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Structure determination of neutral MgO clusters—hexagonal nanotubes

and cagesw
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Structural information for neutral magnesium oxide clusters has been obtained by a comparison

of their experimental vibrational spectra with predictions from theory. (MgO)n clusters with

n = 3–16 have been studied in the gas phase with a tunable IR-UV two-color ionization scheme

and size-selective infrared spectra have been measured. These IR spectra are compared to the

calculated spectra of the global minimum structures predicted by a hybrid ab initio genetic algorithm.

The comparison shows clear evidence that clusters of the composition (MgO)3k (k = 1–5) form

hexagonal tubes, which confirm previous theoretical predictions. For the intermediate sizes

(n a 3k) cage-like structures containing hexagonal (MgO)3 rings are identified. Except for the

cubic (MgO)4 no evidence for bulk like structures is found.

1 Introduction

Nanotubes, rods, or cages are fascinating structural motifs

and for instance by changing their aspect ratio,1 adsorption of

other molecules2,3 or filling,4 their electronic, optical or

chemical properties may be tuned and adapted to possible

applications, e.g., in nanodevices.5–7 Elongated structures like

nanotubes or nanorods can be formed, apart from carbon, from

many different other substances like elemental compounds

(including metals), oxides, nitrides, and carbides8 and also

magnesium oxide. Bundles of MgO nanotubes with length up

to several tens of mm can be made by simple thermal evaporation

methods.9–11 Though the macroscopic shape of these tubes may

not easily fit into the picture of a cubic crystal, on an atomic

scale the cubic motif of the bulk MgO in its rocksalt structure is

still retained. For nanoscaled clusters, however, we observe a

different behavior.

Already the first experiments on MgO clusters by multiple

photon laser ionization mass spectrometry12 revealed that in

addition to the cubic motif tubular structures formed by

stacking hexagonal (MgO)3 units—hexagonal nanotubes—may

be present. A number of theoretical studies have followed these

experimental investigations, most applying simple ion (pair)

potentials13–17 sometimes in combination with global structure

optimization schemes.18–21 Such simulations applying para-

meterized potential functions predict two different structural

types depending on the ionic charges: a cubic motif for full

formal charges and hexagonal tubes and cages18 for smaller

charges. Hexagonal tubes have been identified by a genetic

algorithm20 as the putative global minima for clusters with

(MgO)3k, k = 1–5. For other cluster compositions often more

cube-like structures are predicted, but there is no common

agreement on their structures in the literature yet. Quantum

chemical methods22–27 in combination with global optimization

approaches have to our knowledge not yet been systematically

applied to neutral MgO clusters of different sizes. Only for the

alkaline halide clusters (LiF)n, which are assumed to behave

very similar to MgO clusters,15 simulated annealing at an ab initio

level has been performed for n = 1–8.28 Experimental data to

benchmark the theoretical predictions are highly desirable

especially for larger systems, but spectroscopic information

is up to date rather limited.

For determining the structure of strongly bound gas-phase

clusters the combination of IR excitation with mass spectro-

metric detection has been proven to be very successful.29

Obtaining IR spectra of neutral metal oxide clusters, however,

is challenging. Matrix isolation spectroscopy has been used to

study very small MgO species, in particular OMgO and

(MgO)2.
30 For larger clusters in the gas phase, starting with

(MgO)15 up to (MgO)168 IR resonance enhanced multiple

photon ionization (IR-REMPI) spectra31 have been reported

and very similar IR spectra for all sizes have been found.

Because of the vicinity of the observed bands to the surface

phonon modes the cubic motif was suggested as being already
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present at smaller sizes. However, quantum chemical calculations

were missing at that time, making a definite structural assignment

impossible. In such gas-phase experiments the neutral clusters

can be investigated without any perturbation from the environ-

ment. However, the absorption of several hundred IR photons

needed to induce IR-REMPI requires a high IR fluence and the

high internal energies necessary for the thermionic electron

emission usually lead to broadening and shifting of spectral lines,

making the spectra less informative.

For this reason more evolved techniques have been developed,

which have so far mainly been used to study ionic metal oxide

clusters. IR multiple photon dissociation of the cluster itself or

the dissociation of more weakly bound messenger complexes has

been used to measure vibrational spectra of metal oxide cluster

ions.32–37 Messenger tagging has recently also been used by us to

obtain IR spectra of small cationic (MgO)+2–7 clusters.38 For

these, surprising structures have been identified, which are

different from the theoretically predicted ones of the neutral

MgO clusters.

