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Neutral aluminum oxide clusters are produced in a molecular beam by laser vaporization in a pulsed-nozzle
cluster source. These clusters are ionized via (multi-) photon absorption from either an ultraviolet excimer laser
or from a far-infrared free electron laser. Ultraviolet (multi-) photon ionization produces sparse mass spectra
with only relatively light aluminum oxide clusters, while infrared ionization produces a smooth distribution
of higher molecular weight ions from the same nascent source distribution. Tuning the IR wavelength,
multiphoton infrared spectra are recorded pointing to the g-Al2O3 structure for a whole series of AlO�(Al2O3)n
clusters, n� 34.

1. Introduction

Since the first gas phase metal clusters were produced, a goal of
their studyhas been themeasurement of their structure and ener-
getics as a functionof size and the comparisonof these properties
to those of the corresponding solidmaterial. Unfortunately, this
goal is difficult to realize. Electronic structure as a function of
cluster size has been probed extensively through ionization
potential measurements,1 photoelectron spectroscopy,2 and
photodissociation spectroscopy on plasmon resonances.3 How-
ever, obtaining information revealing the clusters’ vibrational or
geometric structure is much more difficult.
The fingerprint of a clusters’ structure is hidden in its vibra-

tional spectrum. Vibrational spectroscopy has been limited by
the unavailability of tunable lasers in the required infrared
wavelength region. Until recently, there has also been no tech-
nique sensitive and selective enough to measure vibrational
spectra for specific clusters formed at low density in a distribu-
tion of sizes.
We have recently developed a technique called infrared

resonance-enhanced multiphoton ionization (IR-REMPI)
spectroscopy,4,5 making use of the unique properties of a
tunable free-electron laser.6 It has been shown that this techni-
que can provide size-specific vibrational spectroscopy for
fullerenes 4,5 and for metal-containing clusters.5,7–10

In this report, we are exploring the application of IR-
REMPI spectroscopy to the study of gas phase aluminum
oxide clusters up to ca. 350 atoms in order to directly compare
their vibrational features to those of the corresponding bulk
material.

A. Background on crystal structures of alumina

Solid Al2O3 is a well-studied material with numerous applica-
tions. Under normal pressures and temperatures bulk alumi-
num oxide is crystallized as a-Al2O3 , better known as
corundum. It is an insulator with a bandgap near 9 eV, which
lowers to 7–8 eV at the surface.11 It has a melting point around
2052 �C. Strong ionic bonding stabilizes the system which has
an enthalpy of formation of �256 kJ mol�1 at 298 K.

Besides the thermodynamically most stable a-Al2O3 , many
metastable Al2O3 polymorphs, also known as transition alumi-
nas, exist.12 They can be divided into two broad categories:
a face-centered cubic (fcc) or a hexagonal close-packed (hcp)
arrangement of oxygen anions in the crystal. g-Al2O3 , y-
Al2O3 (monoclinic), and Z-Al2O3 (cubic) are examples of the
former whereas a-Al2O3 (trigonal) and k-Al2O3 (orthorhom-
bic) are examples of the latter. It is the distribution of the
aluminum cations within each subgroup that results in the
different polymorphs.
Small transition alumina particles have many applications

in industry as adsorbents, coatings, and catalysts, because of
their high surface area and catalytic activity. In order to
manipulate their production and to understand the material’s
behavior when they undergo heat treatments, fundamental
understanding is required about polymorphic phase transfor-
mations in the alumina crystal. This is for instance of major
importance for the sintering of nanosized Al2O3 powders,
which are usually g-Al2O3 but transform during sintering to
a-Al2O3 .

