all metals, are with
<9.5 eV**" still significantly lower than the IE of O, (12.07 eV>**").

Chem. Soc. Rev,, 2023, 52, 3778-3841 | 3807


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00104g

Open Access Article. Published on 10 May 2023. Downloaded on 6/27/2026 9:13:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

0, dioxygenyl

1800 g
i % Jor+ |E
3 )‘(* Aun(OZ)mOJ' E
1700 3 Fok E
E m APES E
A O anions E
1600 3 A neutrals 3
E A % cations — O, dioxygen
E A % £
1500 3 *é** % :
e 1§ =% 3
o = E
< 14003 £
> 1 =
g 3 e |E
(5] E E
S 9 s
S 13003 E
& E g E Superoxo
o) E E -0
2 wds ® 5 Q
§ 1200 - i
S E } n'-[M(0;)]
1100 3 o E
E E (0]
E © OA8A8A§ o o Oﬁ;} E M\o/ ~M
E E{ [ra('m") - [Mx(O;)]
1000 3 =
] g 0\—0
j0 3
900 3 «E : ,]2_ [M(OZZ-)]
E 2 o
)1 } M~o0-%~y
. 8 10 15 20 E|lmn'n")-IMy O]
cluster size, n E p
' MZ(u):M
1-12(712:']2) = [Mz(ozz-)]
Peroxo

Fig. 31 Left: Experimentally observed vibrational frequencies in com-
plexes of molecular O, with gold clusters. Right: Typical frequency ranges
of (O-0) in different types of dioxygen species (ranges according to Fig. 1
in ref. 259). For the actual assignments done by comparison to results of
DFT calculations, see text. Numerical values are given in Table S1 (ESI¥).

Therefore, bands observed blue-shifted from 1(O-O) of free O,
have been assigned as due to combination bands of {O-O) and
l/(M—Oz).4SC

Energetic considerations for the Au-O, electron transfer. For
the reactivity of the gold cluster anions, the correlation with
electron affinity has been substantiated using an electrostatic
model and it has been concluded that the electron transfer
state will be stable if the electron binding energy of Au,,” is less
than 2.5 eV.** This compares well with the observations for
smaller Au,,” (n < 6). APES on Au, O, (1 < 7) reveals that, while
the even-sized anionic clusters chemisorb O,, in the odd-n
complexes it is only physisorbed.?” For the neutral complexes
it is concluded from the results of DFT calculations, that O,
binding can be followed by a structural change of the gold
clusters giving additional stabilization, thus the ability to activate
0, is connected to the structural flexibility of the gold cluster.**>
The metal cluster cores of Au,O, (1 = 7, 9) are then similar to
those of the bare cations.**” In the cationic complexes, Au,0,",
charge separation into O, and a formally doubly charged gold
cluster is expected to be energetically rather unfavorable and
such reactivity is only observed for Au;," and Au,,’. In the
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di-cation, these clusters reach a closed shell within the spherical
jellium model of 8 vs. 20 electrons.”* In case of adsorption of
multiple ligands on cationic clusters, O, activation can be facili-
tated by a stabilization effect through solvation. The stabilization
increases with charging and can, thereby, for Au,', Auy,", and
Au,, ", compensate for the energy required to (formally) remove an
electron from the metal cluster and transfer it to the O, moiety.**
DFT calculations (CAM-B3LYP/def2-QZVP) on Au," covered with
1-4 O, moieties can explain the experimentally observed bands,
though the suggested structures are not the lowest in energy.”®?
For the anionic complexes, Au,;0,  (k = 1-7), the O, desorption
energies have been experimentally determined to be 0.90 £ 0.10 eV
for k = 1 and around 0.5 eV for the larger cluster complexes.**?

Other metals. For metals other than the coinage metals,
dioxo ligands are usually only observed when the metal is
already highly oxidized as in V304", for which n*-peroxo and
n*-superoxo isomers have been identified.®®* Recent examples
include Rh,0,," (m = 12, 14), where bands at 1020, 1050, and
1200 cm™* have been assigned to p,(n*:n')-0,,>** and small
platinum oxide clusters tagged with Ar, where a band between
1190 and 1220 cm ™" is assigned to n*-0,.>%

Complexes of the palladium dimer with dioxygen have been
characterized in cryogenic Ar matrix.>®® A 1{(0-0) value of
875.6 cm ™! is assigned to the p,-(n*n") Pd,(0,) complex, while
for the mixed oxygen/noble gas atom complexes, Pd,(0,),Ng,
(Ng = Ar, Xe) with the same O, coordination, 1(O-O) has values
between 937.8 cm™ ' and 947.8 cm ™' depending on the Ng
complexation.

3.1.5 NO. Binding mechanism. The NO molecule shows
similarities with CO as well as O,. The anti-bonding n* orbital
of NO is occupied with a single electron, and the nitrosyl cation
NO' is isoelectronic with CO. Formally, the NO" ligand can
interact with a TM center as a two electron donor according to
the -donation/n-back-bonding mechanism.>*” NO usually coor-
dinates to the metal via the N atom forming, as a p;-carbonyl
analogue, a (nearly) linear M-N-O unit. There exist also stable
bridging (1,) and face-capping (i13) binding geometries similar to
the CO ligand. A bent M-N-O unit signifies only weak n-back-
bonding and the ligand is then often described as NO™.

In addition, in TM complexes formed with multiple NO
ligands, these radicals can undergo dimerization, forming an
O—N-N=—0O entity that can be bound to the metal in various
configurations.*®®

Vibrational modes and frequencies. For NO bound to transi-
tion metals, »(NO) is usually lowered compared to the value of
the free molecule of 1876 cm™" (¥, — 2#%.0.). Similar to the
case of metal carbonyls, (NO) is used as indication for the
coordination geometry with the following approximate ranges:
atop (11;) 1680-1860 cm ™', bridging (i) 1480-1700 cm ™, face
capping (13) 1150-1580 cm™'.>*® However, for surface species
structural assignments based solely on ©(NO) have shown to be
in certain cases unreliable.***?”°

This journal is © The Royal Society of Chemistry 2023
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Complexes with metal atoms. The data on unsaturated TM
nitrosyls, mainly obtained via cryogenic matrix isolation IR
spectroscopy, has been reviewed by Andrews and Citra in
2002.%”! More recently, cationic NO complexes of a number of
late transition (Fe, Co, Rh, Ir) and coinage (Cu, Ag, Au) metal
atoms have been studied in the gas phase by IR-PD.>*%?7>

Metal cluster reactivities. There have been some rather
detailed studies of the reactions of metal clusters with NO as
for the other nitrogen oxides like N,O, see below. The overall
observations are similar to the reactions of transition metal
clusters with O,, the high exothermicity of oxide formation may
lead to dissociative adsorption, and, in particular at higher
coverage, subsequent boil-off of nitrogen, e.g., in the form of N,
or N,O is found. Bakker and Mafuné recently have published a
perspective on NO reduction by metal clusters.>”® Particularly
well studied are reactions of Rh clusters.>”®> For cations and
anions the reactivity increases relatively smoothly with cluster
size and is close to the predictions using the surface charge
capture (SCC) model of Kummerléwe and Beyer.>’* NO dissocia-
tion with formation of even oxides is followed by sequential
addition of further NO molecules. Oxide formation continues until
a cluster size specific critical composition is reached, after that NO
molecules adsorb nondissociatively.*****”> For Rh,(NO),,," (1 = 4-8)
complexes formed under thermalizing conditions, temperature
programmed desorption finds at elevated temperature loss of
intact NO units for n = 4, 5, while for the larger clusters N, loss is
observed.>”®

For silver cluster cations up to n = 10, there is a pronounced
oscillation of the reaction rates for NO complex formation closely
mimicking the reactivity pattern with O, with the odd-sized, i.e.,
closed-shell, clusters being much less reactive. The sequential
addition of NO proceeds to products of the type Ag,O(NO,),," and
Ag,(NO,),," under release of N,0.””” A similar size-dependent
reactivity is observed also for anionic Cu clusters.””®

Molecular and dissociative adsorption. Cationic rhodium
cluster complexes with a single NO molecule formed in a flow
reactor at room temperature did not show any bands in the IR-
MPD spectra obtained in the range of y(NO).'°* This could
indicate either a direct dissociation of the NO on the cluster
surface or that such process is induced by the IR heating. Either
way, the products would be strongly bound oxide and nitride
species that will not fragment in the IR-MPD experiments.
However, as described before, co-adsorption of an inert, weakly
bound ligand like an Ar atom at low temperature can stabilize
molecular entrance channel complexes, act as messenger for
the IR excitation of non-dissociable species, but may also
change the energetic order of isomers.***®%?% Such Ar tagging
method has been used to study the products of the reaction of
Rh," (n = 6-16), Rh,Ta" (n = 2-8), and Ir,," (n = 3-6) with NO at
low temperature (173-263 K).'*5®515%160.163 1y contrast to the
room temperature studies one finds, except for the Ta doped
clusters, bands that are related to molecularly bound NO.

For Rh,NOAr" (n = 6-16), bands between 1810 cm™ ' and
1825 cm ™" are assigned to v(1;-NO) of linearly bound NO."** In
case of n = 7, 12-14, an additional band at about 1600 cm !
signifies the presence of another isomer containing p,-NO.

This journal is © The Royal Society of Chemistry 2023
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Interestingly, presence of ;- and p,-bound CO had been
concluded before also for Rh,CO", while other sizes in the n =
5-34 range show exclusively p,;-CO.”** The IR spectra of
Rh,NOAr" show in the low frequency range several more bands
than predicted for cluster complexes containing molecular NO
and it is concluded, based on a comparison with the results of
DFT calculations, that there must be a minor fraction of clusters
with dissociatively bound NO present. The relative amount of
molecular vs. dissociatively bound NO has been estimated by
assuming that the experimental IR-MPD intensities scale linearly
with the calculated IR intensities. For n = 6-10, fractions of
between a few percent and up to 21% are assigned to isomers
containing dissociatively bound NO, depending on the cluster
size n.***® For RhgNO', structural isomers and different spin
states have been screened by DFT calculations, finding a large
number of low energy isomers, containing both molecularly and
dissociatively adsorbed NO.'*** This structural flexibility may be
linked to the rich chemistry observed for Rhe' including a
distinctly bi-exponential kinetics for the addition of the first NO
molecule.”*®*” For complexes with multiple NO ligands, like
Rh ;(NO), ;Ar", NO occupies different adsorption sites and, in
part, undergoes dissociation depending on the coverage."”®
Replacement of a Rh atom in the cluster by Ta changes the
chemistry completely.'®*

All complexes of the formal composition Rh,TaNOAr" (n =
2-8) exhibit an intense feature in the 950-1000 cm ' range
(Fig. 32). This band is assigned to ©(Ta-O) and bands between
450 and 800 cm ' to vibrations of nitride species with the
N atoms bound in bridging or hollow sites. No bands corres-
ponding to molecular NO ligands are observed. The experimental
spectra are compared to predictions from DFT calculations and,
e.g., for RhyTaNO', the calculated spectrum of the ground state
isomer agrees very well with the experimental spectrum obtained
for RhsTaNOAr". The observation of complete dissociation of NO
on Rh,Ta" is in line with the prediction of a significantly lowered
barrier for the dissociation on the Ta doped species compared to
the bare Rh cluster."®® While Rh,Ta" clusters are examples of the
extreme case of only dissociative NO adsorption and on pure Rh,,"
only a minor amount of dissociation has been found, Ir, the
heavier homologue of Rh, appears to be an intermediate case.'® 8
The spectrum of IrgNOAr', for instance, contains a band at
1805 cm ™" (later a value of 1817 cm™ " was reported'®®) readily
assigned to (u;-NO) and several more features in the 500-
1000 cm ™' range that are indicative of dissociative NO adsorp-
tion. The latter amounts to a fraction of about 50% as determined
from the relative band intensities and the attainable maximal
depletion by exciting 1(j1,-NO).

Comparing the calculated binding energies for O atoms to
Rhe", Ire', and RhsTa’, a significant increase of its value is
found (—3.55 eV, —4.74 eV, —5.89 eV), causing the change in the
reaction behavior. In contrast, the binding energies for the N
atoms are hardly changing (—6.94 eV, —7.13 eV, —7.01 eV) for the
different metal clusters.'*®” Smaller iridium clusters, Ir," (n = 3-5),
show a similar behavior with clearly assignable features character-
istic for molecular and dissociative adsorption of NO in compar-
able fractions.® The values of 1(1;-NO) monotonically decrease

Chem. Soc. Rev., 2023, 52, 3778-3841 | 3809


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00104g

Open Access Article. Published on 10 May 2023. Downloaded on 6/27/2026 9:13:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

| 51D (1.72 eV, septet) (e)20

x8
—M‘r«lo

L 51C (1.72 eV, trlplet) x15 (d)4{20

1

51 B (0.65 eV trlplet)

f

(c){20

Wipo

L e e

Spectral intensity (arb. unit)

51A (0.00 eV, triplet)

[J ¢
T—,- M ,_L.
of
sz
x2
9
& 100 200 300 1000 2000

Wavenumber / cm™

Fig. 32 (a) IR-MPD spectrum for RhsTaNOAr* and (b—e) DFT calculated
vibrational spectra of stable isomers of RhsTaNO*. At frequencies below
800 cm™, the experimental and calculated spectra are multiplied by the
indicated factors to enhance visibility of the relatively weak bands at lower
wavenumbers. For each structure (Rh dark-cyan, Ta pink, N blue, and O
red), the relative formation energy and spin multiplicity are shown in
parentheses. Reprinted with permission from ref. 163. Copyright 2019
American Chemical Society.

with the size of the cationic clusters from 1863 cm ™" for n = 3 to
1817 ecm ' for n = 6 which is explained by an increased
n-backdonation in the larger clusters. This is in line with the
charge dilution model discussed before for carbonyl complexes,
see Section 3.1.2.