Compared to the experiments on ionic clusters, the mass

spectrometric investigation of neutral species requires an

additional ionization step. For this, usually UV single photon

ionization is used to avoid excessive fragmentation of the

clusters. However, direct investigation of neutral metal oxides

with such a technique is hampered by the large ionization

energies (IE > 8 eV) typical for oxygen rich metal oxide

clusters, as no ‘simple’ high fluence laser sources are available

with a photon energy above 8 eV.

The technique used in this paper makes direct use of the

rather high IEs of the MgO clusters and does not rely on any

messenger which might perturb the cluster’s structure. A

tunable IR-UV two-color ionization scheme,39 recently used

to obtain far-IR spectra of neutral silicon clusters,40 for

instance, was applied to obtain vibrational spectra of (MgO)n
clusters containing between 3 and 16 MgO units. Thereby, this

study closes the gap between the matrix isolation studies for

very small MgO clusters and the IR-REMPI investigations on

large MgO clusters. The structures of MgO clusters are

assigned by comparison with calculated IR spectra for low

energy isomers located using an ab initio global optimization

employing genetic algorithm. Our approach delivers detailed

insights into the structural evolution of small neutral MgO

clusters and reveals dramatic structural differences between

MgO in the bulk phase and at the nanoscale.

2 Methods

2.1 Experimental method

The experimental setup has been extensively described before,33,41

therefore the focus of this section will be primarily on the

ionization scheme used to record the IR spectra of the neutral

metal oxide clusters. MgO clusters are made by laser ablation

from a target of isotopically enriched 26Mg (99.4%, Oak Ridge

National Laboratory) in a gas pulse of 1% oxygen in helium.

The clusters are cooled to 100 K in a thermalization channel

attached to the source. Expansion into vacuum takes place

and a combination of a skimmer and a flat aperture with an

opening of 1 mm is used to shape the beam. A voltage applied

to the aperture removes all ions from the beam. The remaining

neutral cluster distribution is analyzed with a reflectron time-

of-flight mass spectrometer by using an unfocussed F2 excimer

laser (7.87 eV photon energy) for ionization. Small peaks are

observed at the positions for the one-to-one stoichiometric

magnesium oxide clusters, e.g. MgnOm with n = m, as well

as for systems deviating slightly from this stoichiometry,

e.g. n = m + 2, m � 1, see also Fig. 1. Experimental values

of the ionization energies (IEs) for such systems are not

available. We therefore refer here to the calculated IEs for

the low lying isomers discussed later. For systems with n = m

they are around 8 eV, see the inset in Fig. 1. From this, one

might already expect that these clusters are not very efficiently

ionized at a photon energy of 7.87 eV of the F2 laser. Indeed,

the weak mass spectrometric signals observed confirm the

calculations of the IEs qualitatively. The residual signals can

be assigned to the hot fraction of the thermal cluster distribu-

tion, where the internal energy in combination with the UV

photon energy is sufficient for ionization. The internal energy

distribution for (MgO)9, for example, is shown in Fig. 2, and

was derived with the help of the Beyer–Swinehart algorithm42

by assuming a Boltzmann distribution close to the source

temperature of 100 K. The majority (B40%) of the clusters

are in the vibrational ground state, and only a tiny fraction of

B1% have an internal energy greater than 0.1 eV, and 10�4%

an energy of more than 0.25 eV.

The ionization efficiency usually follows a S-curve behavior

as a function of excitation energy, with a slope depending on

the Franck–Condon overlap between neutral and cationic

structure. A rise in the internal energy of the clusters could

Fig. 1 Time-of-flight mass spectra obtained under different ionization

conditions. Upon irradiation with just 7.87 eV photons, only weak

signals are observed, which significantly increase for stronger bound

systems when IR radiation, resonant with a vibrational transition, is

added. The inset shows the calculated vertical IEs of the low energy

structures obtained from the global optimization (see also ESIw). The
red line indicates the photon energy of the F2 excimer laser (7.87 eV).
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therefore increase the amount of ionizable clusters.43 This can

be used to obtain cluster size specific IR spectra by resonant

excitation with IR light. For this purpose the cluster beam is

overlapped with the focussed IR radiation from the Free

Electron Laser for Infrared eXperiments (FELIX).44 The

molecular and the IR beam are counter-propagating and the

clusters get irradiated before they pass through a 1 mm

aperture in front of the extraction region of the mass spectro-

meter. The IR beam is weakly focussed through the aperture,

such that all clusters passing through it are exposed to the

B7 ms long macropulse of IR radiation. Similar to IR-REMPI

or multiple photon dissociation, during this macropulse, the

clusters can undergo several absorption and internal vibrational

redistribution cycles, which increase the internal energy. As this

resonant excitation takes place a few cm before the extraction

region, and thereby approximately 30 ms before they get ionized
with the additional UV photon, the process is completely

sequential, and direct IR-UV two photon processes do not

play a role.