12 Both the sintering and the graingrowth behavior
are strongly related to this phase transformation.
Whereas the structure of a-Al2O3 is well-known13 (for

instance by X-ray analysis), that of g-Al2O3 is still the subject
of much debate. Several studies have been documented, both
experimental (X-ray photoelectron spectroscopy,14) and theo-
retical.15,16 It is commonly accepted that g-Al2O3 has a defec-
tive spinel structure with a regular ABCABC packing of the
oxygen anions and with tetrahedrally and octahedrally coordi-
nated aluminum cations in-between. There is however dis-
agreement on how the 8/3 aluminum vacancies per unit-cell
are distributed over the tetrahedral and octahedral sites, and
this seems rather random (see Fig. 1). Because of this, the
entropy of g-Al2O3 is larger than that of a-Al2O3 by 5.7 J
K�1 mol�1.17

It is commonly assumed that metastable structures like g-
Al2O3 and y-Al2O3 are adopted in order to lower the total
energy of the material through a decrease in surface energy.
Studies on nanocrystalline aluminas confirm that differences
in surface energy can favor the formation of a particular
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polymorph. More explicitly, it has been shown that nanocrys-
talline g-Al2O3 can become thermodynamically stable at room
temperature and atmospheric pressures at already relatively
low limits of surface area per gram.17

The transformation of a-Al2O3 into g-Al2O3 and vice versa
has been investigated thoroughly. Although this led to a better
understanding and appreciation of the complexity of the
process, many open questions remain. Electron diffraction
studies 12,18 have been carried out for many different polymorphs,
but reflections occur mainly from the oxygen subcell, leaving it
unclear which exact polymorph in the fcc and hcp classes
of nanocrystalline aluminas plays a role in the transitions.
It is not clear whether the g!a transition is a direct or
an indirect (via other polymorphs) process. A model for
the g!a phase transformation, however, has been devel-
oped,19 describing the rearrangement of stacking the oxygen
ions in the lattice from fcc to hcp, thereby forcing some
aluminum cations to change from their octahedral site to a
tetrahedral position.
In the search for structural information of solid state alumi-

num oxide, the vibrational properties of thin Al2O3 films have
been studied by several groups.20–22 Thin alumina films with a
thickness of several Å (probably two Al–O layers) have been
grown via oxidation of NiAl (110). Infrared spectra of these
films exhibit clear and distinct features caused by lattice vibra-
tions, which indicate a g-Al2O3 crystalline structure. This is yet
another example that a-Al2O3 is not the thermodynamically
most stable phase when the dimensions of the alumina material
are on the nanoscale.

B. Gas phase studies

Only a limited number of studies on gas phase aluminum oxide
clusters have been published. Most of these studies focus on
clusters containing only a small number of aluminum and oxy-
gen atoms. Lai-Sheng Wang and co-workers measured photo-
electron spectra of gas phase AlxOy

�(x ¼ 1� 2, y ¼ 1� 5)
clusters.23 Ground and excited electronic states were revealed
and assigned, and for all the Al2Oy

�(y ¼ 2� 5) species the
photoelectron spectrum was vibrationally resolved and ana-
lyzed. In addition, calculations were carried out at MP2 and
HF levels of theory. Ortiz and co-workers extended the theo-
retical analysis by performing density functional (B3LYP)
calculations, thereby being able to determine the gas phase
geometry for some of these systems.24

Scott and co-workers studied hydration reactions of small
aluminum oxide anion clusters25 and compared these to calcu-
lations using the HF, B3LYP, and MP2 levels of theory.
Andrews et al. obtained infrared spectra for aluminum oxide
clusters embedded in an argon matrix.26 Sharp absorptions

were monitored belonging to several small aluminum oxide
compounds. Bach and McElvany recorded ionization poten-
tials of aluminum oxide molecules containing up to eight
atoms by charge-transfer bracketing measurements in a FT-
ICR mass spectrometer.27

The method used in the present experiments exploits the abil-
ity of strongly bound clusters to exhibit so-called ‘‘ thermionic
emission’’ of electrons following infrared multiphoton laser
excitation.4,5,7–9 Ionization in these clusters is competitive with
other photoinduced processes such as dissociation because of
their strong bonding and relatively low ionization potentials.
Thermionic emission at fixed laser wavelengths has been
observed for metal clusters,28 fullerenes29 and metal carbide
clusters.30 Here, infrared resonance enhanced multi photon
ionization (IR-REMPI) is obtained with a high fluence free
electron laser in the infrared and far-IR wavelength region.31

It is based on the observation that thermionic emission is
enhanced when the laser is resonant with an IR active vibra-
tional mode. IR-REMPI was first described as a spectroscopic
tool for gas phase clusters in the study of C60 .