For comparison, neutral Pt,NO (n = 4-18) complexes formed
at room temperature exhibit IR-MPD bands in the 1775-1792
cm™ ' range, indicative of 1;-NO, and there appears no clear size
dependent pattern for »(NO). The only exception is Pt;,NO with
a slightly more red-shifted »(NO) of 1760 cm™". By excitation of
Y(NO), all species can be depleted by 85-100% which gives
upper limits for the abundance of dissociatively bound NO in
these complexes of 0-15%."¢*

For NO bound to cationic Au,," (n = 2-20) clusters, a size-
dependent oscillation in (NO) is seen, with the open-shell,
even-sized clusters having 1(NO) at around 1800 cm™ ', while
the closed-shell, odd-sized-clusters have such a band about
50 cm ' higher, see Fig. 33.'*° Complexes of the cationic
gold clusters with CO do not show a similar size-dependent
oscillation of 1(CO). This behavior is readily understood from
an analysis of the binding situation based on DFT calculations.
In case of the NO complexes, one n* orbital forms the HOMO
(or SOMO), whereas for the CO complexes both the HOMO and
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(a) Experimentally determined frequencies for ©»(NO) and (CO). Empty
squares indicate the values for the free ligands and atomic gold complexes
measured in noble gas matrices.2°%*2”° (b) Calculated frequencies for
Y(NO) and v(CO) (DFT: B3LYP/TZVP). The frequencies of the lowest energy
structures are shown as circles. Crosses mark the frequencies of low-lying
structures with the ligand bound in alternative atop positions. The calcu-
lated structures of the lowest energy complex are depicted in (c). Repro-
duced from ref. 149 with permission from the PCCP Owner Societies.

the LUMO are metal centered orbitals. For the CO ligands, the
n* orbitals are significantly higher in energy and barely interact
with filled metal centered orbitals of the gold cluster. For the
NO complexes, the HOMO is singly occupied for odd-sized
Au,NO" and doubly occupied for the even sizes, i.e., NO acts
as an electron acceptor. As a consequence, the formal N-O
bond order is oscillating between 2.5 and 2. This oscillation in
the bond strength is observed in the vibrational spectra.**’
Au,NO" forms an exception, with the NO formally acting as
electron donor. The HOMO of Au,NO" is mainly Au centered
and the vacated n* orbitals of NO form LUMO and LUMO+1 of
the complex. Thereby for this sized cluster the binding situa-
tion is more similar to the CO complexes. The formal N-O bond
order in Au,NO" is 3, explaining the significantly higher (NO).
For the negatively charged Au,NO, »(NO) is measured at
1485 cm™ .'®* The structure is assigned, by comparison to the
results of DFT calculations, to NO p,-bound to a y-shaped Au,
cluster. The strong red-shift of #(NO) into the range typical
for ps3-NO is the result of a significant larger amount of back-
donation in the anion compared to the cation. For the complex
of Au,  with two non-dissociatively bound NO molecules,
the calculated most stable isomers contain an ONNO unit.

This journal is © The Royal Society of Chemistry 2023
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Table 7 Summary of experimental studies on the vibrational spectro-
scopy of gas-phase metal cluster complexes with triatomic molecules

Cluster Coverage
Molecule Metal System sizes (n) (m) Method”
H,0 \ V,.[H,0]," 3-18 1-3 IR-MPD?*#°
Fe Fe,[H,0],," 6-15 1 IR-MPD*#!
Co Co,[H,0],,," 6-20 1 IR-MPD?*#?
Pt Pt,[H,0],," 3 1-4 IR-PD?%3
CO, Co C0,[CO, ]~ 3-17 1 IR-MPD?*#*
Pt Pt,[CO, ]~ 4-7 1 IR-MPD?*#®
Cu Cu,Cy,[CO,),~ 3-10 1 IR-MPD*4°:28¢
Cu Cu,[CO, )" 4-25 1,2 IR-MPD?*¥”
0ocCS Au Au,[OCS],," 3-10 1 IR-MPD?%®
N,O Co Co,[N,0]," 1-5 1 IR-MPD?>*°
Rh  Rh,[N,Ol," 4-8 1 IR-MPD”3:29°
Rh,,004[N,0],," 5 1 IR-MPD?***
Pt Pt,[N,O],," 1-8 1 IR-MPD?**?
Au AU,[N,O],,," 3-7 1 IR-MPD?*#°
NO, Au Au,[NO,],.~ 4 1 IR-MPD'*?
HCN Mg  Mg,[HCN], 2-6 1 HelRSS>**
Cu Cu,[HCN],, 1-3 1 HeIRSS>*
Zn  Zn,[HCN], 1-4 1 HelRSS*”?

“IR-MPD - infrared multiple photon dissociation using IR-FELs;
IR-PD - infrared photo dissociation employing OPO/OPA or DFM/OPA
lasers as IR sources; HeIRSS - Infrared laser Stark spectroscopy in
superfluid He droplets.

The experimental IR-MPD spectrum of Au,(NO),™ is unfortu-
nately rather poor, but it seems not to be in conflict with the
theoretically predicted structure.®*

3.2 Triatomic ligands

3.2.1 H,0. Binding mechanism. Single water molecules
bind to TM atoms usually via the O 2p lone pairs forming a
dative bond. Upon interaction of H,O with the metal, O-H
bonds can be broken homolytically or heterolytically leading to
hydroxy or oxo and hydrido species. Multiple H,O molecules
binding to metal centers have a strong tendency to cluster and
to form H-bonded water networks.

Vibrational modes and frequencies. The free water molecule
has three internal vibrational modes, the symmetrical and
antisymmetrical O-H stretches, v and v, at 3657 cm ™' and
3756 cm™ ', as well as the bending (scissoring) mode &, at
1595 ecm™ ".*>°° The latter is very indicative for the presence of
an intact water molecule in a complex and can be used to
distinguish between molecular and dissociative water adsorp-
tion. For hydroxy species, the M—O-H bending mode is typically
found below 1200 ecm™*, vibrations related to oxo groups even
lower.>*? When chemically bound, six additional “external”
vibrational modes exist stemming from the frustrated rotations
and translations. The assignments of these modes appear not
always fully straightforward. Bands for water adsorbed on
surfaces and in complexes have been assigned in the approx-
imate ranges of 650-900 cm ™' to the H,O rocking mode, p;,
450-650 cm™ ' to the wagging mode, py, and 310-490 cm™ " to
the M-OH, stretch, 1(M-0).32%2%7

This journal is © The Royal Society of Chemistry 2023

View Article Online

Chem Soc Rev

Complexes with metal atoms. The hydration of metal
cations, structures, water activation within such complexes
leading to release of H,, and other reactions have been reviewed
by Beyer.>*® In 2005, the application of IR-PD in the study of gas
phase metal ion complexes including H,O, CO,, NH3, and other
molecules as ligands has been summarized by Duncan.**° Due to
the relevance, e.g., for solvation processes or the electrochemical
water splitting, the study of hydrated metal cations is a relative
active field of research. Examples of more recent studies include
hydrated Zn(u) cations Zn(H,0),>" (n = 6-12),>*° hydrated and Ar
tagged Zn(1) cations Zn(H,0)," (n = 1-4),*°" larger Zn(H,0),"
(n = 2-35) complexes,””’ the evolution of solvation shells in
[Au(H,0),Ar,]" (7 = 1-8; x = 1, 2),°** hydrated Cu(n) complexes
Cu(H,0),”" (n = 6-12),>* or an analysis of the role of the noble
gas tag with regard to vibrational frequency perturbations in
Co(H,O)Ng" (Ng = He, Ne, Ar) complexes.®” The experimental
investigations are often limited to the stretching modes of free
and hydrogen bonded O-H, i.e., the range of ~3000-3800 cm™".

Metal cluster reactivities. Adsorption of water on, e.g., Fe,
Co, and Ni clusters has been studied aiming for cluster struc-
ture elucidation, similar to the titration of surface sites using
N, or H,.>>*** Mass spectra of neutral TM clusters reacted with
water suggest non-dissociative attachment and it is concluded
that the observed product distribution is thermodynamically
controlled. However, for Fe clusters, a strong correlation between
the average number of water molecules binding to a metal cluster
of given size, n, and the reactivity towards H,, that is assumed to
be kinetically controlled, is found.**** Using a similar experimental
set-up, a more recent study of the reaction of V,," with water under
thermalized conditions finds extensive oxide formation through
dissociative adsorption of water molecules for n = 3-30 that is
explained by a high V-0 binding energy for n > 3.3 On the other
hand, extrema in the rate constants of the neutral V clusters for n =
10, 13, 16 have been related to superatomic orbital structure.>®®

Molecular and dissociative adsorption. Complexes of cationic
vanadium clusters with water, V,(H,0),," (n = 3-18, m = 1-3),
formed under thermalized conditions in a fast-flow reactor,
have been characterized by IR-MPD in the range of the water
bending mode, J..”*° Consistent with the reactivity studies men-
tioned above, the mass spectra contain a significant amount of
oxide and dioxide species, probably formed through water
reduction under release of H,. However, all water complexes
(except for n = 5 that was of too low abundance to analyze) exhibit
a band near 1600 cm ™' (Fig. 34), readily assigned to Js, proving
the presence of a molecular water ligand. By excitation of this
band, depletion by 20-60% is observed which sets a lower limit
for the fraction of species containing an intact water molecule.
For small cluster cations, s is blue-shifted compared to free
water. This can be explained by charge transfer between the
metal cluster cation and the water molecule leading to an
expansion of the H-O-H bond angle which finally results in a
small blue shift in the bending mode.**” Complexes containing
multiple water molecules have their resonances only slightly
red-shifted compared to those with a single ligand indicating
independent absorption of the ligands without hydrogen
bonding.>%°
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(dashed line). Reprinted from ref. 280. Copyright (2004), with permission
from Elsevier.

Cationic cobalt clusters complexed with single water ligands
have been studied by IR-MPD in the 200-1700 cm ™' range, see
Fig. 35.%%? Similar to the V clusters, for all Co,H,0" (n = 6-20),
an intense band (J) close to the position of the free H,O
bending mode is found that shifts nearly linear in frequency
from 1614 cm™* for the smallest size, n = 6, to 1590 cm™* for
n = 23. For all sizes, at least three more bands between 300 and
600 cm ™' are detected. The lowest frequency band, «, at about
340 cm ™' shows a very small red-shift with increasing size of
only a few cm™", while the shifts for bands f and y are much
more pronounced from about 600 cm ' to 540 cm ' and
520 cm~ " to 410 em ™', respectively. The position (and intensity)
of the water bending mode is well reproduced by DFT (OPBE/
TZVP) calculations of model structures for n = 6, 9, 13 but the
agreement is less good for the lower-frequency features.”®>
Comparing the experimental band positions with the general
ranges of the external water ligand modes given above, bands «,
p, v are tentatively assigned to M-OH, stretch, the rocking
mode, p,, and the wagging mode, p,, respectively. Very similar
features are observed in the IR-MPD spectra of Fe,H,0" (n =
6-15), however, the intensity of the low-frequency modes «, f3, y
varies strongly with size, which is taken as indication for the
presence of, in part, dissociated water ligands.”®

Water binding to cationic platinum trimer clusters has been
characterized by IR-PD in the 3000-3800 cm ' range and
compared to results of DFT calculations. All complexes,
Pt3[H,0],Ar" (m = 1-3) and Pt;[H,0],", exhibit two intense
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Fig. 35 IR-MPD spectra of Co,H,O" (n = 6-20) complexes in the 200-
1700 cm™?! spectral range. The size dependence of three low-frequency
bands is indicated by the red dashed lines; the frequency of the free water
bending mode around 1600 cm™ is indicated by the green dashed line.
Reprinted with permission from ref. 282. Copyright 2015 American
Chemical Society.

bands at about 3600 and 3700 cm " corresponding to O-H
stretches, v, and v,.. The band positions point to non-
dissociative binding of all water molecules to Pt atoms via the
O atom sides.?*?

3.2.2 CO,. Binding mechanism. CO, in the ground-state is
a rather unreactive non-polar molecule. It can (weakly) physisorb
on metal centers, e.g., by charge-quadrupole interaction in an
end-on n'-O arrangement (Fig. 36). The chemical binding and
activation of CO, by metal centers usually is connected with its
reduction. The HOMO of CO; is a fully occupied 1n, orbital. One
electron reduction leads to a partial filling of the LUMO, that
corresponds to the 2w, orbital in the linear structure of neutral

O® 9 A i
w—o=c=0 |  wml{ % ¢
M o MO
n'-0 n’-c  n*(C,0) 12-(0,0) oxocarbonyl
O
(0] O~ 7
4 A /¢
M—0—¢ M F=0 m{ ]
Yo 0 o=y
n'-carbonato n2-carbonato oxalato

Fig. 36 Coordination types in metal-CO, complexes. The species
depicted in the lower line require reaction of at least two CO, ligands
with the metal. Adapted from ref. 308.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00104g

Open Access Article. Published on 10 May 2023. Downloaded on 6/27/2026 9:13:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

CO, and, as consequence, symmetry breaking and formation of a
bent O—C=—0" entity bound to the metal. The isolated CO,~
anion is metastable and has a negative adiabatic electron affinity
of about —0.6 eV.** It can be stabilized, e.g., by C-binding to a
metal center forming a metalloformate M-CO,” or undergo
further reactions like dissociation into O and CO, or C-C
coupling, for instance forming oxalate ~0,C-CO, . The coordi-
nation and surface chemistry of CO, has been reviewed exten-
sively before®’® and Weber summarized the gas-phase ion
chemistry of CO, with respect to its activation.**®3%
Vibrational modes and frequencies. The change of molecular
symmetry and orbitals upon binding of CO, to metal centers is
well reflected by its internal vibrational modes. Infrared active in
the unperturbed linear molecule are the antisymmetric stretch
Vas at 2349 cm ' and the degenerate bend § at 667 cm .
The symmetric stretch v, at 1333 cm™' is only Raman active
and its Fermi resonance with the overtone of the bend, 24, leads
to a splitting into two modes at 1285 cm ™" and 1388 cm ™" in the
Raman spectrum of gaseous CO,.>°° Although only metastable,
the anion CO,  can be stabilized by solvation, e.g., in cryogenic
noble gas matrices, and its IR spectrum has been determined in
Ne. Due to the bent configuration, all three vibrational modes
become IR active. The antisymmetric stretch v,s of CO,  is
strongly red-shifted compared to free CO, at 1658.3 cm . The
symmetric stretch v is found at 1253.8 cm ™" and the bend § at
714.2 cm™"*'! Fig. 37 gives an overview on the vibrational
features of other relevant species and a comparison with the
values for gas-phase CO,, CO, and CO, . Only little experi-
mental data is available below 900 cm™*, therefore for most
species values, e.g., for the CO, bending mode J, are missing.
Complexes with metal atoms. The coordination chemistry of
CO, in atomic complexes is rich of different structural ele-
ments, see Fig. 36. It reaches from weakly activated (or only
physisorbed) n'-O ligands that are the prevailing ligand type in
cationic complexes with low CO, coordination, over metallo-
formates (n'-C), different carbonato species to oxalate
ligands.?>*®2%° For pure metal atoms or clusters, the formation
of carbonato or oxalato ligands needs reaction of at least two
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CO, units with a metal center. Activation of CO, requires electron
transfer towards CO, and is therefore particularly observed for
electron-rich, i.e., anionic, metal centers or on metal cations that
are prone to convert into higher (positive) oxidation states. The
electron transfer is often observed to be solvent induced, ie., it
sets in only after a certain number of ligand molecules is bound
to the metal center.>****'* IR spectra of AI-CO, and Mg-CO, have
been obtained with rotational resolution in He droplets, revealing
for both systems the presence of two isomers, a linear and a
T-shaped one.?"?

