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This article summarizes the methodological progress that has been made in the vibrational

spectroscopy of isolated polynuclear metal oxide clusters, with particular emphasis on free

electron laser-based infrared action spectroscopy of gas phase clusters, over the last decade.

The possibilities, limitations and prospects of the various experimental approaches are discussed

using representative examples from pivotal studies in the field.

1. Introduction

Due to their structural variability, redox activity and other

interesting properties metal oxide nanomaterials1 are playing

an increasingly important role in diverse areas of science and

technology like heterogeneous catalysis,2 optoelectronic

nanosensors,3 coatings, magnetic materials in biomedical

applications4 or fuel cells.5 However, it remains difficult to

gain insight into the structure and functionality of these

particles with atomic resolution. This motivates experimental

studies on isolated metal oxide clusters of well-defined com-

position. The reduced complexity, due to the absence of

perturbing interactions with an environment or support, com-

bined with the high sensitivity and selectivity obtainable, for

example, in gas phase experiments, allows systematically

characterizing the interplay between composition, cluster size,

structure and shape, on one side, and the intrinsic physical and

chemical cluster properties, on the other hand, at themolecular

level. In this context, gas phase cluster studies have proven

particularly useful in developing a conceptual framework for

understanding more complex processes.6

A more fundamental motivation for performing experi-

ments on isolated clusters lies in our curiosity in studying this

peculiar state of matter. Clusters containing a few up to a few

tens of atoms are not simply intermediates between isolated

atoms/molecules and macroscopic particles, but rather their

properties lie in the non-scalable regime, i.e., they cannot be

extrapolated from the properties of larger nanoparticles.7 The

unique possibility of studying the evolution of properties as a

function of size, one atom at a time, under well-defined

conditions makes gas phase experiments on size-selected clusters

so appealing. However, many of the high resolution characteri-

zation techniques used for condensed phase samples cannot be

applied to the study of size-selected gas phase clusters, because

the attainable number densities are simply too low. In direct

absorption spectroscopy, for example, the attenuation in the

transmitted light intensity is measured; as the number density is

lowered it becomes increasingly difficult to detect these changes.8

Hence, the structural characterization of gas phase clusters

requires the development of alternative experimental approaches,

methods, in which the absorption of photons is measured

indirectly by detecting their action in the molecule.9

Performing experiments on gas phase metal oxide clusters

also allows testing and benchmarking the predictions from

quantum chemical methods. Currently, the structural characteri-

zation of gas phase clusters (with more than just a few atoms)

using action spectroscopy is typically indirect; measured properties
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are compared to calculated properties for a given structure

predicted by quantum chemistry. Since it remains difficult to

unambiguously identify the global minimum energy structure on

a complex potential energy surface, generally both, experiment

and theory, are required for a reliable structure assignment.

Furthermore, small and medium-sized clusters containing up to

a few tens of atoms can be treated with high-level quantum

chemistry methods. A comparison between calculated and

experimental values for properties like vibrational frequencies,

electron detachment energies or binding energies then serves as a

sensitive benchmark for testing the performance of different

computational models; a prerequisite for judging their accuracy

and also their applicability to larger, more complex systems.

Experimental studies on gas phase metal oxide clusters have

mainly focused on the characterization of the relationship

between cluster composition and reactivity using various mass

spectrometric approaches (see for example ref. 10 and references

therein). Complementary information on the cluster composi-

tion and stability can be gained from UV/VIS photodissociation

studies11 on charged, as well as photoionization studies12 on

neutral clusters. Experimental information regarding the cluster

shape and structure has been more difficult to come by and

typically requires a spectroscopic approach. Only a few spectro-

scopic techniques have been applied to the systematic structural

characterization of isolated metal oxide clusters of which gas

phase infrared (IR) action spectroscopy (combined with

quantum chemistry) has emerged as the technique which

arguably has allowed for the most detailed indirect structural

characterization of small and medium-sized clusters to date.

The goal of the present article is two-fold, to summarize the

methodological progress that has been made in the field of

vibrational spectroscopy on isolated metal oxide clusters over

the last decade from the perspective of a spectroscopist and to

highlight a few pivotal studies that exemplify this progress and

demonstrate the possibilities (as well as the limitations) of the

different experimental approaches. This article focuses primarily

on the experimental work related to polynuclear metal oxide

clusters, i.e., on oxide clusters containing at least two metal

atoms or more, and is not intended as a comprehensive review

of the field. This perspective article begins with an overview of

the spectroscopic methods applied to the structural characteri-

zation of polynuclear metal oxide clusters, followed by a more

detailed description of the different variants of gas phase IR

action spectroscopy, and ends with an outlook on potential

methodological developments.

2. Spectroscopic methods

The rotational, vibrational and electronic spectroscopy of

diatomic metal oxide species, both neutral and ionic, has been

studied in great detail. A variety of high resolution spectro-

scopic techniques that allow for a direct structural characteri-

zation have also been applied to triatomic systems, for

example, resonance enhanced UV/VIS multiphoton ionization,

laser-induced fluorescence (LIF) and pulsed-field ionization zero

electron kinetic energy (ZEKE) photoelectron spectroscopy.13–16,17

Significantly less is known concerning the structures of larger

polynuclear metal oxide clusters, due to several reasons. High

resolution techniques require high sample concentrations,

which are increasingly difficult to obtain with increasing cluster

size. While mononuclear metal oxide species can be prepared

rather selectively by thermal evaporation, larger clusters are

typically formed by laser vaporization, characterized by a broad

size distribution. With increasing cluster size these techniques

run into the problem of spectral congestion due to the complex

nature of rovibronic transitions in polyatomic species and to

the presence of multiple absorbing species. Other powerful

structural characterization techniques, like trapped ion electron

diffraction18 and IR/UV ion dip spectroscopy,19 have not yet

been applied to metal oxide clusters. Trapped ion electron

diffraction works best for quasi-ordered clusters of heavier

nuclei (e.g. metal clusters), while IR/UV ion dip spectroscopy

typically requires knowledge of the electronically excited states

of the system.

