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Abstract. We report thermodynamic properties of small aluminium oxide clusters of mixed stoichiometric
ratio AlxOy (x, y = 1−4). The rigid rotator-harmonic oscillator approximation is used to calculate the
partition function as it is generally applied in thermodynamic studies of polyatomic molecules. The molec-
ular data used to set up the partition functions were computed by density functional techniques employing
the BP86 gradient corrected exchange correlation functional. Thereby, the results of three species viz.
AlO4, Al4O2, and Al4O3 previously not reported in the literature are included in this study. Equilibrium
geometric parameters, energies, selected harmonic vibrational wave numbers of energetically low–lying
stationary points are presented along with corresponding absorption coefficients. The resulting thermody-
namic functions of aluminium oxides are consistent with the JANAF thermochemical data compilation.
These functions are used to determine the temperature dependent chemical equilibrium partial pressure
distributions for different aluminium to oxygen ratios.

PACS. 33.15.-e Properties of molecules – 82.60.-s Chemical thermodynamics

1 Introduction

Thermodynamic data are required for many investigations
as, for example, the study of gas phase chemistry or mod-
elling processes in stellar atmospheres. Unfortunately for
many relevant molecules this information is still unavail-
able. Theoretical computation is therefore often the only
means to obtain at least some estimates of the desired
quantities.

First candidates to play an important role in dust con-
densation processes from the gas phase in oxygen–rich as-
trophysical environments are inorganic materials such as
the oxides of those chemical elements showing sufficient
abundances and a bulk phase which is usually charac-
terised by elevated melting points and hence high ener-
getic stability (e.g. Gail and Sedlmayr [1]). Among other
oxygen bearing compounds aluminium oxides are possible
candidates that could be involved in such processes [2–5];
but merely data for the smallest cluster sizes (x, y = 1−2)
are available [6]. The availability of adequate thermo-
chemical data for AlxOy species in the gas phase is not
only needed for astrophysical applications but also, for
example, for the study of evaporation processes in Al–O–
systems [7–9] important to ceramic and material sciences.

There is extensive literature on small AlxOy (x, y ≤ 3)
systems as well as on Al4O, Al2O4, Al3O4, and Al4O4 re-
porting theoretical electronic structure investigations at
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various different levels of theory [10–28]. In this con-
tribution, the nature and physical properties of all alu-
minium oxide clusters of mixed stoichiometric ratio up to
the tetramer of the AlO molecule have been studied the-
oretically employing computational electronic structure
density functional techniques. Thereby, we additionally
present the results of three species hitherto not reported
in the literature viz. AlO4, Al4O2, and Al4O3. In the fol-
lowing the molecular data of all these theoretical investi-
gations are used to derive the thermodynamic functions
for these AlxOy molecules in the gas phase adhering rig-
orously to the JANAF reference system [6]. The prop-
erties, thus obtained, are necessary prerequisites for the
study of phase transitions in oxygen–rich (astro–)physical
environments.

2 Computational remarks

2.1 DFT calculations

All aluminium oxide clusters were treated within a density
functional approach by full optimisation and characterisa-
tion of the stationary points at the DFT/BP86 [29–31]
level of theory in various spin states in conjunction
with the standard medium sized all–electron split va-
lence 6–31G(d) basis set [32]. In view of a consistent level
of description for all AlxOy clusters for even much larger
cluster sizes this level of approximation is a reasonable
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compromise between computational effort and desired ac-
curacy with regard to atomisation energies as demon-
strated by the comparative study of different computa-
tional approaches for the electronic structure properties of
the Al4O4 molecular system [28]. Thus, the ultimate in-
tention of this study was not to perform calculations at the
most elaborate level of theory available, which for systems
of relatively small sizes are still feasible. The wavenum-
bers ν̃ of the vibrations are computed in the harmonic
approximation, from which the zero point vibrational en-
ergies Ezp can be calculated. Additionally the integrated
absorption coefficients Ak for strictly harmonic motion
are obtained from the corresponding normal coordinate
of the kth vibrational mode and the electric dipole mo-
ment. The atomisation energies Dat are calculated form
the determined total electronic energies Etot of the cluster
and the separated atoms in their electronic ground states.
All DFT computations were performed with help of the
GAUSSIAN system of programs [33].