4 In later work,
this method has been employed to study clusters produced in
pulsed molecular beams by laser vaporization. Transition metal
carbides and oxides have been studied to date with this
method.7,8,10 We have recently extended this work to include
main group metal oxides.9 In the present work, vibrational
spectra for comparatively large Al2O3 clusters are discussed.

II. Experimental

Aluminum oxide clusters are produced in a molecular beam by
laser vaporization from an aluminum rod in a pulsed nozzle
source. The cluster source and the molecular beam machine
for these experiments have been described previously.7 Mate-
rial from a rotating sample rod (Al, 99.999%) is vaporized with
the focused output of a Nd :YAG laser (532 nm) in an expan-
sion of argon seeded with 1–5% oxygen. The source employs a
short-pulse gas valve (R. Jordan Co.) and a so-called waiting
room section to enhance cluster formation. The cluster beam
passes through a skimmer and enters a differentially pumped
detection chamber, where it can be interrogated using a reflec-
tron time-of-flight mass spectrometer (R. Jordan Co.). Cluster
ions emitted directly from the source can be removed using
deflection plates located upstream from the mass spectrometer.
Neutral clusters are sampled after multiphoton ionization at
KrF (248 nm) or at ArF (193 nm) excimer laser wavelengths
or after IR-REMPI with a tunable far-infrared free electron
laser.
Infrared multiphoton ionization is accomplished with the

free electron laser for infrared experiments (FELIX).6 The
laser output comes in macropulses of 5 ms width at a repetition
rate of 5 Hz. Each macropulse contains a series of 0.3–5 ps
duration micropulses at a repetition rate of 1 GHz. A macro-
pulse can contain up to 100 mJ of energy and the bandwidth is
transform limited, ranging from 0.5% to several % FWHM. In
the experiments reported here, a laser bandwidth of ca. 1% is
used. The tuning range is 5–250 mm (40–2000 cm�1), although
only the region from 5–25 mm is used in the present experi-
ments. The IR beam is focused on the molecular beam and
fires at a time to intersect the molecular beam in the time-of-
flight source. A variable time delay after the IR laser pulse
(typically 1–5 ms) is employed to allow ions formed via ther-
mionic electron emission to accumulate. Then, the TOF accel-
eration plates are pulsed to high voltage to extract cations
from the molecular beam into the TOF mass spectrometer.
The ion signal is recorded with a digital oscilloscope (Yoko-
gawa DL 4200) interfaced to a laboratory PC. Full TOF mass
spectra are recorded at each FELIX laser wavelength while the
laser is scanned. Subsequent data analysis can extract the
wavelength dependence of any cluster mass (the IR-REMPI
spectrum) or the mass spectrum at any wavelength.

Fig. 1 Model for the spinel structure of g-Al2O3 with all the tetra-
hedral and octahedral cationic sites filled by Al atoms for clarity.
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III. Results and discussion

Fig. 2 shows four mass spectra of cationic aluminum oxide
clusters. The source conditions are kept the same throughout
these measurements. Trace A is taken without any ionization
laser at all, and represents cations emitted directly from the
source. Most of the observed cluster ions can be identified as
clustering of Al2O3 units in the stoichiometry AlO�(Al2O3)n ;
the index number n is given above the peaks in Fig. 2. Here,
n ranges from 5 to beyond 40 with all n in-between clearly pre-
sent. The distribution is overall rather smooth with the only
remarkable feature a sudden decrease after n ¼ 15. The series
of peaks in-between the n-units stem from aluminum- and/or
oxygen-deficient structures.
In order to investigate the neutral species in the beam, a