2.1 Matrix isolation infrared spectroscopy

Matrix isolation studies can overcome some of these limita-

tions, because species can be accumulated over many minutes

or even hours in an inert matrix. Hence, matrix-isolation

infrared (MI-IR) absorption spectroscopy20,21 has evolved as

a very useful technique to characterize the structure of smaller

polynuclear metal oxide clusters (see Table 1). The structural

characterization of larger clusters requires size-selectivity.

Wöste and coworkers22 pioneered the optical absorption

spectroscopy of matrix-isolated mass-selected clusters, but this

technique has been difficult to extend to the IR region, where

absorption cross sections are significantly smaller.21 To date,

the only vibrational spectra reported for mass-selected metal-

containing clusters in rare gas matrices are Raman measure-

ments on pure metal clusters.23 Matrix LIF studies21 have not

been widely used, in part because of the loss of any rotational

resolution when matrix-isolated species are probed.

MI-IR studies on transition metal oxides have recently been

reviewed by Gong, Zhou and Andrews24 and focus mainly on

mono- and bi-nuclear metal oxide species. Notable exceptions

are the IR25,26 and Raman26 spectra of matrix-isolated V4O10

shown in Fig. 1.25,26 Heating of vanadium pentoxide produces

predominantly a single cluster size in the vapor phase, namely

V4O10, which can then be accumulated selectively in an

inert matrix and used for absorption and Raman scattering

measurements. The two complementary spectra shown in

Fig. 1 do not only allow for an unambiguous experimental

confirmation of the tetrahedral structure of neutral V4O10, but

also contain information on the different sites V4O10 occupies

within the matrix.27

2.2 Anion photoelectron spectroscopy

In general, the structural characterization of clusters of this

and larger sizes requires size-selectivity. The size-selective

formation of V4O10 by thermal heating is exceptional. Currently,

the most widely used size-selective technique for studying the

spectroscopy of metal oxide clusters (see Table 1) is anion

photoelectron spectroscopy (APES). Mass-selected cluster

anions are irradiated by a fixed frequency UV/VIS laser and

the photoelectron yield is recorded as a function of the photo-

electron kinetic energy. Like almost all size-selective gas phase

cluster approaches it belongs to the class of action spectroscopy,
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Table 1 Summary of experimental studies on the vibrational spectroscopy of isolated polynuclear metal oxide clusters MmOn
+/0/� (m>1 and n>0)

Group Metal Systema Methodb

Main group K K2O2 MI-IR85

Li2O LIF16

Be Be2O LIF14

Be2O
+ PIF-ZEKE17

Be2O2 MI-IR86

Mg (MgO)15–168 IR-REMPI40

(MgO)2–7
+ IR-MPD49

(MgO)3–16 IR/UV-I44

(MgO)2–5
� APES87

Ca Ca2O2 MI-IR86

Sr Sr2O2 MI-IR86

Al AlO (Al2O3)5–70 IR-REMPI41,42

Al2,3O1–5
�, Al4O6

� APES88

Al2O LIF13

(Al2O3)1–4(AlO)+ IR-PD65

Al8O12
+ IR-MPD56

Pb Pb2O, Pb2O2, Pb4O4 MI-IR89

Sc group Sc Sc2O2 MI-IR90

Sc3O5,6
� APES91

Y Y2O2 MI-IR92

Y2–10O1–3
� APES93

Ti group Ti Ti2O2,4 MI-IR94

(Ti2O3)2–11(TiO2)5–29 IR-REMPI42

(TiO2)2
�
10
� APES95

Ti4O10
� IR-MPD57

Zr Zr2O2,4 MI-IR94

ZrnO2n+1 (n r 32) IR-REMPI39,96

Hf Hf2O2,4 MI-IR94

V group V V2O2–4,V4O10 MI-IR25,26,97

V4O10 MI-Raman26

V4O10
+, V2O6,7

�, V3O8
�, V4O9–11

�, V5O13
�, V6O15

�, V8O20
� IR-MPD45,48,58–60

V2O2–6
+, V3O6–8

+ IR-PD48,64,71

(V2O5)2–7
�, V4–15O1–2

� APES98,99

V2O5,6
+�C2H4, V4O9(OCH3)