2.2 Thermochemistry

In order to obtain the thermodynamic functions of
AlxOy clusters that are consistent with the JANAF data
compilation we used the JANAF thermochemical refer-
ence system for an ideal gas at standard pressure p◦ =
1 bar and reference temperature T0 = 298.15 K (see
Chase [6] for details). All values were calculated using a
consistent set of auxiliary data taken from the JANAF
tables [6]. In this way the calculated heats of formation
at T = 0 K, ∆fH◦(0), were obtained from the theoretical
atomisation enthalpies ∆atH in conjunction with the stan-
dard experimental ∆fH◦(0) values for the neutral atoms.

The rigid rotator-harmonic oscillator (RRHO) approx-
imation is used to set up the partition function as it
is generally applied in thermodynamic studies of poly-
atomic molecules. From the partition function the ther-
modynamic functions like the entropy S◦(T ), the stan-
dard enthalpy of formation ∆fH◦(T ), the Gibbs energy of
formation ∆fG◦(T ), and the heat capacities C◦

p(T ) can
easily be calculated by standard statistics as described by
e.g. Hill [34].

3 Results and discussion

3.1 DFT results

Each aluminium oxide cluster system AlxOy so far con-
sidered discloses an amazingly rich structural diversity
of energetically low–lying, highly stable isomers as well
as charge and spin states. In particular the species
with x, y ≤ 2, the atomisation energies D0 of which are
known experimentally [6] serve as a means to assess the
quality of the employed approach. The most stable config-
uration of all discussed AlxOy clusters1 computed by this

1 Note, that the linear singlet Al2O3 isomer being of compa-
rable stability [27] is not discussed in the following.
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Fig. 1. DFT/BP86/6–31G(d) geometries of the energetically
lowest aluminium oxide isomers. Point groups and electronic
states are also indicated.

DFT approach are depicted in Figure 1. The correspond-
ing electronic states and point groups are also indicated.

The cluster structures seem to be preferably planar.
If permitted by the given ratio (x/y), aluminium atoms
tend to have at most three nearest neighbours, preferably
oxygen. Oxygen atoms on the other hand have at most
two nearest neighbours, preferably aluminium. Therefore,
the geometrical arrangements are mainly planar patterns
of alternating Al and O atoms. Most conspicuous in many
configurations is a recurring pattern of a rhombic (AlO)2
unit.

A first exception to this behaviour is the molecular
system Al3O4. The energetically lowest structure has a
three–dimensional pyramidal (C3v) geometry with a per-
fectly threefold coordinated oxygen atom at the top. The
isomer having the expected planar geometric arrangement
represents a stable energetic configuration as well, but
its binding energy is by about 1.4 eV smaller (see also
Martinez et al. [26]2).

Because of the unanticipated geometry of the energet-
ically lowest Al3O4 isomer, a more particularised study
of this structure seemed to be justified. It is interesting
to note that according to our studies the energetic or-
der of these two configurations can be equally established
at various other levels of theory (e.g. MP2/6–31G(d),
QCISD/6–31G(d)), but it is inverted upon the orthodox

2 The planar arrangement involving the rhombic
(AlO)2–unit is indeed the ground state structure of the
negative ion Al3O

−
4 [26].
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Fig. 2. DFT/BP86/6–31G(d) cohesive energies.

Hartree Fock (HF) and also a restricted multiconfigura-
tional CASSCF approach. This clearly indicates that a
sufficiently correlated level of theory is coercively neces-
sary to adequately treat these kind of molecular species.