Metal cluster reactivities. Reactions of CO, with small
anionic Ni group metal (Ni, Pd, Pt) clusters had been studied
by Hintz and Ervin.*'* Noteworthy, Pd and Pt showed sequen-
tial addition of CO, units, while for Ni formation of products
with composition Ni,,O(CO,),,~ is found. O atom transfer from
CO, (as well as from O, and N,O) towards small Fe," (n = 2-4)
clusters had been reported also by Gehret and Irion®'® and, as
further example, the cross sections for the oxygen atom transfer
reactions M,," + CO, — M, 0" + CO (M = Fe, Cr; n = 1-18) as
function of collision energy have been determined by Griffin and
Armentrout,*'® finding a bimodal energy dependence. This beha-
vior can be explained either by a change from a spin-forbidden
pathway at low energy, e.g., for the dissociation CO,('EZ,”) —
CcO(*Z") + O(’P), to spin-allowed pathways at higher energy, or a
precursor mediated activated adsorption.>'®* Recently, the reac-
tivity of anionic coinage clusters with CO, has been studied using
DFT calculations, pin-pointing the importance of frontier orbital
symmetry for forming activated (M,—~CO,)” complexes containing
partially covalent M-C bonds and a fully delocalized anionic
charge.®"” Activation of CO, may also be reached by light-induced
electron transfer as predicted, e.g., for transition metal doped
aluminum clusters.*"®

Molecular and dissociative adsorption. For CO, bound to
cationic copper clusters, Cu,,” (n = 7-13), the experimental IR-
MPD spectra of all sizes studied reveal bands at around 650
em ™', 1274 em ™', and 1378 ecm™',**® which are close to the
values of the bending mode ¢ and the Fermi dyad for the free
CO, molecule. Another band detected at nominally 1185 cm™*
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co, | &n vl A |
co, [sn A | Ve I
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oxocarbonyl s v(CO)
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Fig. 37 Characteristic vibrational frequencies of metal-CO, complexes and possible products of their intramolecular CO, activation. Data in part after

ref. 308.
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has been assigned to be caused by a small fraction of 2nd
harmonic light in the IR beam and thus corresponds to an
absorption at 2370 cm ™, close to v, of free CO,. These copper
complexes, therefore, contain physisorbed, nearly unperturbed
CO, ligands. Unfortunately, one cannot directly compare to
experimental data for anionic (or neutral) Cu clusters, however,
CO, bound to anionic clusters of the composition CCu,, (n = 6-
10) and C,Cu,, (7 = 3-8) has been studied.’****® In short, all
these clusters activate CO, and a pattern of three peaks around
720 em ™!, 1150 ecm ™', and 1630 cm™’, characteristic of a bent
CO, ™ unit, and/or an intense band around 2000 cm ™ *, indicat-
ing formation of CO, are seen. The assignment to carbonyl
species is supported by separate experiments for CO bound to
carbon doped Cu clusters, CCu,,~ (n = 4-10), that locate the
carbonyl stretch 1(CO) in the anionic carbonyls at around
2020 cm ', For some sizes both vibrational patterns, for
CO,” and CO, are present, suggesting co-existence of corres-
ponding isomers.?%¢

Also anionic cobalt clusters with n > 7 have been found to
dissociate CO, under formation of adsorbed CO and oxide
species.”®! The carbonyl ligands lead to pronounced IR bands
for all Co,0(CO)~ (n = 7-13) complexes at about 1870 cm ™", see
Fig. 38. This is very close to 1(CO) of the corresponding pure
cobalt carbonyls Co,(CO)~ that exhibit such a band between

Relative cross section (arb. units)

T T T T T I T
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Wave number (cm-1)
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Cluster size, n

Fig. 38 (a) Infrared multiple photon dissociation spectra of Co,CO,™ (n =
7-13). (b) The C-O stretching frequencies of Co,CO™ (ref. 134) and the
peak positions for Co,CO," as a function of cluster size. Reprinted with
permission from ref. 284. Copyright 2016 American Chemical Society.
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1860 cm™ " and 1881 cm ™', depending on their size."** These
anionic carbonyl and oxocarbonyl species show a slight increase
of 1{CO) with cluster size that can be rationalized by the charge
dilution model, as described before. DFT calculations for
Co,[CO],™ revealed that the dissociation of CO, upon adsorp-
tion into CO and O is energetically favorable and the experi-
mental IR spectra agree to the predictions for the oxocarbonyl
Co,0(CO)~ isomers.*®*

As a last example, the activation of CO, by small anionic
platinum clusters Pt (n = 4-7)** is discussed. IR-MPD spectra
of Pt,[CO,]” have been obtained in the 400 cm™* to 2100 cm ™"
range and analyzed by comparison to the results of DFT calcula-
tions. The findings for the smallest sized complex, Pt,[CO,], are
summarized in Fig. 39. In the spectral range investigated, three
bands are seen at 800 cm ™', 1130 cm ™', and 1600 cm ™! that are
assigned to bend (0), symmetric stretch (v5), and antisymmetric
stretch (v,s) vibrations of chemically bound CO, . In marked
contrast, these bands are essentially absent in the spectra of the
larger cluster complexes. Instead, for n > 4, an intense new band
is observed in the 1950-2000 cm ™" range.>® This agrees well with
the 1(CO) values of 1940-1950 cm™ " determined for CO bound to
anionic Pt clusters of similar size."*® Results of DFT calculations
reveal that for all sizes studied the dissociation of CO, in CO and
O is energetically favorable, only for Pt,[CO,]”, the activated
molecular complex is stabilized through a comparably high
barrier of 1.3 eV for breaking the OC-O bond.>*®

3.2.3 OCS. Carbonylsulfide, OCS, is isostructural as well as
isoelectronic to CO, and resembles it in many chemical aspects.
One obvious difference is the lower symmetry resulting in more
structural flexibility as a ligand, allowing for, e.g, S- and
O-bound complexes. Further, metal sulfides are often stronger
bound compared to the corresponding oxides which facilitates
S-CO dissociation. The IR active vibrational fundamentals of
isolated '°0'>C*’S are 1(CO) at 2062.22 cm ', (CS) at
858.95 cm %, and §(OCS) at 520.41 cm ™ 1.2

There exist only comparably little data on the metal coordi-
nation chemistry of OCS®*'® or its interaction with metal
surfaces.’'* In many cases the reaction proceeds under release
of CO and formation of metal sulfides. This is explained by the
dn — m* backdonation in TM-OCS complexes leading to a
weakening of the S-CO bond and its subsequent breakage.’"’
Sulfide formation is also apparent in the few experimental
studies of OCS, interacting with metal clusters.

In case of cationic clusters of platinum and rhodium, Pt,"
(n < 15) and Rh,," (n < 25) only complexes of the composition
M,S" could be observed suggesting rapid dissociative adsorp-
tion of OCS even when the complexes are formed at low
temperature (—100 °C).>%®

Complexes with neutral silver clusters formed at ~77 K
show an enhanced abundance for Ag,OCS containing an even
number of Ag atoms. Photodissociation of these complexes in
the UV leads to desorption of OCS in case of the even-sized Ag
clusters, while odd-sized clusters show an additional Ag,S
photolysis product.>”® The wavelength dependence of the dis-
sociation resembles that for the bare Ag clusters, such that an
initial excitation localized at the Ag cluster is suggested.

This journal is © The Royal Society of Chemistry 2023
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Fig. 39 (a) Calculated structure of the lowest energy isomer 4B of
[Pt4CO,]~ containing molecularly adsorbed CO,, (b) IR-MPD spectrum
of [Pt;CO,]~. The dashed lines indicate the bend (714 cm™Y), symmetric
stretch (1254 cm™), and antisymmetric stretch (1658 cm™?) vibrations in
free CO, ™. The dotted lines indicate the positions of the bend (667 cm™3)
and infrared inactive symmetric stretch (1388 cm™?) vibrations in free CO,
(the antisymmetric stretch lies at 2349 cm™Y). (c) Energy surface for the
adsorption and dissociation of CO, on Pt;~ (2S5 + 1 = 4) calculated at the
B3P86/SDD level of theory. Although CO, undergoes dissociation in the
putative global minimum structure, the experimental spectra are consis-
tent with a strongly activated, but molecularly-adsorbed, structure 4B,
lying 1.71 eV below the CO, + Pt,~ asymptote. Reprinted from ref. 285 with
permission of John Wiley and Sons.

These observations can be compared to the findings from
IR-MPD spectroscopy of the cationic gold cluster complexes,
Au,,0CS™ (n = 3-10).>®® For these species, bands close to the
vibrational fundamentals of free OCS are found, at about 2100,
790, and 500 cm™". The blue-shifted values for 1(CO) as well as
red-shifted 1(CS) - compared to isolated OCS - indicate a
binding of the intact molecule via the S-terminus. Results of

This journal is © The Royal Society of Chemistry 2023
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DFT calculations (UB3P86/SDD) suggest that OCS binds in most
cases in W; coordination to a single Au atom in the cluster.
A slightly more red-shifted 1(CS), in case of Aus0CS", points to
the presence of a p, complex that appears to be facilitated by
the particular flexible planar structure of Aus'. While for
AusOCS" a bow-tie py-structure is predicted as ground state, a
nearly isoenergetic trapezoidal structure with p,-bridging OCS
(+0.08 eV) can be reached over a comparably low barrier of
0.12 eV explaining its contribution to the IR-MPD spectrum.

The branching ratios for the photodissociation channels
(CO vs. OCS loss) are, similar to the case of the neutral Ag
clusters, size dependent and show a pronounced odd/even
alternation. Clusters with an open electronic shell-structure,
ie., even-sized Au,” and odd-sized Ag,, show CO loss and
sulfide formation, while for odd-sized clusters release of intact
OCS is the preferred dissociation channel. This behavior can be
understood by a more efficient dn — m* backdonation in the
open-shell systems leading to significantly lowered barriers for
S-CO dissociation, such that they are even submerged com-
pared to the energies of the free reactants. DFT calculations for
Aug" and Au,' reacting with OCS indicate that mainly the
barrier heights are effected, while the overall thermodynamics
of OCS complex formation vs. dissociation into sulfide and CO
are very similar. Further, for the vibrational frequencies of OCS
modes in the complexes, no obvious oscillations with cluster
size have been detected, showing that there are no significant
differences for the bond activation in the odd vs. even n
molecular complexes.

3.2.4 N,0. Binding mechanism. Nitrous oxide, N,O, is a
linear molecule isoelectronic to CO, and can be described by
the following resonance structures which already illustrate the
rather different strength of its two internal bonds and the
capability to act as single O atom source. A comprehensive
overview on the binding and activation of N,O by metal centers
has been given by Tolman.***

Reacting with metal centers, N,O can transfer a single O
atom, though in gas-phase reactions with metal cations also
N-transfer has been observed.”***** O-abstraction under release
of N, is — for the reactions with many transition metal atoms or
ions - formally spin-forbidden, as the metal species and the
corresponding oxide do not share the same multiplicity in their
ground states. Stable molecular adducts have been found as
products of gas-phase reactions with cations of certain late
transition metals (3d: Mn, Ni, Cu, Zn; 4d: Mo and later; 4d: Au,
Hg, for further examples see below). These different reaction
pathways for the TM cations have been explained by a combi-
nation of overall exothermicity, the effect of activation barriers,
and spin conservation.>*****> Similar reactivities are found for
N,O reacting with transition metal surfaces: O-transfer in case
of most TM studied (for some metals accompanied with N-
transfer) and molecular adsorption for Ru, Ir, Pt, Cu, and
Ag.*>'°° There are only a few stable, structurally characterized,
complexes of N,O with TM atoms, most containing an N-bound
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N,O ligand.**® Computational studies targeting the reduction
mechanism of N,O and concomitant O-transfer, however, some-
times imply the (initial) presence of an O-bound complex.***

Vibrational modes and frequencies. The IR active vibrational
fundamentals of gas-phase *N,'°0 are »(NN) at 2223.7 cm ™,
1(NO) at 1284.9 cm ™", and §(NNO) at 588.7 cm ™~ '.>°® For N,O
adsorbed at the surfaces of late transition metals generally only
small shifts from these values are seen. For such systems, the
M-(N,0) stretch has been observed in the 230-330 cm ™" range.*'*
Changes of these vibrational frequencies upon binding to single
TM atoms or TM clusters are discussed in the following.

Complexes with metal atoms. Some complexes of N,O with
metal atoms have been spectroscopically characterized in the
gas phase or in cryogenic matrices. The N,O complexes of
neutral Ni, Pd, Pt, Rh, and Ru atoms have been characterized
by their IR spectra in Ar matrices**® and by DFT calculations.
The comparison suggests the presence of N-bound complexes
and the binding is described by a donation/backdonation
mechanism involving the 76 HOMO and 3n* LUMO of N,O,
respectively, that implies some destabilization of the N-O
bond. Accordingly, ©(NO) bands observed 50-150 cm ™' red-
shifted compared to the free molecule are assigned to N-bound
N,O. The N-N bond is predicted to be weaker affected by the
coordination to a metal atom and there are only small (blue)-
shifts seen for y(NN) (44 em™" for Pt).**>* It shall be noted,
however, that in case of cationic metal cluster complexes red-
shifts of ©(NO) of the same magnitude as observed for these
neutral species in Ar matrices are assigned to O-bound N,O,
while N-bound ligands are characterized by ©(NO) being blue-
shifted compared to unbound N,O, see the discussion below
for Co,(N,0)".