�, V4O8(OCH3)2
�, V4O8(OH)2

+�C3H8 IR-MPD51,52,60

Nb Nb2O2–7
�, Nb3O1–8

�, Nb4O10
� APES25,99–101

Nb2O6
+, Nb3O8

+, Nb4O10,11
+, Nb5O11,13

+, Nb6O15,16
+, Nb7O16,18

+, Nb8O18,20
+ IR-MPD53

Ta Ta6-11O1–2
+ IR-MPD54

Ta3O8
+, Ta4O10,11

+, Ta6O15
+ IR-MPD55

Ta2O5–7
�, Ta3O1–8

�, Ta4O10
� APES99,100,102

Cr group Cr Cr2O2–4,6 MI-IR103

(CrO3)2–5
�, Cr2O1–7

�, Cr2O7
2�, Cr3O8

� APES104–106

Cr2O2,3
+, Cr3O3

+, Cr4O4
+ IR-PD107

Mo Mo2O2–5,7
�, Mo2O7

2�, Mo3O3–6,9
�, Mo6O19

2� APES104,108–110

W W2O1-8
�, W2O7

2�, W3O3–11
�, W6O19

2� APES104,106,108,110,111

Mn group Mn Mn2O1–4,6 MI-IR112

Mn2,5,6O
� APES113

Re Re3O3
� APES114

Fe group Fe Fe2O1–4 MI-IR115

Fe3O4
+, Fe4O5-6

+, Fe5O7
+, Fe6O8

+, Fe7O9
+, Fe8O11

+, Fe9O12
+, Fe10O14

+ IR-MPD50

Fe2O1–5
�, Fe3–16O

� APES29,116

Co group Co Co2O2–4 MI-IR117

Co2–3O, Co4–20O1–2
� APES118

Ni group Ni Ni2O1–3 MI-IR119

Pd Pd2O2–4 MI-IR120

Cu group Cu Cu2O2–3,5 MI-IR121

Cu2O1–4
�,Cu6,7O2

� APES122

Au Au2–7O2
� APES123

Au2nO2
� (n = 2–7, 9, 10) IR-MPD61

Lanthanides Ce Ce2O2
+, Ce3O4

+, (CeO2)1–4CeO
+ IR-PD67

Binary clusters Al, Ti, V AlTiO1–3
�, Al2TiO2,3

�, AlVO1–3
�, Al2,3VO2

� APES124

P, Mo, W PMo12O40
3�, PW12O40

3� APES125

Ti,V (TiVO5)(V2O5)2,3
�, TinV4-nO10

� (n = 1–4) IR-MPD57

V, Ce (VO2)1–2(CeO2)
+, (VO2)(Ce2O3)

+ IR-PD66

V, Mo VMoO2–5
� APES126

Cr, Mo, W MoWO2–5
�, CrMoO7

2�, CrWO7
2�, MoWO7

2�, MoW2O6
�, Mo2WO6

� APES104,110

Nb, Mo NbMoO2–5
� APES127

a The messenger species (rare gas atom or atoms) is omitted for the IR-PD measurements. b Spectroscopic methods: matrix-isolation infrared (MI-IR)

and Raman (MI-Raman), laser-induced fluorescence (LIF), pulsed-field ionization zero electron kinetic energy photoelectron (PIF-ZEKE), infrared

resonance enhanced multiple photon ionization (IR-REMPI), infrared multiple photon dissociation (IR-MPD), IR/UV two-color ionization (IR/UV-I),

and anion photoelectron spectroscopy (APES), as well as infrared photodissociation (IR-PD) spectroscopy of cluster ion–rare gas atom complexes.
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i.e., it relies on detecting an action subsequent to the absorption

of a photon, in this particular case photoelectron detachment:

MmOn
� + hn - MmOn + e�. (1)

Experimentally, APES is relatively simple to implement. It

does not require a tunable laser source and commercially

available nanosecond lasers produce sufficiently energetic

photons to photodetach most anions, even metal oxide anions,

which are among the anions with the highest electron affinities

(EAs). In contrast, photoionization of neutral clusters, for

example, typically requires higher energies, and adequate laser

sources are often a limiting factor (see Section 3.2).

APES was initially applied to the study of the diatomic

FeO� in 1977 by Engelking and Lineberger28 and to iron oxide

cluster anions29 in 1996 by Wang and coworkers. APES

studies on transition metal oxide clusters have been recently

reviewed by Zhai and Wang.30 As a representative example,

the APE spectra of Fe2On
� with n = 1–5 are shown in Fig. 2.

The adiabatic electron affinity (EA) of the neutral molecules

can be determined fairly accurately from the binding energy of

the n = 0 vibrational feature when vibrational structure is

resolved for the ground state (labeled by an ‘X’ in Fig. 2).29

From this information concerning the oxidation state and bonding

properties can be derived. The near linear increase in the EA with

n in Fig. 2 suggests a sequential oxidation behavior. The resolved

progressions, indicated by the vertical lines in Fig. 2, reflect the

vibrational excitation upon photodetachment and allow insight

into the geometric structure of the neutral cluster. Since APES is

sensitive to the difference in geometry between the anionic and

neutral clusters, geometric predictions for both charge states

(neutral as well as anion) can be made in favorable cases.

Compared to MI-IR spectroscopy (see Section 2.1) and IR

action spectroscopy, discussed in the next section, the vibra-

tional information obtained from APES is not as detailed, due

to the modest energy resolution, but it can be complementary

to that obtained from IR spectroscopy due to the different

selection rules for photodetachment vs. IR photoabsorption.

3. Infrared action spectroscopy

The most detailed structural information on polynuclear metal

oxide clusters is currently gained from IR action spectroscopy.9,31,32

There are several variants of this technique, but they all

have in common that they require an intense and tunable

Fig. 1 IR absorption and Raman spectra of matrix-isolated V4O10.
26

Traces (from top to bottom): experimental MI-IR spectrum (N2 matrix,

T=10K), calculated IR absorption spectrum, experimental MI-Raman

spectrum (N2 matrix, T = 10 K, laser: l = 514.5 nm, P = 250 mW),

and calculated Raman spectrum.