The binding energy per atom, the cohesive en-
ergy Ecoh, of the aluminium–oxygen clusters AlxOy

(x, y = 1−4) depicted in Figure 1 resulting from the
DFT/BP86/6–31G(d) calculations is graphically shown in
Figure 2. The energetically most stable species tend to lie
along the diagonal (x = y) or in close vicinity to it. The
binding energy per atom Ecoh increases in this direction.
Systems which have an excess of oxygen (y > x) are ob-
viously more favourable than those with more aluminium
atoms (y < x).

All IR active lines of these small aluminium ox-
ide clusters are distributed within the interval of
(150–1050 cm−1); many of them are located at the upper
end around 1000 cm−1, where several spectral lines have
been experimentally observed [35]. The most prominent
feature lies at 1012 cm−1 (Al4O4) [28].

In order to assess the quality of the employed com-
putational approach the relevant molecular properties of
species with x, y ≤ 2 computed at the DFT/BP86/6–
31G(d) level of theory are compared with known exper-
imental data and recent theoretical results as illustrated
by Figure 3. Except for the diatomic molecule our find-
ings agree remarkably with those data and even the results
obtained for AlO are in reasonable agreement with the ex-
perimental values ([36]). The DFT/BP86/6–31G(d) atom-
isation energies of the larger molecules and the JANAF
data match within the error bars given in Chase [6]. Only
Al2O shows a somewhat larger deviation of 0.05 eV. The
Al–O bond lengths exhibit an average deviation from the
values adopted in the thermochemical tables of 0.8%.
The comparison between the DFT/BP86/6–31G(d) vibra-
tional frequencies and the roughly estimated values given

Fig. 3. Comparison of AlO (triangles), Al2O (squares),
AlO2 (pentagons), Al2O2 (hexagons) DFT/BP86/6–31G(d)
properties with corresponding data used in Chase [6] (unfilled
symbols). In addition, the DFT frequencies are compared with
other experimental values (filled symbols) taken from [37–40].
The crosses mark the analogous comparison with recent theo-
retical results (Ref. [21] – (black), Ref. [20] – (grey)).

in Chase [6] reveals noticeable discrepancies. However, our
results are in rather good agreement with other experi-
mental data [37–40].

A comparison of our findings with two of the most
recent theoretical contributions (cf. Fig. 3) shows that
the average deviation of the BP86/6–31G(d) energies
and those obtained by the more expensive CBS–QB3 ap-
proach [21] is about 0.4 eV3, whereas their Al–O bond
distances are systematically smaller by ∼0.022 Å. The
DFT rotational constants resulting from two different
functionals (BP86, B3LYP) are in very good agreement,
which is, in principle, equally true for the frequencies ex-
cept for the largest AlO2 vibration4. However, Swihart
et al. [20] had to artificially scale their B3LYP values.

Table 1 summarises and compares the energies of
atomisation of the energetically lowest isomers of those
small AlxOy species that have been already reported in the
literature and for which no experimental results are avail-
able. It is obvious that the DFT/BP86/6–31G(d) level of
approximation is again well in line with those approaches
employing more elaborate techniques and/or very large

3 Note, that the comparison of the theoretical energies does
not involve zero point energies due to the lack of data given
in [21].

4 We also observed the spin contamination effect mentioned
by [20] for the AlO2 singlet. But in addition, we detected an-
other minimum on this singlet potential energy surface (PES),
1.06 eV higher in energy, which has also a linear configuration
with a shorter Al–O bond length (0.037 Å) but without show-
ing any spin contamination. The nature of the very complex
PES of the AlO2 system is discussed by [19].
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Table 1. Comparison of DFT/BP86/6–31G(d) atomisation
energies of Al3O, AlO3, Al2O3, Al3O2, Al3O3, Al2O4, Al4O,
Al3O4 with former results 1: this work, 2: reference [21], 3: ref-
erences [17,18].