strong electric field (1 kV cm�1) is used to eject the charged
species 5 cm upstream from the laser-ionization region. Trace
B is obtained when the molecular beam is then intersected with
193 nm (ArF) excimer laser photons (6.4 eV, 2–3 mJ cm�2).
The distribution of detected clusters is significantly different
compared to trace A. This mass spectrum is dominated by
the n ¼ 15 cluster, accompanied by some smaller clusters
around it. Changing the ionization laser to 248 nm KrF opera-
tion (5.0 eV, ca. 10 mJ cm�2) leads to a similar, however some-
what cleaner, mass spectrum, leaving essentially three masses
at n ¼ 15, 23, and 25 (trace C). Applying the IR light from
FELIX at 11.0 mm instead of the UV light from the excimer
laser yields the mass spectrum shown in trace D. Now, a wide
range of AlO�(Al2O3)n clusters is detected in the mass spec-
trum. Aluminum oxide clusters are observed from n ¼ 11 to
n ¼ 71 with some peaks more prominent than others.
In all traces predominantly or solely the AlO�(Al2O3)n stoi-

chiometries are detected. Ions produced directly in the source
show other stoichiometries as well, but the intensity profile
of this mass spectrum also clearly suggests a relatively high
stability for the [AlO�(Al2O3)n]

+ species.
For mass spectra obtained using photoionization, ionization

energetics play an additional role. The diatom AlO has an
ionization potential (IP) of around 9.5 eV32 whereas the IP
of Al2O3 is 8.9 eV27 and the energy required to remove an

electron from bulk aluminum oxide is beyond 9 eV.33 Other
aluminum oxide IP’s are 8.35 eV (Al2O), 8.9 eV (Al2O2), and
6.85 eV (Al2O4).

27 The fact that other stoichiometries with
similar IP’s of the constituents are not observed in the
photo-ionized spectra can be explained in several ways. One
possibility is that the cluster source does not produce neutral
clusters with these alternative stoichiometries. This is unlikely
since the source does produce them as ions (see trace A) and
there is no obvious reason why they would not be present as
neutrals. Another possibility is that these clusters are signifi-
cantly less stable. Then, fragmentation in addition to ioniza-
tion can occur leading to cleaner mass spectra only showing
the more stable AlO�(Al2O3)n clusters.
Clearly, one cannot regard the AlO�(Al2O3)n clusters as a

group of Al2O3 units and one extra Al–O unit somewhere in
the cluster. Instead, the clusters are likely to have an integrated
‘‘ lattice-like ’’ structure, represented by the stoichiometries
mentioned before. Taking into account the oxidation states
in the bulk ionic crystal (+3 for aluminum atoms and �2 for
oxygen atoms) the cationic [AlO�(Al2O3)n]

+ is an electronically
closed shell system for n > 0. Therefore it is likely that the neu-
tral AlO�(Al2O3)n clusters have a lower IP than other (Al2O3)n
based stoichiometries. This then explains their dominance in
all of the observed mass spectra.
As shown by the mass spectra of the ‘‘direct ’’ ions from the

source (A) and of the IR photoionized neutrals (D) the source
produces a whole series of cationic and neutral AlO�(Al2O3)n
clusters. Changing to UV ionization (B and C), the recorded
mass spectra change dramatically, probably due to (multiple)
fragmentation in addition to ionization. Both UV laser ionized
mass spectra are very similar, with the only difference that the
slightly higher fluence for KrF relative to ArF leads to a more
severe fragmentation of the clusters to yield the most stable
structures. The high abundance of particularly the n ¼ 15
cluster suggests a geometrically closed-shell structure for this
species.
The clusters observed in trace D have all absorbed many IR

photons, which has been described and modeled previously,31

followed by thermionic electron emission. Fragmentation is
expected to be negligible with the IR fluence applied here.7