Fig. 2 Photoelectron spectra of Fe2Oy
� (y = 1–5).29 The spectra of

Fe2O
� and Fe2O2

� are taken at 3.49 eV photon energy while those of

the higher oxides are taken at 4.66 eV. The vertical lines indicate the

resolved vibrational structures. ‘‘X’’ represents the ground state of the

neutrals and ‘‘A’’ represents the excited states. Reprinted with permission

from ref. 29. Copyright (2012) American Chemical Society.D
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IR laser source.9,33,34 The IR-active fundamental vibrational

modes of metal oxide clusters lie below 1700 cm�1 with the

more intense M–O stretching and bending transitions typically

found in-between 300–1200 cm�1. This spectral region only

became fully accessible to gas phase experiments on clusters

with the introduction of IR free electron lasers (IR-FELs) to

molecular spectroscopy in 1996.35 Indeed, advances in the IR

spectroscopy of polynuclear metal oxide clusters are closely

related to the development of action spectroscopy using

IR-FELs, in general.

Four different types of IR action spectroscopy, namely

infrared resonant enhanced multiple photon ionization

(IR-REMPI), IR/UV two-color ionization (IR/UV-I), infrared

multiple photon dissociation (IR-MPD) and infrared photo-

dissociation (IR-PD) spectroscopy of messenger-tagged clusters,

have been successfully applied to the study of polynuclear

metal oxide clusters. They are schematically shown in Fig. 3.

Conceptually, they can be divided into experiments on neutral

(IR-REMPI and IR/UV-I) and charged (IR-MPD and IR-PD)

clusters. Typically, experiments on neutral clusters are performed

on cluster distributions and exploit a change in charge state

(photoionization), while the experiments on charged clusters

can, but do not necessarily need to, take advantage of mass-

selection prior to IR irradiation and involve a change in mass

(photodissociation). All four schemes have in common that a

vibrational spectrum is obtained by recording a mass-selected

yield as a function of the IR radiation wavelength. This IR

action spectrum is generally not identical to the (linear) IR

absorption spectrum, but can reflect it rather well, depending

on the particular technique used and the size and nature of the

cluster studied.

3.1 Infrared resonant enhanced multiple photon ionization

In IR-REMPI spectroscopy,36 scheme (i) in Fig. 3, a beam of

neutral clusters is irradiated by intense and tunable IR radia-

tion. It was one of the first techniques used in combination

with IR-FELs.37 When the wavelength of the IR radiation is

resonant with a vibrational transition the clusters are heated.

Eventually, the clusters may lose an electron, similar to the

process of thermionic emission observed for hot surfaces:

AB
�!hvIR AB�

�!hvIR � � � �!hvIR ABþ þ e�: ð2Þ

Typical ionization energies of metal oxide clusters lie in-between

5 and 10 eV and therefore up to many hundreds of IR photons

need to be absorbed to induce ionization. This technique relies

on the efficient absorption of many IR photons via the mecha-

nism of infrared multiple photon excitation, which is described

in detail elsewhere.36,38 Briefly, infrared multiple photon excita-

tion is not a coherent multiphoton absorption process in a

single vibrational ladder, but rather involves the non-coherent,

sequential absorption of multiple single photons. Anharmoni-

cities play a central role, because they introduce a coupling

mechanism between different vibrational modes, allowing for

internal vibrational redistribution (IVR) of the energy. In the

limit of fast IVR, each photoabsorption event is followed by

IVR, effectively ‘‘de-exciting’’ the IR-excited transition. The

rate of photon absorption is then limited by the IVR rate, the

properties of the light source, as well as the (cross-) anharmoni-

cities in the molecule.

Historically, the first gas phase method used to characterize

the vibrational action spectroscopy of metal oxide clusters was

IR-REMPI, initially applied to the study of neutral zirconium

oxide clusters.39 ZrnO2n�1 clusters are amenable to thermionic

electron emission, because they are characterized by high

binding energies and, compared to ZrnO2n clusters, low ioniza-

tion energies. The IR-REMPI spectra of ZrnO2n�1 clusters

(see Fig. 4) show one or two broad features in-between 500

and 800 cm�1, suggesting bulk-like structures containing

4-membered ZrO2 rings.39 The width of the IR-REMPI

features is (in part) a result of the relatively high fluence,

broad bandwidth IR-FEL laser pulses required, to ionize the

neutral clusters. In addition, cluster ionization, dissociation,

and ionization followed by dissociation are all feasible channels

Fig. 3 Schematic of four experimental techniques for probing the IR

action spectroscopy of gas phase metal oxide clusters: IR resonance

enhanced multiple photon ionization (IR-REMPI), IR/UV two-color

ionization (IR/UV-I), IR multiple photon dissociation (IR-MPD), and

IR photodissociation (IR-PD) spectroscopy of cluster ion–rare gas

atom complexes.

Fig. 4 IR-REMPI spectra of ZrnO2n�1 clusters.
39 The neutral clusters

can be efficiently excited with IR radiation to internal energies high

enough (B6 eV) for the thermionic emission of an electron. The lowest

trace corresponds to the signal of ZrO+, which is formed as a

fragment. Adapted from ref. 39, Copyright (2012), with permission

from Elsevier.
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and require comparable energies for these particular systems,

complicating the interpretation of the experimental spectra.