The increase of the relative amount of ‘hot’ clusters can be

modeled by a simple Monte-Carlo simulation with a fixed

absorption probability. For C60 it has been found before that

such an approach can give quantitatively similar results to a

numerical modeling of the vibrational ladder climbing considering

explicitly also the effects of (cross-) anharmonicities.45 The

internal energy distribution for the average absorption of a

single photon and five photons is shown in Fig. 2 assuming

an absorption probability of p = 0.01 and a photon energy of

500 cm�1 for (MgO)9. The amount of clusters with an internal

energy above 0.25 eV is rising dramatically to 2% for a
%1 photon absorption and to 67% for %5 photon absorption.

The cluster-size specific IR spectra are obtained by recording

on alternating shots mass spectra with (intensity I) and without

FELIX irradiation (I0) and by scanning the IR wavelength.

A resonant absorption typically expresses itself as significant

increase in the ion intensity in the time-of-flight spectrum. An

example is shown in Fig. 1. Upon irradiation at 380 cm�1 the

observed rise in intensity for (MgO)9 amounts to a factor of

three. Fig. 1 shows also the competing process to ionization;

more loosely bound species tend to fragment by the IR radiation

and cannot be detected with the mass spectrometer. The IR

absorption spectrum of such species can be recorded by

monitoring the depletion of the mass spectrometric signal.

Almost all species with MgnOm with n > m show this

behavior, while systems with n = m and m > n can be studied

with the ionization technique. A macropulse energy ofB16 mJ

was used in the whole range, with an approximate beam

diameter of 1 mm at the aperture. Relative absorption spectra

are derived from the relative enhancements of the ion signal by

(I � I0)/I0 normalized by the photon flux.

2.2 Theoretical method

DFT calculations are performed using the TURBOMOLE

program package.46 For the global structure optimizations the

hybrid ab initio genetic algorithm47 is applied along with the

B3-LYP exchange–correlation functional48,49 and triple-zeta

valence plus polarization basis set50–52 for all atoms. To speed

up the DFT calculations we use the multipole accelerated

resolution of an identity (MARI-J) method53 along with the

corresponding TZVP auxiliary basis sets. All minima were

verified by vibrational analysis. Frequency calculations are

performed within the harmonic approximation using analytical

second derivatives. IR spectra are simulated using unscaled

vibrational frequencies and intensities calculated in the harmonic

approximation from analytical derivatives of the dipole moment.

The overall agreement between simulated and observed IR

spectra is very good in the present case. For this reason we did

not attempt to scale the calculated IR frequencies. The spectra

are convoluted using a Gaussian line shape function with a

half-width of 10 cm�1. The effect of zero-point vibrational

energies (ZPVE) on energetic ordering of different isomers was

found to be negligible. Therefore, the here reported relative

energies do not include ZPVE contributions.