〈Ŝ2〉 Dat[eV] Dat[eV] Dat[eV]
BP86 BP86 CBS–QB32 CCSD(T)

6–31G(d)1 6–31G(d)1 6–31G(d)3

Al3O 0.76 12.00 11.24a 11.14
AlO3 0.75 13.32 12.81
Al2O3 2.00 20.08 20.43
Al3O2 0.75 19.36 20.09 18.90
Al3O3 0.75 26.01 26.94 25.22
Al2O4 2.01 24.56 25.04 23.01b

Al4O 0.00 14.19 13.23a

Al3O4 0.76 31.61 30.49c

a PMP4(SDTQ)/6–311G* values [12].
b CCSDT/6-311G** value [15].
c B3LYP/6-311+G(2d) value [26].

Table 2. DFT/BP86/6-31G(d) equilibrium geometric pa-
rameters of Al3O, AlO3, Al2O3, Al3O2, Al3O3, Al2O4,
Al4O, Al3O4. The geometric meaning of the interatomic dis-
tances rij/Å, angles αijk/deg, and dihedral angles δijkl/deg
can be inferred from Figure 1.

Al3O r12 = 1.977 r23 = 1.854
α324 = 166.4

AlO3 r12 = 1.623 r23 = 1.881
α324 = 43.6

Al2O3 r12 = 1.750 r24 = 1.764 r45 = 1.788
α354 = 92.9 α324 = 94.6

Al3O2 r12 = 1.730 r23 = 1.733
α123 = 172.6 α234 = 122.0

Al3O3 r12 = 1.736 r23 = 1.705 r34 = 1.772
r46 = 1.784
α123 = 180.0 α465 = 93.7 α435 = 94.5

Al2O4 r12 = 1.763 r24 = 1.771
α324 = 94.1

Al4O r12 = 2.797 r15 = 1.978
α123 = 90.0

Al3O4 r12 = 2.497 r14 = 1.782 r17 = 1.897
δ1235 = 149.6

basis sets. This equally applies to the geometric configu-
rations which are quantitatively given in Table 2 for this
level of theory. Their vibrational wave numbers ν̃k and the
related integrated absorption coefficients Ak are listed in
Table 3. Detailed information about the tetramer is par-
ticularised for several levels of theory in Chang et al. [28].

The geometric arrangements of the energetically lowest
isomer of the species AlO4, Al4O2, and Al4O3 fit well into
this general building scheme of a preferred planarity and a
tendency to form patterns of alternating Al and O atoms
if structurally possible see Figure 1. The corresponding
geometric parameters are given in Table 4 and their vi-
brational wave numbers as well as the corresponding in-
tegrated absorption coefficients are tabulated in Table 5.
The details about the energetics of these three species are
listed in Table 6. It is commonly known, that DFT calcu-

Table 3. Harmonic wave numbers ν̃ and integrated IR absorp-
tion coefficients Ak (DFT/BP86/6–31G(d)) of AlO3, Al3O,
Al4O, Al3O2, Al2O3, Al2O4, Al3O3, Al3O4. Only Ak > 50 ×
10−8 cm−2 s−1 are given in parentheses.

ν̃k[cm−1] (Ak[10−8 cm−2s−1])
AlO3 173 175 464 536 1045 1111
Al3O 143 148 167 347 434 619
Al4O 88 133 197 207 207 250 373 505(96) 505(96)
Al3O2 47 75 87 89 220 448 558 955 974(446)
Al2O3 54 162 299 398 594 615(68) 686 734(55) 855
Al2O4 58 144 172 196 322(59) 349 591 601 622 751(85)

824 868
Al3O3 31 41 147 147 209 331 333 565 601 701(79) 740(57)

767 1031(318)
Al3O4 224 225 305 319 320 479 480 532 541 542 634 664

679 774 774

Table 4. DFT/BP86/6-31G(d) equilibrium geometric param-
eters of AlO4, Al4O2, Al4O3. The geometric meaning of the in-
teratomic distances rij/Å and angles αijk/deg can be inferred
from Figure 1.