A structural assignment to individual cluster structures is

generally not possible. Nonetheless, the pioneering IR-REMPI

experiments allowed identifying the size-dependent trends in

the IR spectra of neutral Zr,39 Mg,40 Al,41,42 and Ti36,42 oxide

clusters with up to several hundred atoms, paving the way for

the subsequently applied approaches.

3.2 IR/UV two-color ionization

More detailed vibrational information on neutral metal oxide

clusters can be gained by performing IR/UV two-color ionization

experiments (see scheme (ii) in Fig. 3).43,44 Following the reso-

nant absorption of one (or a few) IR photon(s) from the tunable

IR laser pulse, the remaining energy to overcome the ionization

energy is supplied by the absorption of a single UV photon:

AB
�!hvIR AB�

��!hvUV
ABþ þ e�: ð3Þ

The wavelength of the UV laser is typically chosen such that

no or little ionization is detected in the absence of the IR laser

pulse. The advantage of IR/UV two-color ionization vs.

IR-REMPI is obvious—by replacing the energy of many tens

of IR photons with a single UV photon significantly fewer

photons need to be absorbed. This allows the use of lower

fluence, narrower bandwidth IR-FEL laser pulses, which lead

to better resolved vibrational spectra and which are characterized

by IR wavelength dependent ionization yields that are more

closely related to linear IR absorption cross sections. In principle,

the energy of the UV photon needs be adjusted individually for

each type and size of the cluster. In practice, often a single UV

photon energy can be used for a series of clusters with similar

ionization energies.44

Recently, Haertelt et al. applied the IR/UV two-color

ionization excitation scheme to the study of neutral (MgO)n
clusters with n= 3–19. To this end, they combined the tunable

radiation from an IR-FEL (200–1700 cm�1) with the fixed

frequency output of a F2 laser (7.87 eV). The ionization

energies of smaller (MgO)n clusters are roughly 8 eV and thus

they are not efficiently ionized by the photons of the F2 laser

only. However, when the IR-FEL pulse is applied prior

(B30 ms) to the UV pulse and the photon energy of the

IR-FEL is resonant with a vibrational transition, the clusters

are efficiently internally heated, substantially increasing the

ionization yield. As an example, the IR/UV two-color ioniza-

tion spectra of (MgO)3n clusters with n = 1–5 are shown in

Fig. 5. While the features observed in the IR/UV two-color

ionization spectra are not as narrow as one would expect for

linear absorption spectra, they are substantially narrower

than comparable features in IR-REMPI spectra of (MgO)n
clusters.40 This substantial increase in spectral resolution

compared to IR-REMPI leads to a better comparability

between experimental and simulated spectra and ultimately

allows assigning individual structures. In Fig. 5 the hexagonal

ring is identified as the fundamental building block for smaller

(MgO)3n clusters, which exhibit structures very different from

the geometry of the simple cubic MgO bulk phase.

In summary, the IR/UV two-color ionization scheme is

generally applicable and can be used to measure cluster-size

specific vibrational action spectra of neutral metal oxide clusters.

The investigation of oxygen-rich metal oxides with typical

ionization energies larger than 8 eV remains difficult. This

technique is currently limited by the availability of UV laser

sources and will greatly profit from advances in the develop-

ment of tunable vacuum UV sources.

3.3 Infrared multiple photon dissociation

The first IR technique applied to the study of mass-selected

polyatomic metal oxide ions was IR-MPD in 2002.45 IR-MPD

(see scheme (iii) in Fig. 3) for charged clusters46,47 is similar to

IR-REMPI for neutral clusters in that it exploits the same

infrared multiple photon excitation process, but instead of

ionizing a neutral species a charged species is dissociated and a

change in mass is eventually detected. Typically, photodisso-

ciation thresholds of cluster ions are lower than ionization

thresholds for neutral clusters and therefore the restrictions on

the IR-FEL pulse parameters imposed by the need for efficient

infrared multiple photon excitation are significantly relaxed

Fig. 5 IR/UV two-color ionization spectra of (26MgO)3n clusters

with n = 1–5 and calculated linear absorption spectra (blue and green

traces).44 The measured data points are shown as dots and a five-point-

running average (solid red line) is added to guide the eye. Some of the

theoretical spectra are vertically shifted for clarity. Relative energies of

different isomers are given in kJ mol�1. Adapted from ref. 44, Copyright

(2012), with permission from Royal Society of Chemistry.
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compared to those in IR-REMPI experiments, leading to

better resolved IR action spectra.

Similar to IR-REMPI (see Section 3.1), intense and tunable

IR radiation is used to resonantly heat the clusters in a

sequential incoherent absorption process,

ABþ=�
�!hvIR ðABþ=�Þ�

�!hvIR � � � �!hvIR Aþ=� þ B: ð4Þ

Only when the IR laser is resonant with a fundamental

vibrational transition the initially vibrationally cold AB+/�

can start absorbing photons. Photodissociation techniques have

the advantage that fragment ions can be detected background-

free and with nearly 100% efficiency. Furthermore, charged

clusters can be manipulated easier than neutral clusters. Parent

ions can be mass-selected prior to IR-irradiation using a mass

filter, avoiding cross-talk between photodissociation channels

of different parent ions leading to fragment ions of the same

mass. Measurements without mass-selection prior to IR irra-

diation, on the other hand, have the advantage that complete

cluster size distributions can be sampled at once. Temperature-

controlled ion traps can be used to accumulate and thermalize

the cluster ions.33,48 IR-MPD experiments have been per-

formed on magnesium,49 iron,50 vanadium,45,51,52 niobium53

and tantalum54,55 oxide cations, and aluminium,56 titanium,57

vanadium,58–60 and gold61 oxide anions, as well as mixed

vanadium–titanium oxide anions57 (see Table 1).