3 Results and discussion

Vibrational spectra of (MgO)n clusters have been measured in

the 200–1700 cm�1 region. This covers the range where the

characteristic vibrations of metal oxide clusters are expected,

and also makes it possible to identify molecular dioxygen

species and how they are bound to the cluster. The different

possible dioxygen ligands can be unambiguously identified by

their IR spectra. The physisorbed oxygen molecule absorbs at

around 1550 cm�1, while the superoxo species has a characteristic

vibration at around 1100 cm�1. The peroxo species is more

difficult to assign as its band is around 700–800 cm�1, where

also the stretches of metal–oxygen units are found. For none

of the species considered in this article modes above 1000 cm�1

are seen, which makes the presence of physisorbed dioxygen as

well as the superoxo species unlikely. This is quite different

from the cationic MgO clusters investigated recently.38 There,

some of the measured bands have been assigned to isomers

containing dioxygen species. As no additional structural

information is contained in the range above 1000 cm�1,

the experimental spectra are here only reported for the

200–1000 cm�1 range. The experimental spectra for the

(MgO)n clusters with n = 3–16 together with a comparison

to the results of the calculations are shown in Fig. 3–5. An

overview of all structures can be found in Fig. 7. For most

sizes very distinct IR spectra have been recorded. In several

cases a comparably low number of bands is found, which can be

an indication for rather symmetric structures. For all sizes above

n > 5 a very intense band is observed at around 700 cm�1,

which seems to be saturated and power broadened. For lower

Fig. 2 Distribution of the internal energy for (MgO)9 at 100 K (black

squares) and after an average absorption of 1 and 5 photons at 500 cm�1

shown as red arrows and blue dots, respectively.
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frequencies saturation effects do not seem to play a major role

for the quality of the spectra. The observed bands can be as

narrow as o10 cm�1 full width at half maximum (FWHM).

3.1 The hexagonal tubes—(MgO)3k clusters

The vibrational spectra for clusters with (MgO)3k composition

(k = 1–5) are shown in Fig. 3. Already at the first glance large

similarities between the spectra of different sizes become apparent.

This may indicate a similar building principle for the clusters

based on the (MgO)3 unit. Indeed, previous theoretical studies,

initiated by the observation of magic peaks in the mass spectra,12

predicted for these sizes with n=3� k the presence of hexagonal

tube structures formed by stacking k (MgO)3 hexagons. Also our

global optimization scheme identifies the hexagonal tubes as the

global minima for these sizes. Only for (MgO)3�4 a cage-like

structure is found 1.8 kJ mol�1 lower in energy. The calculated

linear absorption spectra for these low energy structures and the

experimental spectra are compared in Fig. 3.

For all sizes the spectrum of the hexagonal ring or tube

structure shows a very good match to the experimental spectrum.

For the hexagonal ring (MgO)3�1 and the small tubes with

(MgO)3�2 and (MgO)3�3 there is little doubt about the assignment,

as the putative calculated minima also explain finer details of the

measurements, e.g., the weak band for (MgO)3�2 at 240 cm�1.

The spectrum allows a clear assignment to a single isomer,

whereas for its cationic counterpart, (MgO)3�2
+, theory predicts

three low lying isomers with their energetic ordering strongly

depending on the theoretical methods used. None of them, nor a

simple combination, completely explains the very complex

experimental spectrum.38 The structure now assigned for the

neutral cluster was also one of these three low energy isomers

found for the cation. For the next larger size, (MgO)3�4, a cage

with Th symmetry is predicted lower in energy than the tube,

but its spectrum does not fit as well with the experimental

spectrum, which can be fully explained by the tube structure.

Also inclusion of zero point vibrational energy differences

does not alter the order of the two isomers. The energy

difference even slightly increases from 1.8 to 3.2 kJ mol�1.

The predicted IEs for the two isomers are 7.89 eV for the cage

and 7.75 eV for the tube structure. As the IR spectroscopic

technique used here exploits relative enhancements in the

ionization efficiency of the systems, it is more sensitive to the

isomers with the lower IE. Therefore, the additional presence

of the cage isomer cannot be completely ruled out.

For the (MgO)3�5 cluster the hexagonal tube is again the

lowest energy structure and its spectrum nicely fits the experi-

mental data. The next higher isomer, energetically separated

by 60.1 kJ mol�1, is a cage of C3h symmetry. It shows large

similarities with the cage structure calculated as the global

minimum of (MgO)3�4 and can be formed by adding an

additional hexagonal ring to the (MgO)3�4 cage.

Although the IR spectra for all tubes appear to have many

common features, the characteristic vibrations of the tubular

structure like concerted movements of the layers, breathing

modes or even kinks of the whole tube are either not IR active

or show only very low IR intensities. The modes of high IR

intensities observed in the experiment are strongly delocalized

and involve the movements of almost all atoms.

3.2 Small non-tubular MgO clusters

Besides the (MgO)3k clusters adopting the perfect hexagonal

tube structures also the intermediate sizes (n a 3k) turn out to

have interesting structures, most of them strongly deviating

from the bulk. The experimental spectra and the comparison

to the theoretical predictions for these non-tubular clusters

containing up to tenMgO units are shown in Fig. 4. Except for

the smallest size (n = 4), the experimental findings can be

explained by the calculated IR spectrum of a single isomer, the

predicted global minimum.