In cases of gas-phase complexes of group 9 and 11 metal (Co,
Rh, Ir and Cu, Ag, Au) atoms with multiple (m = 2-7) N,O
ligands, M(N,0),,", two well separated features are found in the
region of the ¥(NN) stretch.**® Both features are blue-shifted
relative to ©(NN) of unbound N,O, one is only little shifted and
not much changing with metal or number of N,O ligands, the
second feature is shifted by about 50-140 cm™" and the value
(and shape) depends more on the metal as well as ligand
coverage. Supported by DFT calculations (B3P86/def2TZVP)
the latter is assigned to be the signature of N-bound N,O, while
the hardly shifted features have been - with the exception of
Ir(N,0),,," - related to O-bound ligands. DFT calculations reveal,
however, that these O-bound complexes are significantly less
stable. The presence of isomers containing O-bound ligands is
explained by their stabilization through a significant barrier for
rotation towards N-binding of 0.6-0.9 eV, calculated for the
binary complexes M(N,0)".*>¢

In addition to »(NN) being structure sensitive, in case of Co,
Rh, Ir, also the effect of different spin states onto »(NN) - and
the change of the preferred state with N,O coverage - has been
discussed.**® Interestingly, DFT calculations for Ir(N,0),"
reveal for the quintet state complexes very similar values of
Y(NN) for O and N-bound N,O close to that of free N,O, while in
the energetically favored triplet state the features associated
with N-binding would be, again, significantly blue-shifted.
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Accordingly, the broad features seen in the spectra of Ir(N,0),,"
close to (NN) of free N,O are assigned to a convolution of bands
related to O as well as N-bound ligands for quintet state com-
plexes. For Ir(N,0),,,", these are the only features observed in the
spectra. The missing spectroscopic signatures of triplet state
complexes are in line with a submerged barrier predicted for O-
transfer on the triplet surface and the experimentally observed
efficient formation of IrO,," by sequential N,O reduction.?**32¢?

Metal cluster reactivities. O-Transfer is the dominant reaction
channel observed for late transition metal clusters reacting with
N,0 in the gas-phase under single-collision conditions.*****'***” For
instance, in case of reactions of Rh cluster cations with N,O studied
within an FT-ICR mass spectrometer,** only the oxide products of
the reaction - including those of sequential N,O decompositions by
a single metal cluster — but no molecular N,O adducts are observed.
In the size-range studied (n < 30), the bimolecular rate coefficients
for the reaction are strongly and non-monotonically size-dependent
and vary over nearly three orders of magnitude. Overall, for most
clusters the cross section reaches only a fraction of 1-50% of the
theoretical collision cross section calculated via the surface
charge capture (SCC) model.>”* Other reactions of Rh,", for
instance their oxidation by NO, proceed with rates close to the
values predicted by the SCC model. It has been concluded, that
the individual structures of the Rh clusters must have a sig-
nificant influence on the N,O decomposition rate.>**

A strong structure sensitivity may be understood based on
the structures of the - in the aforementioned reactivity studies —
unobserved entrance channel complexes and the mechanism of
N,O decomposition that presumably involves a bending (or
rotation) of the N,O ligand from an initially N-bound N,O
complex towards a geometry that allows for Rh-O bond for-
mation. Indeed, the reaction profile for N,O reduction by Rhg"
calculated using DFT (Fig. 40) reveals the bending of N,O
induced by backdonation into the 3n* LUMO as a major barrier
in its activation.”*” The mechanism appears very similar to
predictions for the decomposition of N,O on extended surfaces
of Rh and other platinum metals.**!

— 8-tet
- —10-tet

Relative energy / eV

254

Fig. 40 Reaction profile for activation and decomposition of N,O by the
Rhe* cluster calculated using the eigenvector following method (DFT:
TPSSh/def2-TZVP). Reprinted with permission from ref. 73b. Copyright
2011 American Chemical Society.
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IR spectroscopy. While unobserved under single-collision
conditions, complexes of molecular N,O with TM clusters can
be collisionally stabilized, e.g., within the high-pressure region
of laser vaporization cluster sources, in particular at low
temperature,>°%29%328

IR spectra of Rh,(N,0)" complexes (n = 4-8) have been
obtained via dissociation of Ar-tagged complexes formed at
173 K (Fig. 41).7322°029 As mentioned before, Ar tagging results
in a higher spectroscopic sensitivity, in particular at low IR
frequencies. It also helps to stabilize the complexes in their
entrance-channel geometries to avoid rapid oxidative decomposi-
tion of the complexes. Spectra have been recorded in a wide spectral
range from 100 cm ™" to 2350 cm ™" covering the regions where, e.g.,
NN), (NO), and J(NNO) for molecularly bound N,O are expected,
as well as the low frequency region of metal-metal vibrations.
Consistently, all these spectra contain distinct bands close to the
vibrational modes of unbound N,0.7*”** For all Rh,(N,0)" com-
plexes (n = 4-8), {NN) and 1{NO) are slightly blue-shifted compared
to free N,O, and seen around 2250 cm™ ' and 1320 cm ™, respec-
tively. The bending mode, 5(NNO), for these complexes is measured
around 560 cm ™', ~30 cm ™! below the value for free N,O. These
band positions fit very well to the predictions for N-bound N,O. DFT
calculations (TPSSh/def2-TZVP) for Rh¢(N,O)" find an O-bound

Relative cross section

100 200 300 400 500 600 700 1300 22002300
Wavenumber / cm’™

Fig. 41 IR-MPD spectra of argon-tagged Rh,N,O* (n = 4-8) complexes.
The strong bands observed close to those of free N,O (indicated by
dashed lines) indicate molecular adsorption via the terminal N-atom; 14
(N-O stretch), v> (NNO bend), vz (N—-N stretch). Bands in the far-IR are due
to internal vibrations of the Rh clusters as well as to Rh-(N,O) modes. The
double-peak structures seen at nominal wavenumbers of ~440/450 cm™*
are artifacts stemming from minor admixtures of third (3 x 440 cm™ =
1320 cm™) and fifth harmonics (5 x 450 cm™ = 2250 cm™?) to the FEL
radiation, i.e., they relate to the intense absorptions of 4 and vs. Reprinted
with permission from ref. 73b. Copyright 2011 American Chemical Society.
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isomer 0.44 eV less stable then the N-bound one and locate, as
most striking difference to the N-bound structures, their /{NO)
significantly shifted to lower frequencies, even to below {NO) of the
free molecule.””

The Rh-N,O stretch in these cluster complexes is predicted
around 280-285 cm™ ", and although there have been no direct
assignments to the experimental bands given, it is tempting to
relate a band seen in all the experimental far-IR spectra around
260-280 cm ' to that vibration. Such an assignment would be
also consistent with the values of M-N,O stretch vibrations for
N,O adsorbed at the surface of other platinum group metals.*'*

In the far-IR range, below 300 cm ™', also M-M vibrations
contribute to the spectra of the Rh,(N,0)" complexes. Thus, the
available spectral data is sensitive to the coordination geometry
of the N,O ligand and the internal structure of the rhodium
cluster in this complex. The far-IR spectra have been compared to
the outcome of DFT calculations (TPSSh/def2-TZVP), but no
distinct assignments could be made. However, in general, the
cluster cores of the calculated low energy isomers’®” resemble
those determined based on the farIR spectra of Rh,"
clusters.”’***® Furthermore, for certain sizes, e.g., n = 6 and 7,
there are strong similarities in the spectra of bare Rh cluster and
N,O complex supporting the idea, that the structure of the metal
cluster core may not significantly change upon N,O addition.
This goes along with a calculated, moderate N,O binding energy
of about 0.7-0.8 eV in the cationic Rh cluster complexes.”*>2!

The aforementioned data have been measured via IR-PD of
Rh,(N,O)Ar" complexes, and similar results - but limited to the
spectral regions around 1(NN), {NO), and §(NNO) - have been
obtained for complexes without any Ar messengers, Rh,(N,O)",
formed at 308 K.”*?°! The spectral signatures for these complexes
are very similar to those obtained using the Ar messenger, only the
bands have a broader width that can be related to the higher
internal energy of the complexes as well as to an increased FEL
bandwidth, connected to the higher FEL pulse energies used for
IR-MPD. Overall, all these Rh,(N,0)" complexes are found to
contain N-bound N,O. Their IR induced fragmentation behavior
has been analyzed in very detail, revealing two competing dissocia-
tion channels: either direct loss of a complete N,O entity or loss of
N,, implying transfer of an O-atom towards the Rh cluster.”*”?"!
For the Ar complexes, Ar loss forms a 3rd fragmentation channel.

The observation of an effective O-transfer channel for N,O
complexes that are spectroscopically characterized as containing
N,O bound via the terminal N-atom, ie., having the O-atom
initially pointing away from the metal, strengthened the interest
in the mechanism of this IR-induced reaction. Based on the
experimental observation that the IR-induced chemistry exhibits
no particular mode-selectivity,”? as indicated by similar frag-
mentation behaviors for excitation via the three ligand modes
V(NN), {NO), and §(NNO), it has been concluded that the process
can be described as the ligand forming an IR chromophore from
which the absorbed energy is, through IVR, rapidly redistributed
towards the metal framework. The energy increase in this cluster
complex upon absorption of several IR photons, then can be
sufficient to overcome the barriers towards N,O decomposition
or, depending on the relative strength of the M-N,O bonding, the
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complex may simply decompose back into the reactants, Rh,," +
N,O, see Section 5.

The relative energies for these two processes sensitively deter-
mine the branching ratio between the two channels. For instance,
RhgN,O" shows, as most of the Rh,(N,0)" complexes studied, a
significant fraction of the RheO" product upon IR-excitation,
consistent with the highest barrier towards O-transfer being sub-
merged compared to the energy of the reactants (Fig. 40).”*” In
contrast, for Rh;N,O" this barrier, involving the bending of N,O
and the formation of an intermediate p,(n"m")-N,O complex with
the terminal O and N-atoms bound to neighbored metal atoms,
slightly exceeds the N,O binding energy. As result, RhsN,O" does
not show much formation of an O-transfer product upon IR-
pumping but mostly N,O loss.>*' Addition of an O-atom to the
cluster changes the energy landscape significantly, the barrier of
Rh;0(N,0)" to decomposition is now submerged by ~0.3 eV and
nearly all of it reacts into Rhs0,".>°" Very similar reactivities are
observed upon collisional activation of Rh,(N,0)" supporting the
assumption of a thermal excitation mechanism.**® For Rh,(N,0),,,"
(n =5, 6; m = 1-5) stored collision-free for a prolonged time in an
FT-ICR mass spectrometer, even the absorption of background
blackbody radiation has been observed to induce both processes,
N,O desorption as well as decomposition. The size-specific branch-
ing ratios are somehow different from the IR-MPD studies which is
explained by the orders of magnitude lower photon absorption
rate that avoids an ‘overheating’ of the complexes into regimes
where entropic effects become more relevant.**°

For Au," (n = 3-7) clusters, molecular N,O complexes have
been studied in the ranges of (NN) and »(NO).*** These com-
plexes exhibit their (NO) and »(NN) bands at around 1340 cm ™"
and 2270 ecm™’, respectively, slightly blue-shifted compared to
isolated N,O, with the shifts decreasing with cluster size. The
band-positions agree well with N-bound N,O, which is, based on
the results of DFT calculations (TPSSh/def2-TZVP) for AuzN,O"
(n = 3, 4), the energetically preferred orientation.

N,O complexes of cobalt clusters, Co,(N,0)" (n = 1-5),>* differ
from the aforementioned Au and Rh complexes in that their IR
spectra indicate the presence of N- as well as O-bound ligands
(Fig. 42), similar to the atomic complexes.***” Bands attributed to
Y(NN) and 1(NO) are found at values characteristic for N-bound
N,O at 1323-1345 cm ™' and 2271-2280 cm ™ * for Co,(N,0)" (n = 1-
5, red-shifting with increasing n), similar as discussed before.
However, for the smaller sizes (n = 1-4), additional bands 100-
140 cm ™! red-shifted compared to 1{NO) of gaseous N,0, as well as
band-shoulders that are - within the experimental resolution -
coinciding with {NN) of free N,O are observed and have been
assigned to O-bound N,O. According to DFT calculations (TPSSh/
def2-TZVP), the N-bound isomers are again, for all studied Co
cluster cations, energetically favored. The observation of O-bound
species, therefore, is explained by a significant (but hitherto not
quantified) barrier for rotation towards the preferred N-bound
structure (see above for calculated barriers for the atomic
complexes).”® The dominating IR-MPD channel for the N,O com-
plexes of Co and Au clusters is loss of N,O.

Anionic and cationic Pt clusters get readily oxidized by
N,0***?27% and this reactivity becomes also apparent in IR-
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Fig. 42 IR-MPD spectrum of Cos(N,O)" along with spectra of low-lying

N-(blue) and O-bound (red) isomers calculated using DFT (TPSSh/def2-
TZVP). The vertical dashed lines in the IR-MPD spectrum indicate ©(NN)
and »(NO) in unbound N,O. Reproduced from ref. 289 with permission
from the PCCP Owner Societies.

MPD studies of Pt,(N,0)" (n = 1-8).°> Overall, the IR spectra of
these complexes (formed at —140 °C) are similar to the spectra
of N,O TM-cluster complexes discussed before, mainly indicating N-
bound ligands that lead to intense features blue-shifted to {NO)
and (NN) of free N,O. For certain sizes (n = 1, 2, and possibly 8),
there is also evidence for O-bound N,O based on the appearance of
bands red-shifted to 1{NO) of free N,0, in case of n = 8, also a band
red-shifted to /{NN) is visible. The mass-spectrometric abundances
of the Pt," + N,O reaction products reveal a strong increase in
activity for O-transfer from n = 6 onwards. The smaller clusters
mainly form molecular complexes, Pt,N,O', while the dominating
product for the larger clusters is the oxide, Pt,O". For n = 6, the
abundance of Pt,N,O" is even negligible, such that no IR spectrum
could be recorded for that complex size. This tendency is also
repeated in the observed IR-MPD channels revealing for the smaller
sizes mainly N,O loss upon IR excitation, while for n = 7 and 8 loss
of the intact molecule and oxide formation are nearly equally
observed. The calculated (DFT: TPSSh/def2-TZVP-GD3-BJ) reaction
mechanisms for oxidative decomposition qualitatively resemble that
of RhgN,O" (Fig. 40) and the strong increase in O-transfer activity
with growing cluster size can be related to decreasing barrier heights
for the activation and bending of N,O towards the Pt," clusters. For
the larger clusters, this barrier lies very close to or below the energy
for dissociation back into the reactants (Pt," + N,O) such that the
two reaction channels compete with each other. For completeness,
for all considered Pt," clusters, the O-bound complexes are consis-
tently predicted to be about 0.5 eV less stable than the N-bound
structures.”*>

This journal is © The Royal Society of Chemistry 2023
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3.2.5 NO,. Nitrogen dioxide, NO,, being isoelectronic with
CO, ™, can bind to metals similarly to CO, in a variety of binding
motifs, N or O-bound and also as a bidentate ligand. N-Bound
NO, is usually referred to as nitro, O-bound as nitrito.>2#>10¢
The vibrational fundamentals of unbound NO, are at
1617.8 em ™' (vg), 1318 ecm ™' (1), and 749.65 ecm ™" (§).**"
Due to the bent structure of NO,, all these modes are IR active.