As a representative example, mass-selective IR-MPD spectra

of the binary metal oxide anions (V2O5)1–3(VTiO5)
�, measured

from 560 to 1085 cm�1, are shown in Fig. 6.57 Ti and V were

chosen in this study, because they are neighboring elements in

the period table with [Ar]3d24s2 and [Ar]3d34s2 electron configu-

rations, respectively – their electronic structure differs by a

single valence electron. The singly substituted (V2O5)1–3(VTiO5)
�

anions form polyhedral caged structures similar to those

predicted for their isoelectronic counterparts, the neutral

(V2O5)n clusters (see Fig. 6).57 Since mass-selecting neutral

clusters is experimentally demanding and generally not feasible,

this isomorphous substitution approach represents an elegant

technique to indirectly probe the structure and vibrational

spectroscopy of the corresponding isoelectronic neutral clusters,

which are otherwise difficult to measure. The measured

IR-MPD spectra (left column in Fig. 6) agree reasonably well

with the simulated linear absorption spectra of the predicted

lowest energy structures (center column in Fig. 6), supporting

an assignment to the depicted structures. The remaining

discrepancies regarding the relative intensities and band widths

between experiment and simulation can only be removed, if the

details of the sequential multiple photon absorption process are

considered in the simulation. This can be done in principle,47

but requires knowledge of the cross-anharmonicities, which are

generally not known experimentally and tedious to calculate.

3.4 Infrared photodissociation of messenger-tagged clusters

The dissociation of strongly bound metal oxide ions typically

requires at least several eVs and therefore IR-MPD typically

involves the absorption of many tens of IR photons. A useful

approach to reduce the number of photons is the so-called

messenger technique.31 A weakly-bound complex is formed

containing the metal oxide ion (AB+/� in eqn (5)) and a

messenger species M, typically a rare gas atom or also an

inert molecule. Photodissociation of this complex (scheme (iv)

in Fig. 3) can proceed via vibrational predissociation and

breaking of the ion-messenger bond:

ABþ=�M !hv ðABþ=�Þ�M
�!IVR ABþ=� þM: ð5Þ

Ideally, the perturbation of AB+ by M is small enough that

lifetime broadening due to too fast IVR can be neglected and

the structural information determined for the complex approxi-

mates the structural information of the bare ion well. Typically,

the use of He atoms as messenger species approaches this ideal

situation the closest. When heavier rare gas atoms like Ar are

used, binding energies of more than 1000 cm�1 for cations are

not uncommon.62 In such cases the perturbation is significant,

leading to substantial shifts in vibrational frequencies and

changes in the energetic ordering of different isomers with

and without rare gas atom(s). Consequently, the rare gas atom

needs to be explicitly included in the simulations. Note, IR-PD

of messenger-tagged clusters can and often does involve the

absorption of more than a single photon.

The best-resolved vibrational spectra up-to-date are

obtained by way of IR-PD spectroscopy of metal oxide–rare

gas atom complexes.63 Especially when light rare gas atoms

(He, Ne) are used, the measured spectra often reflect the linear

absorption spectrum quantitatively.64–67 Combined with density

functional theory (DFT) calculations including powerful global

optimization schemes56 IR-PD spectra of clusters with up to a

few tens of atoms can generally be unambiguously assigned

based on a comparison to simulated spectra derived from scaled

harmonic frequencies and intensities. An advantage of using ion

traps is that the complexes can be directly formed via three-body

Fig. 6 Experimental IR-MPD (left) and simulated linear absorption

spectra (center) of monosubstituted (V2O5)n�1(VTiO5)
� anions, of the

isoelectronic V2nO5n
� anions, and of the neutral V2nO5n clusters with

n = 2–4.57 Geometries (O: blue, Ti: red and V: grey) are also shown.
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collisions in the buffer-gas filled ion trap, allowing for greater

flexibility in the choice of the source conditions.63

Rare gas atom tagging: possibilities and limits. As a repre-

sentative example, IR-PD spectra of rare gas atom tagged

binary cerium–vanadium oxide cations66 are shown in Fig. 7

and those of cerium oxide cations67 in Fig. 8. Compared to the

above-described IR-REMPI, IR/UV two-color ionization and

IR-MPD spectra, the observed bands in the IR-PD spectra are

the most narrow (6–10 cm�1), limited by the spectral band-

width of the excitation laser as well as dynamical effects. The

relative narrowness of the bands combined with a close to

linear behavior of the IR-PD cross section (in the measured

spectral region) greatly aids in the assignment of geometric

structures. For the cerium–vanadium oxide cations satis-

factory agreement is exclusively found for the lowest energy

structures (see Fig. 7) containing metal atoms in the following

oxidation states: Ce+4/V+5 (1A), Ce+3/V+5/V+5 (2A) and

Ce+3/Ce+3/V+5 (3A). This confirms the hypothesis that in

low coordination, binary Ce/V oxide clusters Ce is always

reduced first,66 similar to observations for VOx/CeO2(111)