For (MgO)4 theory identifies a cube with Td symmetry as

the global minimum. From all sizes studied, it is the only one,

which has a bulk-like structure. The cube has four IR active

modes at 328, 532, 566, and 570 cm�1, which are up to triply

degenerate. The two most intense experimental features are

reproduced by this structure, but the bands experimentally

observed at B820 cm�1 and 280 cm�1 cannot be explained by

this isomer. This 280 cm�1 band and also the highest frequency

one might be explained by the 8-membered ring isomer of

D4h symmetry, 64.2 kJ mol�1 above the global minimum.

Fig. 3 Vibrational spectra of (MgO)3k clusters with k= 1–5 (3k= n)

and comparison to calculated linear absorption spectra. 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 and do not include zero point vibrational energy.
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The calculation predicts a vibration at 852 cm�1, which would

partially explain the broad mode at around 820 cm�1. But it

seems to have a finer structure, with sharper features at 817

and 834 cm�1, which might indicate the presence of even more

isomers.

At such frequency also peroxo modes are found and also for

the cations such species were suspected as being additionally

present in the molecular beam. For instance for the (MgO)+4
and (MgO)+7 clusters features at such frequencies were

observed, which could not be assigned to belong to a specific

isomer.38 To understand the dioxygen binding to neutral, but

also cationic clusters, it has been investigated how molecular

oxygen binds to Mg4O2. Surprisingly, superoxo complexes

form instead of peroxo complexes. These superoxo complexes

are high in energy, but may not easily relax to the global

minimum. The spectrum of such a structure is also shown in

Fig. 4. The O–O bond distance is 1.36 Å, quite typical for such

a species. The superoxo mode is found at 1149 cm�1 with a

calculated IR cross section of only 0.19 km mol�1. This is

much weaker than for any other feature observed, which

would explain its absence in the experiment. Besides the

superoxo mode also all other features are comparably weak.

The most intense feature is predicted at 820 cm�1, the position

where the peroxo mode was expected. This position agrees

very well with the first sharper peak in the 820 cm�1 feature.

Also the weaker mode at 336 cm�1 is only 5 cm�1 higher than

in the experiment. A similar complex would also explain the

experimental IR spectrum of the (MgO)+7 cluster, as this

showed absorptions at 780 and 1095 cm�1.

The global minimum structure of (MgO)5 is completely

different from the one of the cationic cluster. There, an open

book-like structure was observed. For the neutral a more

compact structure is found that carries both the cubic as well

as the hexagonal ring motifs. It can either be seen as being

formed by adding a (MgO)2 unit to the (MgO)3 hexagonal

ring, or by adding a MgO bridge to the (MgO)4 cluster.

For the larger sizes the main structural motif is based on the

(MgO)6 cluster. The structure of (MgO)7 is cage-like with C3v

symmetry and seems first to have nothing in common with

most of other structures. However, it can be seen as a (MgO)6
unit, where the hexagons became buckled after adding O and

Mg atoms to the two open ends of the tube. For the larger

sizes, the (MgO)6 cluster motif is more evident. The (MgO)8
cluster, for example, contains two of these units, fused at 901.

Another way to describe the structure is by adding a (MgO)2
unit to the side of the (MgO)6 cluster. The structure of

(MgO)10 is also built up by this principle. Its core is formed

by a (MgO)8 cluster that is capped with a (MgO)2 unit. The

symmetry changes from S4 for (MgO)8 to C2 for (MgO)10.

The identified global minima in the range up to (MgO)8 and

for the tubes up to k = 5 are identical to the predictions for

the alkaline halide system LiF.28,54 For (LiF)4 the barrier

landscape was also calculated and it was predicted that the

cube and the octahedron ring could both be observed in the

experiment.28 It appears that these two isomers are present

also in the case of (MgO)4, but here even a third isomer needs

to be considered.

Also the most extensive calculation on MgO using a genetic

algorithm with a Born–Mayer potential and post-optimization

with DFT20 predicted structures consistent with our findings

for all tubular structures (MgO)3k as well for the other sizes up

to (MgO)7. For (MgO)8 and (MgO)10, however, we identify

quite different structures.