So far, only the IR spectrum of Au,(NO,)~ had been char-
acterized in a study of NO reacting with anionic gold
clusters.>*> While the complex could, in principle, be formed
in a disproportionation reaction upon addition of multiple NO
molecules to the cluster, the NO pressure dependence of its
abundance let conclude it to be due to contamination of NO by
traces of NO,. The IR-MPD spectrum of Auy(NO,)~ was mea-
sured in a wide range from 150 to 1800 cm ' and exhibits a
broad band at 1415 cm ™! with a shoulder at 1325 cm™* and two

View Article Online
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more bands at 345 cm ™! and 825 cm ™"

. Comparison has been
made to spectra from DFT calculations suggesting attachment of
an intact NO, unit to the y-shaped Au,~ entity. N and O-bound
isomers are found to be nearly isoenergetic and suggested both
as plausible structures.’** The experimental frequencies agree
fairly well to those of stable TM nitro complexes.**

3.2.6 HCN. For HCN bound to Mg, (n = 2-6),>** Cu, (n = 1-
3),** Zn,, (n = 1-4)* rotationally resolved infrared spectra as well
as Stark spectra have been obtained in superfluid He droplets.
Bands are found close to the value of the 1{H-C) fundamental for
free HCN, 3311.47 cm™ ' (ref. 296), indicating the presence of
relatively weak N-bound complexes. Due to the cryogenic environ-
ment, the complexes are frozen out in their entrance channel
geometry without protolysis. Depending on metal and cluster
nuclearity, the HCN is binding either i, atop (all Cu,, Mgy, Zn,),
W, bridging (Mg,, Zn,), or p; face-capping (Mgs, Zns).

Table 8 Summary of experimental studies on the vibrational spectroscopy of gas-phase metal cluster complexes with 4-atomic and larger molecules

Molecule Metal System Cluster sizes (n) Coverage (m) Method*
NH; Fe Fe,[NH;],, 7-16 1,2 IR-MPD, CO,***
Ag Ag,[NH; ], 2-18 1,2 IR-MPD, CO,%°?34
Ag,[NH;], 3-5 1,2 IR-MPD”°
CH, Ta Ta,[CH,]n"; Ta,[CH,|[CH,]," 4 Unspecified IR-MPD?***
Fe Fe,[CH,ln" 2-4 1-4 IR-PD?3¢
Pt Pt,[CH,]" 3-5 1 IR-MPD®*
Cu Cu,[CH,]," 2-4 1 IR-MPD**’
Au Au,[CH,l," 2-4 1 IR-MPD®%¢
C,H, Ag AgA[CH, ] 3-7 1-4 IR-MPD, CO,**®
Au AU, [CoHy )" 2-4 1-3 IR-MPD**
C,Hg Au Au,[CoHg" 2-4 1-3 IR-MPD**°
Benzene Ag Ag,[CeHe]m 3-7 1-4 IR-MPD, CO,***
C,H,0 Ag Ag,[C,H,0), 3-8 1-2 IR-MPD, CO,**®
Methanol Fe Fe,[CH;0H],, 5-15 1,2 IR-MPD, CO,%"342
Co Co,[CH;0H],,," 2-6 1-3 IR-PD?***
Co,[CH;0H],,,~ 1-4 1-3 IR-PD***
Ni Ni,[CH;0H],," 3,4 1-4 IR-PD’"¢
Cu Cu,[CD;0H/D],, 3-11 1-2 IR-MPD, CO,**
Ag Ag,[CD;0H/D],, 3-22 1-2 IR-MPD, CO,***
Au Au,[CD;0H/D],, 3-13 1-4 IR-MPD, CO,**
Au Au,[CH;0H],," 1-10,15 1-3 IR-MPD, CO,**®
Au,[CD;0H/D],," 1-7 1-4 IR-MPD**’
Ethanol Co Co,[C,H50H],,” 1-4 1-3 IR-PD344348
Au Au,[C,H;0H],, 3,9,11 1-4 IR-MPD, CO,**°
Co/Ni Co,Ni[C,H;0H],,,~ 3 1 IR-PD**
Propanol Co Co,[C3H,0H],,,~ 1-4 1-3 IR-PD***
Formic acid Mn Mn,[HCOOH],,," 1-3 1 IR-MPD*>!
Formate Cu Cu,[HCOO],,” 1-3 2,3,5,7 IR-MPD**?
Acetic acid Mn Mn,[CH;COOH],," 1-3 1 IR-MPD**!
Propionic acid Mn Mn,[C,H;COOH],," 1-3 1 IR-MPD>***
Methyl acetate Mn Mn,[CH;COOCH;],,," 1-3 1 IR-MPD**!

“ IR-MPD - infrared multiple photon dissociation using IR-FELs; IR-MPD, CO, - IR-MPD using line-tunable CO, laser; IR-PD - infrared photo
dissociation employing OPO/OPA or DFM/OPA lasers as IR sources; HeIRSS - Infrared laser Stark spectroscopy in superfluid He droplets.

This journal is © The Royal Society of Chemistry 2023
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3.3 4-Atomic and larger ligands

3.3.1 NH;. Ammonia usually binds to metal centers via
donation through the N-lone pair. The surface chemistry of
NH; on metals has been intensively studied as it is of particular
relevance for understanding its formation from the elements,
i.e., via the Haber-Bosch and related processes.*>* As a 4-atomic
molecule with C;, symmetry, ammonia has 6 vibrational modes,
four of them being pairwise degenerate. Vibrational transitions in
free NH; are affected by inversion tunneling, but this is not of
relevance for the following discussion. Refraining from these details,
the vibrational fundamentals of NH; are at 3444 cm " (vg, e),
3337 em™ ! (v, ay), 1627 cm™ " (3q, €), and 950 cm ™' (J, a;).>*

The corresponding modes for molecularly adsorbed NH; at
metal surfaces are in the ranges of 3340-3430 cm ™" (v,), 3200~
3360 cm ™" (vs), 1565-1640 cm ™" (J,), and 1070-1170 cm™* (3,),
indicating a slight weakening of the N-H bonds upon metal
binding. The M-N stretch is found in the 355-570 cm ™' range.
These numbers are for the so called a-state of adsorbed NH3, a
weaker bound B-state, additionally appearing at higher NH;
surface coverage, can be related to hydrogen bonded NH;3
molecules.*** For the vibrational spectroscopy of ammonia com-
plexes of metal atoms in the range of the N-H stretches, solvation
shell effects and hydrogen bonding see, e.g., ref. 355 and references
therein. For data, e.g,, on early TM atoms reacting with NH; in
cryogenic matrices and the vibrational signatures of complex for-
mation and successive dehydrogenation towards amido (TM-NH,)
and imido (TM—NH) complexes, see ref. 356.

To identify molecular absorbates and to distinguish them
from partly dehydrogenated species, the umbrella mode, i.e., in
the complexes the symmetric deformation dg, is of particular
relevance and this mode has been targeted in all the present IR
studies of NHz;—metal cluster complexes.

Complexes of NH; with small neutral Ag clusters were
studied already in early IR-MPD experiments using CO, lasers.
Data for the umbrella mode of molecularly adsorbed NH; could
be obtained for Ag,(NHj;) (ref. 100a) and a range of other sizes,
Ag,(NH3); , (n = 4-18),"°%*3* but were limited by the available
scanning range and the spectral gaps occurring when using
2C'%0, as lasing medium. For instance, §, is found for Ag,(NH;)
at 1065 + 5 cm ™', however, the band maximum falls in a gap of
no emission lines of ">C*°0,, see Fig. 43a. The complex is found
to have a linear Ag-Ag-N arrangement.'°*” For the other sizes, J,
falls typically in the 1075-1089 cm™ ' range for complexes with a
single NH;, while those containing two NH; molecules have
their J, at slightly lower wavenumbers (1065-1081 cm ™). The
only exception is seen for n = 12 where this order is reversed. For
certain sizes, e.g., n = 10, 14, 17, relatively narrow (fwhm
~7 cm™ ') bands are observed, while for other sizes multiple
bands, relating to different binding sites or broad unstructured
features are seen. The change in band-shape and width between
the differently sized complexes has been related to the Ag,~NH;
binding thermodynamics, which point — depending on cluster
size - to either local binding of NH; at a particular cluster site or
the presence of a fluxional complex, i.e., the NH; being free to
move on the clusters’ surface between several different binding
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Fig. 43 IR-MPD spectra of neutral Ag,(NHz); » complexes in the region of

the NHz symmetric deformation (umbrella) mode, ds. (@) Spectrum of
Ag>(NH3z) measured using a line-tunable CO, laser with its emission gap
being marked by a grey bar. IR-MPD of Ag,(NH3) is monitored optically via
UV photodissociation of the remaining fraction at 308 nm that proceeds
under photoemission (O). Likewise, the concomitant formation of Ag; is
monitored via laser induced fluorescence at 431 nm (@). Reprinted with
permission from ref. 100a. Copyright (1995) by the American Physical
Society. (b) IR-MPD spectra obtained using an IR-FEL (FELIX), detecting the
depletion mass spectrometrically after ionization of the complexes at
193 nm (6.4 eV). For Ag4(NH3),, the FEL spectrum (—) is superimposed
to the data obtained with a CO, laser (O). Reprinted from ref. 99.
Copyright (2002), with permission from Elsevier.

sites.*** Ammonia complexes of small neutral silver clusters,
Ag,(NH3),, (n = 3-5, m = 1, 2), where the first metal cluster
complexes to be studied using an IR-FEL (Fig. 43b).>® Due to the
extended wavelength range - compared to CO, lasers - it was
also possible to characterize the J; modes of (partially) deuter-
ated ammonia complexes, which have been located up to
~250 cm ' (for full deuteration) below that of the non-
deuterated ammonia complexes. The observed shifts of J are
consistent with the variation of the reduced mass in the com-
plexes of NH3, ND,H, and NDj.

This journal is © The Royal Society of Chemistry 2023
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Fe,(NH3) (n = 7-16) is the only other ammonia-metal cluster
system studied in the IR range. Using a tunable CO, laser, no
signals where found in the 880-1090 cm™* range for complexes of
NH;, however, for the ND; complexes bands attributable to the Jg
mode appeared between 880 and 888 cm ™" with slight variations
of the band positions depending on cluster size. The finding is
consistent with a significant up-shift of J; upon complexation to
metal centers as seen for ammonia molecularly adsorbed on metal
surfaces and as predicted by model DFT calculations for Fe,(NH;)
(n =1, 4, 7, 13) using the PBE functional.**?

3.3.2 CH,. This section is kept short as the IR spectroscopy
of complexes between metal ions or clusters and methane has
been comprehensively reviewed very lately by Roithova and
Bakker.**” Focusing on mass-selected ions in the gas-phase,
their review mostly contains information on cationic systems,
only little on anions (simply due to lack of data), and it does not
cover the earlier miscellaneous spectroscopic studies of (neu-
tral) TM atom complexes in cryogenic matrices, see, e.g. ref. 358.

To summarize the results on TM cluster-CH, complexes and
without attempting to go in-depth here, recent data from IR
spectroscopic investigations can be categorized into either
identifying weakly bound, intact CH, ligands with barely to
markedly activated C-H bonds as seen for Fe,," (n = 2-4),>*° pt,,"
(n = 3-5),%* and Cu," (n = 2-4),>*” or partly dehydrogenated
species like in the case of Au,," (n = 2-4)°* and Ta,*.*** The later
example shows for ions of composition Ta,[CH,][CH,],," (m =0,
1, 2..., including other methane isotopologues) the presence of
a carbide-dihydride core, H,Ta,C", with CH, ligands essentially
acting as messenger, while complexes with composition
Tay[CH,4),," contain only intact CH,.**

For cationic gold cluster-methane complexes, features are
seen outside the typical range of the C-H deformation modes of
1200-1600 cm™'. By comparison to predictions from Born-
Oppenheimer spin density functional theory molecular dynamics
these features have been interpreted as due to contributions from
a hydrido-methyl isomer H-Au,~CH;".%** Howsoever, specifically
the ability of ground-state Au," to activate CH, - and catalyze it’s
coupling to ethane - at low temperature has been lately ques-
tioned based on experimental thermodynamical data.****** Never-
theless, hyperthermal collisions®* or Au," in an (long-living)
excited state could be involved in an CH, activation process. Then
again the spectral data evidencing H-Au,-CH;' formation is
presented also for Ar complexes®® that can be expected to
specifically sample the coldest part of the cluster distribution.

In case of the - towards methane highly reactive - platinum
clusters,*® ligand exchange of initially bound Ar with CH, at 180 K
has been pursued for a controlled formation of a molecular
complex and to avoid dehydrogenation.®*” IR excitation can induce
dehydrogenation in these complexes, see Section 5.

The iron cluster-methane complexes have been character-
ized in the 2700-3100 cm " range, where the C-H stretches are
located, while all other IR spectra of TM cluster-CH, complexes
are reporting the range of the C-H deformation modes of 1200-
1600 cm ™' or a somewhat extended range.

3.3.3 Other hydrocarbons, C,H,0. Apart from CH,, only
few IR studies of complexes between TM clusters and

This journal is © The Royal Society of Chemistry 2023
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hydrocarbons exist. Using CO, laser excitation, complexes of
neutral silver clusters, Ag,” (n = 3-7), with ethylene, ethylene
oxide and benzene (as well as with their deuterated analogs)
have been characterized.**®3*! The limited spectral details that
were observable around 10 pm for the silver cluster complexes
imply molecular, largely unperturbed adsorption of these mole-
cules to the Ag clusters.

More recently, IR spectra in the 200-1800 cm " range have
been obtained of small cationic gold clusters, Au,” (n = 2-4)
complexed with ethane or ethylene.’**?*° The spectra of the
complexes of Au," with ethane indicate co-existence of isomers
either containing intact C,Hs ligands or having a C-H bond
broken to form an ethyl group and a bridge bound H atom. For
the complexes of gold trimer and tetramer, the spectra suggest
the presence of the encounter complex in a dominating fraction,
but a (minor) contribution of some singly dehydrogenated
ethane, ie, formation of hydrido-ethyl, has not been
excluded.**® For gold-ethylene complexes, Au,(C,H,)," (n = 2-4,
m = 1-3), the IR-MPD spectra in the 500-1700 cm ™ range appear
overall similar and are assigned to C,H, n-bound to the cationic
gold cluster by partial electron donation leading to an activation
of C-C bonds, while there is no sign of activated C-H bonds.>*°
Complexes of the cationic gold dimer with co-adsorbed C,H, and
O, (ref. 169) are discussed in Section 4.