AlO4 r12 = 1.421 r24 = 1.845 r45 = 1.660
α213 = 105.6 α243 = 75.7

Al4O2 r12 = 2.804 r23 = 1.790
α345 = 93.1

Al4O3 r12 = 1.728 r23 = 1.781
α234 = 120

Table 5. Harmonic wave numbers ν̃ and integrated IR absorp-
tion coefficients Ak (DFT/BP86/6–31G(d)) of AlO4, Al4O2,
Al4O3. Only Ak > 50×10−8cm−2 s−1 are given in parentheses.

ν̃k[cm−1] (Ak[10−8 cm−2 s−1])
AlO4 149 168 291 411 534 746 809 862(65) 1008
Al4O2 25 32 65 74 183 242 261 516 579 690(274) 714(51)

750
Al4O3 29 31 40 54 71 73 247 247 299 341 587 587 998

1019(451) 1019(451)

lations may suffer from spin symmetry breaking for open
shell systems. However, the BP86/6–31G(d) values for
〈Ŝ2〉 as given in Tables 1 and 6 indicate, that symmetry
breaking remains marginal in these cases. This is equally
true for the states of the free atoms (Al(2P ), 〈Ŝ2〉 = 0.75,
O(3P ), 〈Ŝ2〉 = 2.00) required for the determination of the
atomisation energies.

3.2 Thermochemical functions

The molecular data of all these theoretical investigations
are now used to derive the related thermodynamic func-
tions for the AlxOy (x, y = 1−4) molecules in the gas
phase adhering rigorously to the JANAF reference sys-
tem [6], in order to avoid errors due to a lack of consistency
between thermodynamic data from different compilations
or sources, which are mainly caused by differences in the
reference systems used (e.g. reference state of the ele-
ments, standard pressure p◦, or reference temperature T0).
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Table 6. DFT/BP86/6-31G(d) energies of AlO4, Al4O2,
Al4O3.

EBP86
tot [Hartree] Ezp[eV] Dat[eV] 〈Ŝ2〉

AlO4 –543.20252457 0.31 17.33 0.76
Al4O2 –1120.27988590 0.26 19.63 0.00
Al4O3 –1195.70722158 0.35 29.89 0.00

Table 7. Comparison of calculated enthalpies of formation
at reference temperature T0 = 298.15 K based on different
theoretical approaches.

∆fH◦(T0) [kJ mol−1]
B3LYPa G2a CBS–Qa CBS–QB3b BP86c

AlO2 –56.1 –42.7 –66.5 –69.5 –116.8
Al2O –118.0 –149.0 –161.9 –162.3 –123.1
Al2O2 –309.6 –367.8 –395.4 –395.4 –368.4
Al2O3 –546.4 –521.2
AlO3 –143.9 –220.9
Al3O2 –436.8 –372.8
Al3O3 –840.6 –759.5
Al2O4 –735.5 –701.1

a reference [20], b reference [21], c this work.

According to the JANAF style we calculated the ther-
modynamic functions from 100 K to 3000 K temperature
range in increments of 100 K. The different contributions
to the partition function, from which the thermodynamic
functions can easily be calculated by standard statistics,
were evaluated separately. The required data to set up the
electronic, rotational, and vibrational partition functions
are given in the Tables 1–6 and Figure 1.

To compare the obtained results with data reported
in the literature, calculated enthalpies of formation
∆fH◦(T0) based on different theoretical methods are
listed in Table 7 for several aluminium oxide clusters.
Our ∆fH◦(T0) value of AlO2 is noticeable lower than the
other theoretical results. But it is more in agreement with
the experimental data given in JANAF (–86 kJ/mol) or
in Lias et al. [41] (–130 kJ/mol), which is even lower.
The same can be observed for the molecule even richer
in oxygen, AlO3, for which the BP86 ∆fH◦(T0) is also
clearly lower than the corresponding CBS–QB3 value.
The results for Al2O and Al2O2 are quite in line with
those obtained by the other four approaches and with the
JANAF data. The data given by Politzer et al. [21] for
Al2O3 and Al2O4 are in reasonable agreement with our
results, whereas the less oxygen containing species Al3O2

and Al3O3 show quite pronounced deviations. These dis-
crepancies are mainly caused by the differences in the
Dat values (cf. Tab. 1). However, the results computed
by Ghanty and Davidson [17,18], which employ a rather
elaborate computational method (CCSD(T)), indicate to
favour smaller Dat values.