3.3 Large (MgO)n clusters (n> 10)—between imperfect tubes

and cages

Whereas for the perfect hexagonal tubes up to rather large

sizes (n = 15) the quality of the experimental spectra is

sufficient to confirm the presence of the predicted putative

global minima found by the genetic algorithm, this becomes

more difficult for the large non-tubular clusters. The number

of bands in the vibrational spectra seems to increase and leads

to the observation of rather broad absorptions (cf. Fig. 5). At

the same time the potential energy surface for such large

species usually becomes more complicated and many isomers

can lie close in energy. Therefore, also in the experiment

multiple isomers might be observed. In addition, the ionization

energy drops for larger sizes, yielding a significant ionization

probability already for colder clusters. This reduces the relative

amount of the IR induced enhancement of the ionization

efficiency and makes, eventually, the application of our

Fig. 4 Measured and calculated IR spectra of smaller (MgO)n clusters

with n=4, 5, 7, 8, 10. Comparison with theory shows that more cage-like

structures are observed, and that the hexagonal ring is the main building

block in the observed structures.
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spectroscopic technique unfeasible. In particular the (MgO)13
cluster seems to be affected by this problem. The calculated IE

for the identified global minimum is only 7.27 eV, which is

0.6 eV below the photon energy of the ionization laser. This

calculation is confirmed by the high intensity observed in

the time-of-flight mass spectrum, which is almost a factor

of two larger than the neighboring (MgO)12 signal and a

factor of three larger than that of (MgO)14 and, indeed, the

calculated IEs of (MgO)12 and (MgO)14 are clearly higher.

Nevertheless, some small IR induced increase in the ion

intensity is observed, leading to an IR spectrum of relatively

low signal-to-noise level.

The genetic algorithm identifies for (MgO)11 a cage-like

structure of Cs symmetry that shows some similarity with

the (MgO)8 structure. All main features in the experimental

spectrum can be explained by this structure, in particular the

features at about 300, 410, and 540 cm�1. Also the broad band

at 700 cm�1 is reproduced by a multiplet of lines. Another

isomer, which is closer to a tubular structure, is only 24 kJ mol�1

higher in energy. Although the agreement of its spectrum with

the experiment is not bad, the band positions do not fit as well

as for the global minimum. This becomes apparent especially

in the lower frequency part of the spectrum. Also for (MgO)13
a cage structure is identified as the putative global minimum.

Some of the calculated modes are reproduced in the experi-

mental spectrum, but the lower signal-to-noise level precludes

a definite structural assignment. The next higher energy

structures can be seen as somewhat distorted fragments of

the MgO bulk structure. Both are close in energy with 18 and

29 kJ mol�1 above the global minimum. Their spectral features

could explain parts of the measured spectrum. Therefore, the

presence of these additional isomers cannot be completely

ruled out.

The experimental spectrum of (MgO)14 could be explained

by the presence of either of the two lowest energy isomers

(A and B) or a mixture of them, as shown in Fig. 5. Already

the supposed minimum structure A explains most of the

experimental features, in particular in the 250–600 cm�1 range.

All bands have comparable IR intensities and overlap, thereby

forming a very broad absorption band with little structure.

Only in the 600–750 cm�1 range sharper features are seen. The

one at 640 cm�1 could either be explained by the putative

global minimum A, which would also account for a small drop

in the experimental intensity at 600 cm�1, or by the second

lowest structure B, which is 9.3 kJ mol�1 higher in energy.

This isomer might also explain the most intense feature at

700 cm�1, although the calculated IR intensity does not

completely fit. Both isomers show large similarities with the

C1 structure of the (MgO)11 cluster. The third lowest structure,

isomer C, which is 54.7 kJ mol�1 above the ground-state, does

not seem to be observed in the experiment, as the band at

820 cm�1 is missing.

The structure of the global minimum for (MgO)16 assigned

by the genetic algorithm contains the hexagonal tube motif of

(MgO)12 as well as a cubic stack. Even for such a large size

there is still decent agreement found between the calculated

linear absorption spectrum and the experimental spectrum,

although the relative band intensities fit less well. In particular

the features at 490 and 590 cm�1 can be explained by this

structure. The additional presence of the second lowest isomer,

a cage-structure, 55.9 kJ mol�1 above the minimum, cannot

be completely ruled out. The feature at 390 cm�1 and the

high-energy shoulder of the 700 cm�1 band might originate

from this isomer.

Fig. 5 Measured and calculated IR spectra for several isomers of

(MgO)11, (MgO)13, (MgO)14, and (MgO)16.