3.3.4 Alcohols. Simple alcohols usually bind to metal cen-
ters forming a ¢ O-donor complex. However, on the surfaces of
reactive metals (most TM excluding the coinage metals) also
dissociative adsorption — deprotonation of the hydroxyl group
under formation of alkoxides and metal hydrides - is frequently
observed already at low temperature.*®* To distinguish between
these binding forms and to investigate further reactions like
dehydration or oxidation, studies of the corresponding TM cluster
complexes have been pursued already from the mid-1980s on and
there is a comparably large amount of spectroscopic data for metal
cluster complexes of differently sized alcohols.

Even the earliest studies from the Exxon group demonstrat-
ing size-selective IR-MPD of a metal cluster adsorbate were for
the complex of an alcohol, neutral Feg(CH;0H).*"***¢ Using a
CO, laser, for this and other sizes (n = 1-12), depletion bands at
985 cm " and 1075 cm ™" had been identified and assigned to the
C-O stretch of a methoxy group and the Fe-H stretch of bridge
bound hydrogen, respectively. However, in reactivity studies, dif-
ferent isotopologues of methanol showed comparable reactivity
towards iron clusters, ie., there was no identifiable H/D kinetic
isotope effect which would have been expected if complex for-
mation involves dissociation of the alcohol group.**? Later, these
studies had been extended by Knickelbein, again using CO, laser
IR-MPD, to slightly larger iron cluster sizes and IR spectral data
was obtained for complexes of the different methanol isotopolo-
gues CH;OH, CH;OD, CD;OH, and CD,OD.***” Taking the
isotope effects onto the spectra into account, these measurements
resulted in overall similar data compared to the initial ones,
however, find small but significant shifts for the bands assigned
to the C-O stretch depending on the isotopologues. Magnitude
and direction of these shifts agree with the changes of the gas-
phase values for the C-O stretch, e.g., between CD;OD and CD;OH.
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Therefore, the initial assighment of dissociative chemisorption
had been challenged and, instead, the formation of an O-donor
complex with intact methanol ligands was suggested. Consistently,
the feature at higher frequency (1075 cm™* for Feg(CH;0H)) was
re-assigned to a rocking-mode of the methyl group.>*>*?

Similar conclusions, i.e., nondissociative adsorption via the
O donor atoms, were obtained for deuterium substituted
methanol (CD;OH and CD;OD) bound to small neutral Cu,
Ag, and Au clusters.**® The complexes were formed in a flow-tube
reactor maintained at 60-70 K, ionized by 6.4 eV photons prior
mass spectrometric detection, and studied by CO, laser IR-MPD
in the 9-11 um range. For the complexes with a single methanol
ligand, the C-O stretches are found in the 955-970 em™* range,
rather independent of the metal and cluster size. At larger
coverage, the bands assigned to the C-O stretches shift slightly
to higher frequency — by 5-10 cm™ ' per methanol molecule -
which has been related to the interactions among the methanol
ligands.>*®

The analogue complexes of neutral Au clusters with ethanol,
Au,(CH3;CH,0H),, (n = 3, 9, 11; m = 1-4), have been studied
using the same experimental technique as for the aforementioned
methanol complexes.>*® Using UV photons of 6.4 eV, cluster
complexes with n = 3, 9, 11 have been effectively ionized. The
complexes exhibit bands at or slightly to the red of 1030 cm™*
(more precise frequency measurements were hindered by a gap in
the CO, laser emission curve).>*® This band slightly broadens and
shifts to the blue with increasing number of ligands on an Au
cluster, in addition a weaker band around 1080-1090 cm !
appears. An assignment of these bands is less straightforward as
in case of the methanol complexes, due to several (mixed) ligand
modes in the 1000-1100 cm ™~ * region and the potential presence of
different ethanol conformers (anti/gauge). Accompanying DFT
calculations suggest an assignment of the ~1030 cm™ ' band to
the {CCO) + §(OH) and/or p(CH,) + p(CH;) modes of the gauche
conformer in the Au,(CH;CH,OH) complexes.**

Also complexes of cationic gold clusters with methanol,
Au,(CH;0H),," (n = 1-10, 15; m = 1-3), have been studied by
CO, laser IR-MPD around 10 pm.**® The studies combine experi-
mental characterization of charged cluster complexes in a Pen-
ning trap mass spectrometer with Car-Parinello molecular
dynamics simulations. Central findings are a cluster size-
specific shift of the band assigned to 1(CO) and, again, it was
concluded that the methanol molecules adsorb intact via the
O-atom. Compared to free methanol, 1(CO) is red-shifted to
values similar as seen in the corresponding cationic complexes,
see above. The red-shift generally decreases with cluster size but
becomes nearly constant for n = 5-7 with 1{CO) at 966.3 cm ™" (for
m = 1). After n = 7 a step-like decrease of the shift is found. This
step has been explained by {CO) being sensitive to a reduction of
coordination number of the Au atom the methanol ligand is
bound to, thereby detecting the 2D to 3D transition occurring in
these small cationic Au clusters.>**” The 2D to 3D transition -
with Aug" being indeed the first cationic gold cluster size forming
a 3D structure - was confirmed by a more structure sensitive
technique shortly thereafter, via the measurement of ion
mobilities."® In addition, the study reports the observation of a
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low-frequency onset of bands between 1080 and 1086 cm ™' that
are assigned to a CH; rocking mode.>**?

IR-MPD spectra for an extended frequency range (615-
1760 cm ') became accessible in a later study of cationic gold
cluster-methanol complexes, Au,[CD;OH/D],," (n = 1-7; m = 1-4),
using FELIX.**” These spectra now resolve, in addition to 1{CO) at
around 925 cm ™, the higher frequency band around 1085 cm™*
that is assigned to a coupled CD; deformation/C-O stretching
mode. In the spectral range studied, only these two bands are
found to be sensitive to the interaction with the Au cluster
showing, similar to the studies discussed here before, a size-
dependent red-shift compared to unbound methanol that is
decreasing with cluster size, see Fig. 44. This has been explained
by an increasing charge delocalization with growing cluster size
leading to a decrease of the fractional charge at the Au binding
site. This is very similar to the electrostatic polarization effect
discussed for CO complexes (see Section 3.1.2) and leads to a
decrease of charge donation from methanol to the cationic Au
cluster with increasing cluster size. Hence, also the amount of
methanol activation decreases with size.>**“***” A similar effect
is observed for increasing methanol coverage. In that case, the
total charge donated to the cationic Au cluster is split over
multiple methanol molecules leading to a reduction of the C-O
activation with coverage. This is reflected in a decreasing red-shift

-100
[ @ : Au,(CD,0D)*
-80
| \§ v(CD,0D) = 983 cm’”
‘Tg -60 § \§\§/%—— %
-~ \
o i v(CD,0D) = 1135 cm"!
0 e eeee00000000000000000000000000000000cc0tcstsssssssssccscctssse
L T T T T T T T
1 2 3 4 5 6 7
-100
{ (b) §
-80 §\ \§ Au(CD,0D)*
£ 60 §\6\ \é/§—_§
5 40- g\g/ X X Au,(CD,OD);
1 iy Au,(CD,OD);

Cluster Size

Fig. 44 (a) Shift of ¥(CO) (black squares) and of the coupled CD3 defor-
mation/C-O stretching mode (red circles) in Au,(CDsOD),,* complexes
relative to unbound CDsOD from IR-MPD spectra obtained with FELIX.
Calculated values of ©(CO) are shown as green triangles. (b) (CO) for
different ligand coverages. Reprinted from ref. 347. Copyright (2019), with
permission from De Gruyter.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00104g

Open Access Article. Published on 10 May 2023. Downloaded on 6/27/2026 9:13:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

of 1(CO) with increasing number of adsorbed methanol mole-
cules, see Fig. 44b.

All other studies of TM cluster alcohol complexes have
focused on the regions of the O-H and C-H stretch vibrations
which are accessible through IR generation in OPO/OPA or
DFM/OPA systems (see Section 2.6).

Complexes of nickel cluster cations with methanol Ni,(CH;OH),,,"
(n =3, 4; m = 1-4) have been studied in the region of :{O-H) and all
exhibit a single intense band between 3634 and 3645 cm ™", which is
only slightly (~40 cm™") red-shifted compared to 1{O-H) of free
methanol at 3681 cm™".””% For complexes with multiple CH;0OH,
no bands have been observed below 3600 cm ™" that would signify
hydrogen bonding between the ligands. DFT calculations (BPW91/
6-311+G(d,p)) for Ni,(CH;0H)" (n = 3, 4) indicate, that dissociative
complex formation into hydroxy-methyl Ni,(CH;)(OH)" species is
energetically feasible, whereas hydrido-methoxy Ni,(CH;0)(H)"
complexes are less stable compared to molecular chemisorption
of intact CH;OH. As the calculated 1(O-H) for Niy(CH;)(OH)" and
Ni,(CH;OH)" are similar, 3641 cm ™" and 3666 cm™ ', respectively,
and these are close to the experimental value of 3645 cm™*, their
coexistence has been suggested. For Niz(CH;)(OH)', however,
1{O-H) is calculated to be at 3596 cm ™' and the measured value
is 3634 cm . Therefore, it is concluded that - for this cluster size -
the presence of this species is unlikely, although the DFT
calculations predict it to be 0.4 eV more stable compared to non-
dissociated Ni;(CH;OH)".””¥ The Ni,(CH;)(OH)" species is
proposed as intermediate in the de-methanation of methanol that
is observed to occur - under single collision conditions - efficiently
for several nickel cluster cations including Ni,*, but not for Ni,*.**>

Similar conclusions have been drawn - based on their IR-
spectra and related DFT calculations - for the corresponding
cobalt cluster complexes, Co,(CH;OH),," (n = 1-6; m = 1-3).>**
IR spectra of these complexes have been determined in a wider
spectral range (2800-6800 cm '), including the typical regions of
1{C-H), 1 (O-H), and part of the near-IR. Studies of the Co," +
CH;OH reaction indicate - in addition to simple (and successive)
methanol attachment - also formation of dehydrogenated spe-
cies, Co,(CH,0)". Furthermore, a complex of mass 246 u was
found in low intensity, whose mass agreed with that of
Co,(CH;0H),", however, its formation does not follow the
kinetics expected for successive CH;OH addition.>** It can be
thus speculated about the nature of this ion and a possible role in
the CH;0H dehydrogenation process. Accompanying DFT calcu-
lations predict dissociative methanol binding into Co,(CH;)(OH)"
being energetically preferred over molecular chemisorption and
accessible via Co,(CH;0H)" over a submerged barrier, at least in
the case of n = 4, while formation of Co,(CH;O)(H)" is slightly less
favorable. However, evidence for the Co,(CH;)(OH)" species
mostly comes from the theoretical predictions, as the spectro-
scopic fingerprints, ie., the predicted 1(O-H) and (C-H) fre-
quencies for Co,(CH;0H),,” and Co,(CH;)(OH)(CH;0H),,_;"
species are nearly indistinguishable, such that an unambiguous
identification - based on the part of the vibrational spectrum
studied - would be very difficult. In the IR-PD process only loss of
intact CH;OH is observed, as it was the case for the corres-
ponding Ni complexes, but no IR induced H, or CH,O loss that
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could further support the presence of an intermediate for metha-
nol dehydrogenation.***

In a subsequent study by the same authors also near-IR
spectra of Co,(CH;OH);" (n = 1-3) are reported, which show
close to 4000 cm ™" the low-frequency onset of a broad band for n =
2, 3. By comparison to near-IR optical spectra from TD-DFT
calculations this band is suggested as signature of Co,(CH;)(OH)"
with the methanol fragments bound at bridge-sites between the
Co atoms.***”

The results discussed before for the Co and Ni cluster
methanol complexes can be compared to later results that base
on better resolved spectra of ethanol complexes, Cos(C,Hs0H)",
Co;Ni(C,H;0H)", as well as of the mixed complex Co;(C,HsOH)-
(H,0)".>*%3%° For Cos(C,HsO0H)", the O-H stretch is found at
3667 cm ' which is only 10 cm ™' redshifted relative to the
calculated value for the O-donor bound molecular complex with
triangular Co;". Compared to the aforementioned Co;(CH;OH)",
this mode is blue-shifted by 18 cm ™" which has been explained by
a stronger positive inductive effect and therefore a stronger O-H
bond in the larger alcohol.**® In case of Co;Ni(C,H;OH)", two
bands are experimentally found in the region characteristic for
(O-H), at 3638 cm™ ' and 3663 cm ', with the latter being
significantly more intense. By comparison to predictions from
DFT and CCSD(T) calculations, the higher frequency band is
assigned to a structure with a pyramidal Co;Ni core. Further-
more, complexes containing an intact C,HsOH ligand fit the
observation best. The lower frequency (O-H) band of Co;Ni-
(C,HsOH)" at 3638 cm ™', on the other hand, is found to be
indicative of adsorption at a planar-rhombic CozNi core struc-
ture and best agreement for »(O-H) is seen in case of a
dissociated hydroxy-ethyl complex CozNi(C,H;5)(OH)".**° How-
ever, in both cases 1(O-H) appears not to be sensitive to at
which TM, either Co or Ni, the ethanol is actually adsorbed to.
For the mixed complex, Coz(C,HsOH)(H,0)", four bands are
found in the region of (O-H), indicating that an isomeric
mixture must be present. Using DFT calculations (BPW91/
6311+G(d,p)) two isomers are identified contributing to the
experimental spectrum, one having the ligands, C,HsOH and
H,0, bound to different atoms of triangular Co;" (type I) and
another (type II) where only ethanol is directly bound to Co via
the O-donor, and its hydroxyl-H forms a hydrogen bridge to the
water molecule.®*® The characteristic spectroscopic signature of
such a hydrogen bond would be expected, unfortunately, clearly
below the 3600-3800 cm™ ' range studied.

Finally, for cobalt clusters comparison can be made also to
complexes in the anionic charge state. IR spectra of Co,(alc),, (1=
1-4, alc = methanol, ethanol, n-propanol, m = 1-3) have been
reported in the ~3100-3300 cm™ ' range, showing essentially for
these complexes one band per ligand which is interpreted as the
pattern of O-H stretching mode(s) of a single isomer per system.***
The large red-shifts found for 1{O-H) indicate a distinctly different
binding situation in these anions compared to all the cationic
TM-alcohol complexes discussed before. DFT and CASPT?2 calcula-
tions identify that the TM-ligand interaction is through Co-H-OR
hydrogen bonding (of intact alcohol moieties), see Fig. 45, in
contrast to O-donor interaction in the cations. Furthermore, all
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Fig. 45 Top (a—d) Calculated structures for Cop(alc)” complexes with
alc = methanol, ethanol, and n-propanol. In case of n-propanol two
isomers are shown, with the gauche-isomer (c) being ~600 cm™ more
stable compared to the anti-isomer (d). (Bottom) IR depletion spectra of
Co,lalc)” complexes. The spectrum of the propanol complex is assigned to
the gauge-isomer (c) as (O—H) of the other isomer is predicted consider-
ably above the experimental value. Reproduced from ref. 344a with
permission from the PCCP Owner Societies.

alcohol ligands are predicted to bind directly to the metal, hydro-
gen bonding between multiple alcohol ligands appears energeti-
cally less favored. The OH-group of the alcohol is not bound to a
single Co atom but is pointing towards the center of a Co-Co bond
in the cluster. With increasing size of the alcohol, 1{/O-H) shifts to
lower frequencies (Fig. 45). On the other hand, with increasing Co
cluster size, {O-H) increases slightly. Overall, the experimentally
observed spectral patterns are very similar for the different alco-
hols indicating comparable structures in their complexes.