Fig. 2 Mass spectra of gas phase aluminum oxide clusters, photoionized with different photons under otherwise identical experimental conditions.
The index number represents the number n in AlO�(Al2O3)n .
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This is consistent with the observed mass spectrum, which
shows a very broad distribution of aluminum oxide clusters,
comparable to the distribution of source ions in trace A. How-
ever, the center of the distribution has shifted from n ¼ 15 to
roughly n ¼ 34. In the thermionic emission process the effi-
ciency increases when the ionization potential (IP) decreases.
In general, the IP is smaller for larger clusters with the same
geometry, which might explain the bias towards larger species
in trace D. The envelope of the mass spectrum in this trace is
smooth and slightly oscillating, peaking at irregular intervals,
probably indicative of geometric or electronic stability.
The IR induced thermionic emission process is highly wave-

length dependent. In order to excite the clusters to high inter-
nal energies, the light needs to be in resonance with an IR
active vibration. Evidently, IR radiation at 11.0 mm is in reso-
nance with such vibrations leading to the mass spectrum
shown in Fig. 2D. To investigate the wavelength dependence
of the thermionic emission process, FELIX is scanned over a
broad range (5–25 mm). Monitoring the ion yield of each mass
as a function of the wavelength results in the infrared spectrum
of the corresponding cluster.
The infrared spectra are shown in Fig. 3 in the range from 9

to 20 micron. Outside of this region, no ion signal is observed
for any of the species. For clusters with n ¼ 15, the IR spec-
trum shows a resonance at 11.0 mm, although it is fairly weak.
For larger clusters, a second resonance around 16.0 mm
appears, as seen in the spectra for n ¼ 25, 28 and 34. Both
the resonances at 11.0 and 16.0 micron do not shift signifi-
cantly with size. At n ¼ 34, the valley between the two reso-
nances slowly begins to disappear. For n ¼ 53 and 62 the
spectra then evolve into a single broad band from 11 to 17
micron. Because all of the observed clusters in Fig. 2D exhibit
a similar response to the IR radiation, only the spectra of the
selected clusters are displayed to show the trend.
Since the IR-REMPI technique relies on a highly non-linear

multiple-photon absorption process, the observed relative
intensities are not necessarily a correct measure for the relative

oscillator strengths of the modes. For n ¼ 15, the IR-REMPI
signal is weak and only a mode at 11.0 mm is observed. As we
observe the 16.0 mm mode for n ¼ 25 and 28 it cannot be
excluded that the 16.0 mm mode is present for n ¼ 15 as well
but that it is too weak to be detected there. For n ¼ 25, 28,
and 34, the infrared spectra are rather similar, independent
of their size. Although rather surprising, this has been
observed for other families of metal carbide and oxide clusters
as well.9,34 For the heavier aluminum oxide clusters, the IR-
REMPI signals become weaker again. However, the infrared
spectra for n ¼ 53 and 62 display a different behavior than
for n ¼ 15; the appearance of a broad, unstructured absorp-
tion feature could indicate a structurally different cluster.
It should be noted that this evolution to a broad band can

depend on the source conditions. Adjusting experimental para-
meters such as ablation laser intensity, backing pressure of the
pulsed valve, and timing can delay or accelerate this phenom-
enon in terms of cluster size. Details as well as other aspects
such as the astrophysical relevance of these oxide clusters will
be discussed elsewhere.35

Unfortunately, no other gas phase spectroscopic measure-
ments have been carried out in this wavelength region for
any of these aluminum oxide clusters nor do theoretical calcu-
lations exist, which could provide insight into the nature of
the vibrational modes observed. It has been shown before that
vibrations of gas phase clusters can match those of solid state
samples very well.10 However, as mentioned in the introduc-
tion, IR studies have been carried out for the single Al2O3

molecule 23,26 as well as on ultrathin solid state samples 21,22

to which the data obtained here can be compared. In addition,
one can derive the infrared response of small Al2O3 particles
using the Mie theory36 based on the known optical constants.37

Fig. 4 shows five traces, of which trace A and D are the IR-
REMPI spectra for the n ¼ 28 and the n ¼ 53 cluster, respec-
tively, copied from Fig. 3. Trace C and E are spectra derived
from the optical constants of bulk aluminum oxide for
spherical particles in the Rayleigh limit (i.e. small compared
to the wavelength), via a method described by Bohren and
Huffman.36 Trace C represents the spectrum of solid crystalline

Fig. 3 Infrared resonance enhanced multi-photon ionization (IR-
REMPI) spectra of several neutral aluminum oxide clusters. The index
number represents the number n in AlO�(Al2O3)n .