model catalysts, whose remarkable activity is due to the ability

of ceria to easily accommodate electrons in localized

f-orbitals.68

In some cases differences between the experimental and

simulated IR spectra remain. This can have many origins, of

which we discuss a few here. First, the correct structure/state

may not have been found. An educational example is related

to V2O5
+, one of the first metal oxide clusters studied by

IR-PD.64 Today, powerful global optimization schemes56,69

aid the chemical intuition-driven structure searches, greatly

reducing the probability of ‘‘overlooking’’ a particularly stable

structure. Second, the harmonic approximation used to derive

the simulated IR spectrum may break down. See ref. 59 for an

example relating to metal oxide clusters. Third, multiple

isomers may be present, as is observed, for example, for

Ce3O5
+. DFT predicts two isomers, labeled A and B in

Fig. 8 (left panel), lying within 1 kJ mol�1 of each other.67

The simulated spectrum of A is reproduced well by the IR-PD

spectrum of Ce3O5
+�Ne, however additional bands are

observed in the experimental spectrum, which cannot be

explained by A, but can be attributed to B. The experimental

proof for the presence of two isomers is found in the IR-PD

spectrum of Ce3O5
+�Ar (see Fig. 8), which shows similar

absorptions, but with different relative intensities – B is

now the dominant species with minor contributions from A.

Obviously, the choice of the messenger atom can dramatically

influence the relative isomer populations. This is typically due

to a higher binding energy of a particular messenger to the

energetically higher-lying bare isomer, which can lead to an

energetic reordering of the isomers in the presence of the

messenger species and consequently to predominant popula-

tion of the energetically lower-lying messenger-tagged isomer.

Fig. 7 Optimized structures (top, O red, V olive, Ce yellow) of three

low-lying isomers (A–C) of CeVO4
+ (1), CeV2O6

+ (2), and Ce2VO5
+

(3), respectively.66 The oxidation state of each metal atom is specified.

The purple spin density isosurface indicates electron localization on

either Ce or V. Comparison of experimental IR-PD spectra (red

traces) of 1�He, 2�Ne, and 3�Ne (bottom row) to simulated linear

absorption spectra (green traces) of the isomers 1A–1C, 2A–2C and

3A–3C, respectively.66

Fig. 8 Simulated linear absorption spectra (green traces, left) and

structures of the energetically lowest two isomers, labeled A and B, of

Ce3O5
+ and experimental IR-PD spectra of Ce3O5

+�Ne and Ce3O5
+�

Ar (red traces, left).67 Simulated linear absorption spectra (green

traces, right) and structures of two Ce5O9
+ isomers, labeled A (A0)

and D (D0), calculated using two DFT functionals, respectively, and

the experimental IR-PD spectrum of Ce5O9
+�Ne (red trace, right).

Relative energies are in kJ mol�1.67
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Such a dependence is not unique to Ce3O5
+, but has been

observed before and discussed in more detail for other systems

like V3O7
+, V3O8

+ or H+(H2O)6.
70,71 Consequently, it is

advisable to perform the calculations on the cluster–rare gas

atom complexes, as well as the bare cluster, whenever possible.

Another reason for differences between the experimental

IR-PD and simulated DFT-derived spectrum can be inaccu-

racies related to the DFT functional. One well-documented

example is related to the description of the degree of locali-

zation of unpaired d-electrons of transition metal atoms.58

A similar observation is made for Ce5O9
+ (see Fig. 8, right

panel).67 The prediction of the B3LYP calculations (spectrum

A in Fig. 8) is not confirmed by the experiment. Better

agreement between the experimental and simulated spectrum

is found for isomer D, calculated 24 kJ mol�1 above the lowest

energy structure. Interestingly, using a different functional,

TPSSH instead of B3LYP corrects this discrepancy. The

TPSSH calculations find D (labeled D0 in Fig. 8) as the lowest

energy structure and place A (labeled A0 in Fig. 8) 40 kJ mol�1

higher in energy. Moreover, the simulated IR spectrum of D0

shows excellent agreement with the measured IR-PD spectrum

of Ce5O9
+�Ne. The origin of this discrepancy is the over-

estimation of the degree of localization of the unpaired

electron occupying Ce f-states by B3LYP.67

Other messenger species: structure–reactivity correlation.

While He and Ne for cations and H2 for anions are typically

the messenger species of choice, the corresponding complexes

are often not so readily formed under the given experimental

conditions and the use of other inert molecules may be more

practical. A recent example is the use of O2 in the study of

(MgO)n
+ cations by photodissociation of (MgO)n

+�O2 with

n = 2–7.49 Another example involves propane as a messenger

species, which is described in the following paragraphs.

A particularly useful extension of IR-MPD spectroscopy to the

study of metal oxide clusters is its combination with reactivity

measurements to characterize the structure of reaction intermediates

and products.51,52,72 The use of a buffer gas filled, temperature

controlled ion trap allows studying the reaction of mass-selected

ions with neutral reactants under thermalized conditions, as recently

demonstrated for the oxidative dehydrogenation (ODH) of

propane by V4O10
+.52 From mass spectrometry it is known that

upon reaction with propane ODH is the main reaction channel

and involves the transfer of two H atoms to the cluster, forming

[V4O10H2]
+ concomitant with the elimination of propene.73

V4O10
+ + C3H8 $ (V4O10�C3H8)

+ - [V4O10H2]
+ + C3H6

(6)

However, a more detailed insight into the molecular level

reaction mechanism requires knowledge of the structure of

the reaction product [V4O10H2]
+. Performing the reaction in

excess of propane leads to the formation of a weak product

ion–propane complex,

[V4O10H2]
+ + C3H8 $ [V4O10H2]

+�C3H8, (7)

which can be used to gain structural information on

[V4O10H2]
+ via photodissociation of [V4O10H2]

+�C3H8.