3.3.5 Carboxylates. For gas-phase metal cluster carboxy-
lates, i.e., metal compounds of deprotonated carboxyl acids, so
far two IR studies have been reported.>*'**> Anionic copper
formate clusters, Cu,(HCO,),, , containing up to three copper
atoms (and their deuterated analogues) produced by electrospray
ionization out of a solution have been investigated over the 800-
4000 cm ™' range, giving access mostly to C-O and C-H stretch
vibrations. Depending on the composition, the complexes either
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contain Cu(i) or Cu(u) which is found to have a significant effect
on the position of the C-H stretch fundamentals, while the C-O
stretches are less effected.>*> Formate ligands bind in bidentate
and monodentate geometries, which are distinguishable, e.g., by
their different positions of the symmetric and antisymmetric
1(C-0) stretches of the carboxyl group. For instance, Cu(HCO),
only contains monodentate formate units and shows these
modes around 1300 cm~ " and 1644 cm ™, respectively, while in
Cu,(HCO);~ the bidentate formate bridging the two Cu atoms
has its vsym(C-O) significantly blue-shifted to 1358 cm ™', whereas
for v,gm(C-O) two red-shifted bands are found at 1610 and
1629 cm ™. For a given composition, many different conformers
are identified that differ by rotation of monodentate formate
groups.®** Their contribution to the experimental spectrum may
explain the observed broad width of the IR bands and a number
of additional lower intensity signals.

Finally, in an extensive IR study of carboxylic (formic, acetic
and propionic) acids and methyl acetate bound to small manga-
nese clusters, Mn,," (n = 1-3), the structure of these complexes in
terms of the acids’ conformational structures has been
investigated.*®" The IR spectra obtained in the 600-1800 cm™*
range are found to mostly depend on the acid ligand and they
change not significantly for different cluster sizes, indicating a
similar binding motif for a given ligand in the Mn,(acid)"
complexes. The experimental spectra are rather complex and
have been interpreted by comparison to spectra predicted by
DFT calculations. In these complexes, the acid molecules are not
deprotonated, i.e., all contain an intact carboxyl (-COOH) group
interacting with the metal via a carbonyl group. The appearance
of strong bands in the 1500-1800 cm ' range, significantly red-
shifted from the value for the carboxyl group in the isolated acids,
has been assigned to stretches of the carbonyl groups binding to
the metal. Overall, the spectra are interpreted in terms of a
mixture of complexes having their carboxylic acid group in either
trans (O-H pointing towards O-Mn) or cis (O-H pointing away
from O-Mn) arrangement. While for gas-phase carboxylic acid
molecules the cis conformer is energetically non-favored, in the
Mn complexes it is stabilized and the ¢rans and cis forms are
predicted to be nearly isoenergetic.>**

3.3.6 Other. Cyanoacetylene (HCCCN) complexes with
small neutral magnesium clusters, Mg, (m = 1-4), have been
grown and characterized in superfluid He droplets in the region
of {C-H).>* Rotationally resolved infrared spectra as well as Stark
spectra have been obtained and show that complexes binding to
Mg, via the H and the N-terminus coexist in the He droplets. The
H-bonded complexes showing 1(C-H) red-shifted compared to the
gas-phase value of HCCCN (3327.4 cm ™ ') by 22-64 cm ™!, while the
N-bonded complexes have their 1{C-H) significantly less red-
shifted by ~1-9 ecm ™. For both classes of isomers, the red-shift
increases with the size of the Mg clusters.*®*

4 Co-Adsorption

The binding characteristics of ligands in metal cluster com-
plexes may be determined not only by the intrinsic properties of
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the pristine TM cluster as discussed before, but can depend
also on the binding of additional, often different, ligands on
the same cluster. Such co-adsorbed ligands generally alter the
electronic and/or structural properties of the metal cluster and
the availability of adsorption sites. Thereby they can signifi-
cantly change the adsorption environment and also provide
additional reaction partners.

Co-Adsorption can be competitive, e.g., if the different
reacting species compete for specific adsorption sites on the
metal clusters, or cooperative, in case the binding of one species
promotes that of the other.?°*2°%3¢* Examples for the simplest
case, the adsorption of multiple but identical ligands on a single
cluster, have been given already before. Also the formation of
different co-adsorbed species that are, however, originating from
the same type of ligand, e.g., through simultaneous dissociative
and intact adsorption of a molecular ligand on a cluster has been
discussed already in the preceding sections.

Vibrational spectroscopy provides not only information on
the structure of a complex but can give a handle to quantify the
effect of co-adsorbed species on the electronic properties of a
cluster complex. For instance, the change of electron density at
the metal by added electron accepting or donating ligands
effects the degree of C-O activation in co-adsorbed carbonyl
ligands via the © backdonation mechanism. The use of 1(C-O)
for probing the metal clusters’ electron density has been
extensively discussed before in Section 3.1.2.

Charged metal clusters undergo - through interaction with
ligands - a solvational stabilization via charge-(induced)dipole
interactions which can have a determining effect, in particular
on reactions involving electron transfer. For instance, the
binding of O, to gold clusters is well-known to be affected by
co-adsorbates.'#?72%3%> R-MPD studies showed that for
Au,0,(C,Hy),," (m = 0-2) {(0O-0) gradually decreases with
increasing number of co-adsorbed ethylene ligands from 1503
em ! over 1458 cm ' to 1441 cm '. This gradual decrease
reflects a small, with number of ethylene ligands increasing,
partial energy transfer into the dioxygen’s n* orbitals that leads
to a, however, still only very weakly activated O, (see Section
3.1.4)."°° Similarly, the activation of O, in Au,(0,),," is found to
depend on the total number of O, ligands and resembles with
1 0-0) ~ 1260 cm™ " for m = 3 that in Au,0,Ar;".**° For Auy,”
and Auy,' covered by multiple O, ligands, solvation even
facilitates formation of superoxo (O, ) species that are identi-
fied by a 1(0-0) band at ~1065 cm ™", i.e., in these complexes
formally a full electron from the already singly positively
charged gold cluster is transferred towards a single O,
ligand.*** Driving forces for the latter reaction is the formation
of closed electronic shells with 10 and 20 electrons, respec-
tively, together with a higher solvational stabilization of the
formally two-fold positively charged metal core of the superoxo
complex compared to the initially singly charged cluster.

When multiple different ligands bind to a metal cluster, the
order of adsorption can be critical for forming a specific
reaction product. For instance, investigating CO adsorption
on cationic hydrogen pre-covered vanadium clusters reveals
for most sizes intact CO binding, as indicated by the detection
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of a 1(C-0) band in the 2120-2070 cm™ " range for V,H,,(CO)"
species.’”” On bare V,,", however, CO spontaneously dissociates
and forms carbide and oxide species such that no 1{C-O) is
detectable for V,(CO)" complexes, see Section 3.1.2. The difference
in CO reactivity is explained by H species occupying bridge and
facet sites of the vanadium cluster (Section 3.1.1) and thus block-
ing potential binding sites for the CO dissociation products. As
dissociation thereby becomes unfavorable, CO remains bound
molecularly in p; (atop) configuration. CO dissociation is only
observed for certain sizes, e.g.,, VsHsCO' and V,H;,CO", with
incomplete H coverage or where the H layer can undergo rearran-
gement to effectively make room for CO dissociation.""” V,H,;,CO"
appears to be an interesting intermediate case, where a band
attributed to 1{1;,-CO) is detected at 2163 cm™ ' and a second one at
1650 cm™ " - well above the typical range for H in bridging or face-
capping configuration. Based on DFT calculations (BP86/TZVP),
the latter is assigned to activated CO n*-bound in a strongly tilted
configuration between two V atoms.

The order of adsorption has been found to be relevant also
for the structure of Rug[H,][N,],". This complex appears interesting
in the context of N, activation and hydrogenation. It was formed at
cryogenic temperatures by reacting Rug" with either H, or N, first
in a hexapole reaction cell and then adding the second reactant
after transfer of the initially formed complex to the FT-ICR cell."*®
The IR spectra of the thus formed Rug[H,][N,];" reveal differences
depending on in which order H, and N, are admitted. The main
differences are found in the region of {Ru-H), around 1800 cm™ %,
while the pattern of »(N-N), around 2000 cm™ ' is not much
changed. N, pre-adsorption precludes migration of hydride spe-
cies, such that if N, is adsorbed first, the H species formed after H,
dissociates are localized at adjacent Ru atoms (proximal positions),
while if H, is allowed to react first, the H-atoms can migrate to
slightly more stable distal positions before the path is blocked by
the N, ligands."®

5 IR induced reactions

This section summarizes examples for reactions in TM cluster
complexes during IR-MPD that release molecular fragments
which differ from the initially absorbed ligand species as char-
acterized by their IR-MPD spectra. Thus, in such cases the
adsorbed species has undergone a chemical transformation
induced by IR excitation.

The simplest example are TM-hydride complexes, see
Section 3.1.1. The reaction of H, with TM clusters usually leads
to a dissociation of the H, molecule on the cluster surface and
formation of a complex containing two separate atomic H
ligands, while upon IR-MPD this complex loses hydrogen again
as H, entity. Apparently, the recombination of atomic H ligands
represents an IR induced reaction, which is - although H-H
recombination can be related with substantial reaction barriers
- more feasible then ejection of single H atoms due to the
significant bond energy gained in H, formation.

Generally, as IR multiple photon excitation does rely on fast
internal vibrational energy redistribution (IVR) throughout the
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entire cluster complex, in case the internal energy of a metal cluster
complex becomes sufficiently high, its fragmentation proceeds
under kinetic control. Reactions in cluster complexes induced by
such ergodic excitation mechanism do not show mode-selectivity,
ie., their pathway does not depend on which specific vibrational
mode is excited, but rather on the total increase of internal energy
and its rate.’*® The independence of the IR-MPD fragmentation
pathway on the excited mode has been discussed, e.g., in Section
3.2.4 using the example of Rh,(N,0)" complexes. The behavior
can be different in systems where IVR is inefficient, e.g., typically
in very small complexes®®” with their inherently low density of
vibrational states - thereby also states that can act as doorway
for IVR get scarce - or in other complexes with hindered IVR,**®
i.e.,, through a strong frequency mismatch between initially
excited and background modes. Furthermore, direct electronic
excitation may lead to fragmentation patterns different from
vibrational excitation. This can be observed even for low energy
electronic excitation in the (near)IR.**?

In case the fragmentation of a cluster complex does not
involve particular steric or electronic demands leading to addi-
tional barriers, the activation barrier for dissociation is largely
determined by the overall dissociation energy. If no other reaction
pathways are accessible for an M,-L complex at this energy, the
‘simple’ loss of the ligand L can be observed as dominating
fragmentation channel. However, also more complex and cluster
size dependent reaction patterns have been observed, in particular,
in cases of energetically competing pathways.

For a complex of a metal cluster with a molecular ligand,
principally at least two reactions need to be considered: (i) intact
molecular desorption vs. (ii) ligand activation and reorganiza-
tion. An example, where both processes have been observed, are
complexes of cationic platinum clusters with methane and Ar,
Pt,CH,Ar,", formed via ligand exchange of Ar with CH,. These
complexes are characterized by their IR-MPD spectra to contain
only slightly activated, though intact CH, entities,*** see Section
3.3.2. However, they show different prevailing fragmentation
channels depending on the Pt cluster size.

Partial dehydrogenation in competition with CH, and Ar
desorption is seen for Pt;" and Pts;', while for Pt," a dehydro-
genation channel is not observed. Schematic potential energy
curves illustrating both pathways, i.e., desorption of intact CH,
vs. C-H activation followed by partial dehydrogenation and H,
desorption, are depicted in Fig. 46. Here, the right part of the
scheme leading to partial dehydrogenation is strongly simpli-
fied and only an effective reaction barrier is plotted for the
stepwise dehydrogenation that actually involves a large number
of single reaction steps.**® Already from this simple scheme it
should be obvious that the preferred fragmentation channel
depends on the relative heights of the barrier for desorption
(i.e. largely given by the dissociation energy) and the effective
barrier for ligand activation. A comparably high barrier along
the bond activation and dehydrogenation path results in mole-
cular desorption being prevailing during IR-MPD. On the other
hand, submerged barriers on the bond activation path may
result in a spontaneous bond activation including further
stabilizing reactions occurring already during formation of
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Fig. 46 Schematic potential energy curves for the IR induced desorption
vs. dehydrogenation processes in Pt,CH,". IR excitation induces dehy-
drogenation for Pts* and Pts* (lower curve), while for Pt,;* the main

reaction channel is loss of intact CH4 (upper curve), for details see ref.
63a. Reprinted from ref. 29h with permission of John Wiley and Sons.

the complex, i.e., it may not be possible or difficult to isolate
a molecular complex. This is the case, e.g., for CO reacting with
clusters of the early transition metals (Section 3.1.2). For NO,
even both adsorption modes have been observed, for instance
for iridium clusters'®® (Section 3.1.5).

IR absorption through modes of a molecular ligand may also
trigger its decomposition towards fragments that are each signifi-
cantly stronger bound to the metal cluster than the molecular
ligand initially. This would be usually the case, e.g., for dissocia-
tively bound CO or NO. Then, observation of any IR-MPD process
may become difficult, or the experiment has to be performed at
extreme IR fluence to reach the high internal energies needed for
fragmentation or even ionization, see the discussion of intra-cavity
FEL experiments in Section 2.6. The problem may - at least in
part — be circumvented by using weakly bound messengers
(He, Ne, Ar complexes) for detecting the IR absorption of the
complex, see Section 2.2. However, the presence of the messenger
and the low temperature conditions to form messenger complexes
may already alter the properties of the complex.

If stable molecular complexes can be formed and the barriers
for dissociation vs. activation and reaction in these complexes are
comparable, it depends on the subtleties of the cluster system
which path is actually preferred to occur after IR excitation. Here
the detailed cluster properties, like specific geometries or electro-
nic structures come into play. As for many metal clusters, these
undergo characteristic size-dependent changes and this naturally
also may influence the pathway of IR induced reactions.