Fig. 4 Comparison of gas phase vibrational spectra for n ¼ 28 (A)
and for n ¼ 53 (D) to known IR absorption spectra in several different
bulk aluminum oxide lattices (B ¼ g-Al2O3 ;C ¼ a-Al2O3 ; E ¼
amorphous Al2O3).

2518 Phys. Chem. Chem. Phys., 2003, 5, 2515–2519
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a-Al2O3 , whereas trace E describes the IR properties of amor-
phous aluminum oxide. Trace B is taken from an ultrathin
(roughly 2 Al–O layers) solid state g-Al2O3 film grown on a
NiAl (110) surface, as reported by Freund and co-workers.21

The optical constants of bulk g-Al2O3 are yet to be determined.
An IR active molecular vibration of Al2O3 is observed at 11.8

micron,23 compatible with all of the observed spectra. When
comparing the IR-REMPI spectrum of small (around n ¼ 15)
AlO�(Al2O3)n clusters (trace A) to IR spectra based on bulk
optical constants (trace C and E) or ultrathin material
(g-Al2O3 , trace B), it is clear that the best match is with that
of g-Al2O3 . The overall agreement between the two spectra is
quite remarkable. The gas phase spectrum in trace A is clearly
different from that of crystalline a-Al2O3 (trace C). The number
of modes agrees, however there is a considerable shift in position.
The larger AlO�(Al2O3)n clusters (n > 34) exhibit different

spectra than the smaller ones. Their spectra (trace D) are more
similar to spectra of amorphous Al2O3 . This is supported by
the observation of a spectrum similar to trace D and E in alu-
mina coated boron nitride particles,38 where TEM images
revealed the amorphous structure of the alumina.

IV. Conclusion

Gas phase aluminum oxide clusters are produced and analyzed
in a molecular beam spectrometer. Mass spectra of ions created
by the cluster source, UV ionized neutral clusters, or IR ionized
neutral clusters all show that they grow by the addition of
Al2O3 units. In addition to ionization, UV irradiation causes
significant fragmentation. Worth mentioning in this respect is
the large abundance of the AlO�(Al2O3)15 cluster ion in the
mass spectra, suggesting a stable structure with a geometric
and/or electronic closed-shell configuration for this species.
Making use of the infrared laser facility ‘‘FELIX’’, infrared

spectra are obtained for a whole series of AlO�(Al2O3)n clusters
with n ranging from 11 to 71. All of these spectra have similar
features that gradually change when going to larger clusters.
For clusters up to n ¼ 34, two peaks are observed at 11.0 and
16.0 mm. Comparing this to known IR features of different solid
state aluminum oxide lattices clearly identifies these gas phase
clusters to have a structure similar to g-Al2O3 instead of a-
Al2O3 , which is the thermodynamically stable form of the bulk
at normal pressures and temperatures. Since these two poly-
morphs belong to different arrangements of the oxygen anions
in the lattice (g-Al2O3 is fcc while a-Al2O3 is hcp), chemical and
physical properties such as the vibrational spectrum are rather
different, allowing us to distinguish between these. However,
transition aluminas in the same fcc or hcp category are much
more difficult to distinguish. y-Al2O3 , for instance, is structu-
rally very close to g-Al2O3 . They are both monoclinic crystals,
and have virtually the same bond angles and bond lengths.20

The only difference is the statistical occupation of the octahe-
dral and tetrahedral vacancies in the lattice. Therefore, the
experimental data presented here cannot discriminate between
these different polymorphs in the same category.
Aluminum oxide clusters larger than n ¼ 34 exhibit one

broad band between 11 and 17 micron. Among other possibi-
lities this could be caused by the build-up of amorphous alumi-
num oxide clusters, which is supported by the resemblance
of the spectra for these clusters to the IR response of bulk
amorphous Al2O3 .
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