Fig. 6 Comparison of the IR-REMPI spectrum (grey line) of

(MgO)15 of natural isotopic distribution taken from ref. 31, with the

IR-UV two-color ionization spectrum of (26MgO)15.
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4 Comparison to previous IR-REMPI experiments

For a single size, (MgO)15, the IR-UV two-color ionization

spectrum can be compared to data obtained previously via

IR-REMPI.31 The two experimental spectra are shown in

Fig. 6 and appear rather different, with the IR-REMPI

spectrum lacking any features below 600 cm�1 and showing

a significant shift of B50 cm�1 for the most intense band. The

shift would even slightly increase—the calculation predicts

an additional shift of up to 11 cm�1—considering that the

IR-REMPI spectra have been measured using Mg with the

natural isotopic distribution (24Mg: 79%; 25Mg: 10%; 26Mg: 11%),

while we used 26Mg.

While the current experiments give clear evidence that the

(MgO)15 cluster has a hexagonal tube structure, the strong

similarities between the IR-REMPI spectra of (MgO)15 as well

as of larger clusters and the phonon spectrum of bulk MgO led

to the conclusion that cube like structures were observed. The

lowest energy isomer of (MgO)15 with a cubic sub-structure

identified in our calculations is found to be B70 kJ mol�1

above the tubular ground-state (see ESIw for structure and

vibrational spectrum). At higher temperatures, required for

IR-REMPI, the energetic ordering might change but this has

not been observed in our calculations. Not only the predicted

IR spectrum of that structure, but also those of other cubic

sub-structures do not fit the IR-REMPI spectrum. The differences

in the experimental spectra may be related to the specifics of

the IR-REMPI process. The IR-REMPI spectrum can be

significantly affected by (cross-)anharmonicities, leading,

e.g. to large redshifts and changes in the IR intensities.55,56

Furthermore, the lack of spectral features at lower wavenumbers

is more often observed in IR-REMPI spectra,45 as the

thermionic emission of an electron requires the absorption

of several hundred IR photons, and that cannot be easily

fulfilled in the far IR. In principle, the IR-REMPI spectrum

can be modeled, but this requires knowledge not only of the

linear absorption spectrum but also detailed information on

the anharmonicities.55,56

For larger clusters, the appearance of the cubic motif of the

MgO bulk can be expected and experimental as well as

theoretical evidence for this transition has been found. All

previous experiments on MgO clusters showed a considerable

change in the mass spectral abundance pattern for larger

sizes.12,31 Furthermore, starting from (MgO)21 IR bands close

to frequencies of the perpendicular and parallel bulk phonon

modes have been observed, whereas for the smaller (MgO)15
cluster only a single feature was seen.31 Theory also predicts

the structural change to occur just above the sizes considered

here. For the (MgO)3�6 cluster the cubic motif is predicted to

be energetically favored over the hexagonal tube structure.20

Further experimental and theoretical investigations will be

necessary to locate the size-range where this transition occurs.

5 Conclusions

We have shown that neutral magnesium oxide clusters

containing up to 15 MgO units exhibit structures very different

from the geometry of the simple cubic MgO bulk phase, with

the only exception of (MgO)4. The combination of gas-phase

IR spectroscopy and density functional theory revealed

unambiguously that the hexagonal ring is the fundamental

building block for these MgO clusters. Fig. 7 summarizes the

identified low energy structures.

Hexagonal tubes or rings are formed by clusters of (MgO)3k
composition with k = 1–5, while the intermediate sizes prefer

cage like structures. Also these cages incorporate the hexagonal

ring motif. The structural transition towards the bulk-like cubic

nano-crystals was not observed in the size range considered here.

The cubic (MgO)4 cluster is the only size with a global minimum

structure close to the bulk geometry, however, for this size also

Fig. 7 Low energy structures of (MgO)n clusters with n = 3. . .16.
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higher lying isomers need to be considered to fully explain the

experimental spectrum. For the (MgO)13 cluster, the second and

third lowest energy structures appear like distorted fragments of

the bulk and some evidence for their presence was found, but

also in this case the cage-like global minimum structure largely

explains the experimental spectrum.

The here implemented ionization scheme does not rely on the

formation of a messenger complex, as many photodissociation

experiments do. The IR-UV two-color ionization technique is

generally applicable and can be used to measure cluster-size

specific IR spectra for many other metal oxides, and also pure

metal clusters. In combination with tunable (vacuum) UV

sources, this may make it possible to obtain vibrational spectra

even down to the terahertz regime, as the UV photon energy

can be chosen very close to the ionization threshold.
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