For instance, closed/open shell oscillations in the electronic
configuration of cationic gold clusters complexed with OCS,
Au,,0CS"*®® cause the size-dependent variations in the IR
induced sulfide formation together with CO loss as has been
discussed in Section 3.2.3. Noteworthy, the IR-MPD spectra of
the Au,OCS" complexes do not show related oscillations in
band positions revealing that there is no variation in the initial
activation of the ligand in the stable complex but the difference
must be in the rates of the IR-induced reactions leading to its
decomposition.

This journal is © The Royal Society of Chemistry 2023
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Other systems showing characteristic size dependencies in
their IR-MPD pathways are complexes of cationic Rh and Pt
clusters with N,O, as discussed in Section 3.2.4. Also in these
cases the variations between O-transfer and N,O release, e.g.,
for Pt,N,O" a strong increase in the O-transfer channel from
n = 6 onwards, can be related to the effective barrier height in
the O-transfer channel which is, in case of n = 6, calculated to
be submerged with respect to the energy of the free
reactants.”®® The steric requirements for the bending of the
N-bound N, O to transfer its O to a metal atom in the cluster can
explain the high sensitivity of the reaction towards the cluster’s
structure, see before.

The (sometimes strong) changes of electronic structure and
geometry with size, as well as an often high structural flexibility
are inherently cluster-specific properties, however, their under-
lying reactivity follows also more general principles. This has
been further detailed for NO complexes of late transition metal
clusters (Section 3.1.5), where - following the Bell-Evans-Polanyi
principle - the cluster’s affinity to atomic oxygen is the key
property determining the barrier height for NO dissociation
and thereby the overall course of the reaction.>*”

We will conclude here the discussion of IR induced reactions in
TM cluster complexes with classical examples for models of
intermediates in CO oxidation processes, namely co-adsorbates
of oxygen species and carbon monoxide on TM clusters. These
co-adsorbates are usually formed by reactions of the metal clusters
with oxidants like O, or N,O (as single O-atom source®’") as
well as CO.

In studies of CO bound to oxidized copper or gold dimers,
Cu,0,(CO)," (n = 3-7)""® and Au,0,(CO),  (n = 2-6),** there
have been no indications for CO oxidation reactions, neither
within the complexes nor induced by IR excitation, although
Au,~ is well-known to catalyse CO oxidation by O, in the gas
phase.*” This discrepancy has been explained by a much longer
reaction time in the latter experiment that is performed in an
ion trap allowing for the formation of thermodynamically more
stable carbonate complexes which have been proposed as
intermediates of the CO oxidation.** Furthermore, the multiple
CO ligands may act as coolant such that IR excitation of the
complex leads to desorption of the weakly bound CO ligands
rather than activating the CO oxidation pathway.

Noteworthy, O/CO co-adsorbates can also be prepared by
reaction of anionic clusters of late TM with CO, where the CO,
gets activated and split into co-adsorbed oxide and carbonyl
species as observed for certain cobalt, platinum, as well as
carbon doped copper clusters, see Section 3.2.2. While this
decomposition of CO, into O and CO in the TM cluster
complexes is confirmed by their vibrational spectra, for cobalt
IR-MPD proceeds via release of CO, but for the platinum
complexes CO, is effectively re-formed, i.e., CO is oxidized back
to CO,. This is the same reaction as observed when reacting pre-
oxidized platinum clusters with CO: CO, is released and the
bare Pt clusters form which then can be re-oxidized (by O, or
N,0) to close a catalytic cycle, see Fig. 47. A similar reaction is
well known for anionic as well as cationic platinum clusters in
the gas phase.>”*”> Stable O/CO co-adsorbates as intermediates
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Fig. 47 CO, activation by anionic platinum clusters (red arrows) in rela-
tion to the catalytic cycle for CO oxidation by O, or N,O after Shi and Ervin
(clockwise circle of blue arrows).*”° The O/CO co-adsorbates are short-
lived intermediates and have not been observed in the original reactivity
studies. Such complexes can be formed, however, by direct reaction of
Pt,,” (n = 5-7) with CO,. IR-MPD of these complexes occurs under release
of CO, again.285 For further details of the CO, activation, see Section 3.2.2.

have not been observed in these reactivity experiments. The
formation of the intermediates by dissociating CO, (Fig. 47,
red arrows) appears as an appealing approach, though it is
unfortunately not proven that these complexes are identical to
the ones formed by successive addition of O and CO to the
platinum clusters.

In case of cationic platinum clusters, Pt," (n = 3-7), however,
co-adsorption of O, and CO (in part together with Ar as
messenger) under stabilizing multiple collision conditions at
ambient temperature allowed for formation and spectroscopic
characterization of a number of stable product complexes.®*” For
Pt,0,COAr", two different types of complexes are identified to
contribute to its IR-MPD spectrum (Fig. 48): one containing oxygen
in form of a peroxo group, the other as two separate bridging oxo
groups. After IR excitation, the complexes evolve CO, (with a
branching ratio of about 2/3 for CO, vs. CO release which may
relate to the different binding types of oxygen in the complexes)
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Fig. 48 Experimental IR-MPD spectrum of Pt;O,COAr* (a) compared to
the predicted spectrum (DFT: TPSS/def2-TZVP) for the putative global
minimum isomer (b) and a second isomer (c) containing a peroxo unit that
explains the strong band at 940 cm™' The intense 1(CO) band at
2125 cm™tis in these experiments highly saturated and therefore appears
strongly broadened. Reproduced from ref. 63b with permission from the
Royal Society of Chemistry.
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such that a dominant fraction of these co-adsorbates can be truly
understood as reaction intermediates in the oxidation of CO by O,.

6 Conclusions and outlook

The introduction of IR-FELs in the field of molecular spectro-
scopy facilitates unique experiments that allow for unprece-
dented insights into the reactions of gas-phase transition metal
clusters with small molecular ligands. Free electron lasers as
accelerator based light sources cover, compared to other laser
systems, extremely wide spectral ranges and provide sufficiently
high photon fluence to effectively drive infrared multiple
photon dissociation (IR-MPD) of such metal cluster complexes.
Cluster size and composition specific vibrational spectra are
obtained by a combination of IR-MPD (or IR-PD) with mass
spectrometric detection of the fragmentation. The spectro-
scopic data reviewed here provides detailed insights into the
coordination geometry of ligands to isolated transition metal
clusters, the type of binding, activation of bonds within the
ligands and further reactions, happening spontaneously or
being induced by the absorption of IR photons, as well as
how these depend on the metal cluster’s size and, in certain
cases, their charge states.

The possibilities to effectively produce clusters of various
transition metals in different sizes and charge states via laser
ablation, the interrogation of their gas-phase chemistry using
mass spectrometry, the development of various structure sensitive
experiments and of powerful theoretical approaches like novel
DFT and ab initio methods, as well as the tool box of action
spectroscopies, and in particular their applications to IR spectro-
scopy have indeed provided valuable insights to chemisorption and
catalysis on surfaces, just as envisioned by Earl Muetterties in the
earlier years of metal cluster science. This review highlights many
of the similarities between the chemistry of molecules adsorbed on
extended metal surfaces and bound to metal clusters as observed
by using infrared spectroscopy.

Nevertheless, it should became very clear that clusters differ
from metals in their extended form in important aspects, not
only in the number of surface vs. bulk atoms that naturally leads
to a much higher fraction of surface sites in a nano-dispersed
system, but that there are also more fundamental differences
related to cluster-specific properties, like the discrete molecular-
like electronic structure, size-dependent geometrical arrange-
ments, lower over-all atomic coordination and finally, a high
structural flexibility that goes much beyond that of surfaces of
well-ordered crystalline materials.

Small clusters rather resemble exposed metal particles
within a ‘granule surface’, a picture introduced already nearly
100 years ago by H. S. Taylor in his ‘Theory of the Catalytic
Surface’.’”® Low-coordinated atomic sites within such struc-
tures are suggested to be responsible for certain catalytic sur-
face reactivities and they are strongly connected with the
concept of active sites as introduced by Taylor. He already
notices that atoms in such granules ‘will have a greater freedom
of motion’, which may be interpreted as a structural flexibility,
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an inherent property of many (small) reacting metal clusters.
Noteworthy, the picture of metal clusters adhered to a surface is
not outdated by today, but still a very successful and wide-
spread conceptual model to obtain an understanding of hetero-
geneous catalytic reactions and it gets further extended to more
complex systems.>*?

So far, in most cases the IR spectroscopic characterization of
these gas-phase TM complexes has focused on the internal ligand
modes, as these are generally well localized and do not depend
much on the detailed cluster structure. Further, they are usually
easier to study experimentally - in particular by using fragmenta-
tion techniques like IR-MPD - since they occur at higher energy
and often show significant higher IR intensities than, for
instance, external M-L modes, as has been discussed exemplary
in Section 3.1.2 for carbonyl complexes. Furthermore, this spec-
tral data can be, in many cases, readily compared to those of
adsorbates on surfaces or of stable, structurally well characterized
complexes, which facilitates the assignments often even without
comparison to detailed quantum-chemical calculation.

In fact, despite this has been pursued from the beginning of
cluster reactivity studies in the gas phase on, there exist only
very few examples yet where such IR spectra allowed for a full
structural characterization of a gas-phase metal cluster complex
(aside from stable cluster compounds and very small systems like
complexes of metal dimers), detailing how the structure of a
reacting cluster changes from its initial structure. This requires
spectroscopic information for the metal cluster complex over a
wide spectral range, including the far-IR region where the metal
cluster modes are located, equivalent data for the unreacted
cluster, and reliable predictions of structures and their related
IR spectra by quantum chemical methods. Despite all the recent
progress in the field of quantum-chemical calculations, this
usually still constitutes the bottleneck in such studies of transi-
tion metal cluster complexes. Certainly, for a better understand-
ing of the role of structural flexibility in the cluster’s reactivities
further insights into how the metal framework is affected upon
complex formation would be highly desired.

Such structural changes may be sensed, of course, also by
other experimental techniques and the combination of IR-MPD
(and similar action spectroscopies) with structure sensitive
separation methods, in particular ion mobility mass spectro-
metry, is a strongly emerging field.*”* Notably, the first detec-
tion of structural flexibility and isomerism in a transition metal
cluster by ion mobility mass spectrometry dates back just over
20 years,**” but to our knowledge, such studies have not been
extended yet to reacted transition metal clusters.

The review has been limited to complexes of transition metal
clusters, however, this is just a small subset of inorganic cluster
systems of relevance for modeling surface chemistry relevant for
heterogeneous catalytic reactions. By today, a wide selection of
clusters with more complex composition that are often also
more stable are scrutinized for their ability, e.g., to activate and
functionalize small molecules like N, or CH,.2332%4375 Thege
clusters typically contain transition metal atoms in higher
oxidation states (in a bare neutral cluster it is formally zero)
in the form of oxides, carbides, nitrides etc. Thereby they can
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provide more divers and rather different types of active metal sites
compared to a bare metal cluster. In this regard, also mixed-metal
systems are of high interest which contain isolated active metal
atoms that can be seen as model for single-atom catalysts, a
relative new and promising class of heterogeneous catalysts.*”®

The concepts described here that make action spectroscopies
exceptionally sensitive methods, allowing to obtain IR spectra of
extremely dilute media like isolated cluster complexes, have been
lately also applied to surfaces to effectively discriminate between
IR absorption of surface and bulk sites. In such experiments, the
rapid desorption of surface bound noble gas atoms upon resonant
IR absorption at specific surface sites competes with dissipation
towards the bulk and allows, therefore, the measurement of sur-
face specific IR spectra by determining the efficacy of noble gas
atom desorption as function of IR excitation frequency.*””

Overall, it has been demonstrated that the characterization
of metal cluster complexes by gas-phase vibrational spectro-
scopy can give detailed structural information, but aside from
the ability to trigger reactions in these complexes via IR-MPD,
dynamical aspects have not played a significant role in these
investigations. Studies of dynamical processes in isolated metal
cluster complexes, like the mechanism of energy dissipation
upon vibrational excitation of a specific (ligand) mode, its
mechanisms and time-scales as well as in-depth insight into
the single steps of IR induced reactions are largely unexplored by
experiment. For such experiments, the wide spectral tunability of
IR-FELs as well as the time structure of the light that is emitted in
trains of micropulses of a (adjustable) duration between several
100 fs and few ps, together with their transform-limited band-
width, make them superior light sources for IR pump-probe
experiments. Specifically for such experiments, an upgrade of
the FHI-FEL is close to completion that will allow lasing at two
largely independently tunable wavelengths from two separate
undulators that are fed, however, by essentially the same electron
macropulse. This is expected to keep the light pulses from the
two undulators well synchronized on a ps timescale.®® Then, the
delay between micropulses out of the two trains can be controlled
without affecting the time-structure within the two separate
macropulses.

The wide success of IR-FEL based experiments and, in parti-
cular, of those utilizing action spectroscopy in the gas phase has
in the last years significantly increased the demands for beam
time at such facilities. Therefore, the world-wide number of IR-
FELs particularly designed also for those experiments is con-
stantly increasing, with, e.g., FeliChEM in Hefei (China) being
today one of the youngest facilities. New IR-FELs are getting
proposed, for instance, entirely new ones like in Canada®’® or as
extensions of existing electron accelerator systems. Together with
the already existing facilities, such new installations will literally
light the future of infrared spectroscopy.

List of abbreviations

APES
BO

Anion photoelectron spectroscopy
Bond order
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DFM  Difference frequency mixing

DFT Density functional theory

FEL Free electron laser

FELICE Free Electron Laser for Intra Cavity Experiments

FELIX Free Electron Laser for Infrared eXperiments (located
at RU Nijmegen, until 2012 at FOM Institute Rijnhui-
zen, Nieuwegein, The Netherlands)

FT-ICR Fourier transform ion cyclotron resonance (mass
spectrometer)

fwhm  Full width at half maximum

HelIRSS Infrared laser Stark spectroscopy in superfluid He
droplets

IR-PD Infrared photo dissociation

IR-MPD Infrared multiple photon dissociation

IVR Intramolecular vibrational (energy) redistribution

L Ligand

M Metal (atom)

m Number of ligands, coverage

MS Mass spectrometer (or spectrometry)

n Number of atoms, cluster size

Ng Noble gas (atom)

OPO Optical parametric oscillator

OPA Optical parametric amplifier

TD-DFT Time-dependent density functional theory

™ Transition metal (atom)
ToF Time-of-flight (mass spectrometer)
VUV Vacuum ultraviolet
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