The IR-MPD spectrum of [V4O10H2]
+�C3H8 is compared

to simulated linear absorption spectra of three possible

structural candidates, labeled A1, A2 and B, in Fig. 9.

Structures A and B differ in the number of vanadyl groups

present in the [V4O10H2]
+ moiety. While structure A contains

two vanadyl and two V–OH groups, structure B contains three

vanadyl and just a single V–OH2 group. Structures A1 and A2,

on the other hand, differ in the way propane physisorbs to the

[V4O10H2]
+ complex. Comparison of the experimental to the

simulated spectra clearly favors an assignment to structures

A1 and A2 rather than B (see Fig. 9). This is in agreement with

calculated stabilities of A1 and A2, which differ by less than

1 kJ mol�1, while B is 33 kJ mol�1 less stable.52 Without going

into details, the key information gained from the spectroscopic

data is that abstraction of the second H-atom forming

[V4O10H2]
+ (+C3H6) selectively involves two vanadyl groups

(structures A1 and A2) rather than a single one (structure B),

giving additional weight to the assumption that polymeric

(vs. monomeric) vanadyl sites are important in the ODH of

alkanes over vanadium oxide catalysts.74

4. Outlook

While the above examples demonstrate that significant

progress has been made in the structure characterization of

isolated metal oxide clusters over the last decade, many challenges

remain. Concerning IR action spectroscopy, the IR/UV two-

color ionization approach for neutral metal oxide clusters, as

well as the IR-PD technique using rare gas atom tagging for

mass-selected metal oxide cluster ions, currently represent the

most promising approaches, because both, in principle, yield

IR spectra that, in combination with the adequate electronic

structure calculations, allow for an unambiguous structural

assignment for small and medium-sized clusters in many cases.

As for the related techniques, discussed at the beginning of this

article, MI-IR measurements require a substantial increase in

Fig. 9 Experimental IR-MPD spectrum (bottom, red trace) of

[V4O10H2�C3H8]
+ (C3H8 loss channel) after trapping mass-selected

V4O10
+ ions at 100 K in the ion trap filled with a 0.002% propane in a

helium gas mixture. Simulated linear IR absorption spectra (green

traces) of three structural candidates, labeled B, A1 and A2, are also

shown. Adapted from ref. 52, Copyright (2012), with permission from

Elsevier.
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sensitivity in order to profit from depositing mass-selected

clusters, similar, for example, to MI-UV/VIS studies on mass-

selected metal clusters.75 On the other hand, higher resolution

variants of conventional APES, like, for example, slow electron

velocity map imaging,76 are already available and only need to

be applied to metal oxide clusters.

The structural characterization for larger sizes – clusters

containing more thanB30 atoms – currently remains, both an

experimental as well as a computational challenge. In this size

range spectral congestion starts becoming a significant problem,

see for example the IR spectrum of (MgO)15
+ in Fig. 5. The

relatively high internal temperature of the clusters, B100 K in

this particular experiment, is one factor contributing to the

apparent broadness of the vibrational bands. Significantly lower

internal temperatures (r10 K) can be achieved using closed-

cycle He cryostats to cool the neutral clusters.77 These are

already routinely used to buffer gas cool ions in ion traps.45,78

Another intriguing option to reduce the internal energy of the

clusters consists in depositing size-selected metal oxide cluster

ions inside liquid helium droplets79,80 and then measuring a

vibrational action spectrum.79,81

Almost all experiments up-to-date on the IR action spectro-

scopy of polynuclear metal oxide clusters have been performed

using the intense and widely tunable radiation from IR-FELs.

Widely tunable, narrower bandwidth table-top IR lasers have

already been applied to studies of many other types of clusters.

These lasers will play an increasingly important role in the

study of the IR-PD spectroscopy of metal oxide clusters, in

particular when the accessible wavelength region is extended

to even longer wavelengths (>16 mm). For the IR/UV two-

color ionization experiments the combination of radiation

from such table-top IR lasers with the widely tunable radia-

tion from third generation synchrotrons can play an important

role in advancing this technique, while for the IR-MPD and

IR-PD measurements, combining the radiation from these

table-top IR lasers with IR-FEL radiation can significantly

increase the selectivity and sensitivity of these experiments.

In general, the number of energetically low-lying isomers

contributing to an IR spectrum increases with increasing

cluster size. For ions, several experimental techniques have

been developed to separate isomers. One approach has been

described above and involves the systematic variation of the

type (or number) of messenger atom(s) in order to study the

influence of a change in the relative isomer population on

the IR spectrum. This works well for some systems, but is not

really generally applicable. Another approach is ion mobility

mass spectrometry,82 which exploits differences in the shape of

the isomers to physically separate them. This method has

recently been applied to the study of polyoxometallates

for the first time.83 Spectroscopically, isomers can also be

separated using a recently developed IR/IR double resonance

approach.84 It will only be a matter of time until these

methods are applied systematically to the study of metal oxide

cluster ions.
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56 M. Sierka, J. Döbler, J. Sauer, G. Santambrogio, M. Brümmer,
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