A list of all thermochemical functions namely en-
tropies, enthalpies of formation, and Gibbs potentials
at reference temperature T0 = 298.15 K based on

Table 8. Entropies, enthalpies of formation, and Gibbs po-
tentials at reference temperature T0 based on DFT/BP86/6–
31G(d) results.

S◦(T0) ∆fH◦(T0) ∆fG◦(T0)
[J (mol K)−1] [kJ mol−1] [kJ mol−1]

AlO3 289.6 –220.9 –207.1
AlO4 309.2 –333.5 –294.9
Al2O3 327.0 –521.2 –510.1
Al2O4 348.5 –701.1 –665.9
Al3O 321.5 81.0 41.0
Al3O2 368.2 –372.8 –396.1
Al3O3 371.7 –759.5 –753.3
Al3O4 336.9 –1079.0 –1031.8
Al4O 341.0 200.1 162.8
Al4O2 398.4 –68.4 –92.2
Al4O3 442.4 –802.6 –809.0
Al4O4 446.1 –1181.7 –1158.6

Table 9. Fit coefficients (cf. Eq. (1)) for the Cp values of
molecular AlxOy clusters in the temperature range between
T0 and 3000 K based on DFT/BP86/6–31G(d) results.

a b c d
AlO3 74.5883 7.11721 –1.34670 –1.51299
AlO4 98.5352 8.05461 –2.18922 –1.72620
Al2O3 101.672 5.45730 –2.07312 –1.17566
Al2O4 124.877 6.92482 –2.50008 –1.49040
Al3O 81.9689 1.00842 –0.767551 –0.218348
Al3O2 101.316 5.68705 –1.39446 –1.21596
Al3O3 123.803 7.79673 –2.46049 –1.67294
Al3O4 149.256 7.44435 –3.57734 –1.60736
Al4O 107.050 0.894055 –0.954005 –0.194089
Al4O2 127.960 4.32524 –1.87464 –0.933352
Al4O3 146.393 9.69496 –2.22341 –2.06886
Al4O4 168.993 11.7167 –3.19367 –2.50800

DFT/BP86/6–31G(d) results is given in Table 8 for the
larger aluminium oxide clusters.

The values of the thermodynamic functions at other
temperatures can be obtained from the heat capaci-
ties C◦

p. Their temperature dependence can be described
by a polynomial fit as used by e.g. Binnewies and
Milke [42]

C◦
p(T ) = a+b×

(
T

103

)
+c×

(
T

103

)−2

+d×
(

T

103

)2

. (1)

The corresponding fit coefficients of the molecular AlxOy

clusters in the temperature range between T0 and 3000 K
are given in Table 9.

The connection of the molar Gibbs free energy of for-
mation to the cluster stoichiometry can clearly be seen
in Figure 4, which illustrates the size and temperature
dependence of ∆fG◦ of the main isomers of mixed stoi-
chiometric ratio AlxOy. At each temperature the ∆fG◦
values of the (AlO)x clusters are generally the lowest.
There are only two exceptions namely Al2O and for low
temperatures also Al3O4. Both are probably related to
changes in the dimension of the clusters, i.e. in case of
Al2O (Al3O4) the cluster structure changes from linear
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Fig. 4. Size dependence of ∆fG of the main isomers of mixed
stoichiometric ratio AlxOy (x, y = 1−4) normalised to the
number of atoms N = x + y in the cluster at T = 2000 K
(dotted line, hexagons), T = 1000 K (dashed line, triangle),
and T = 500 K (solid line, squares). The three lines connect
the data of the (AlO)x, x = 1−4 clusters.

(planar) to planar (three dimensional). However, (AlO)x

is the preferred cluster stoichiometry in this cluster size
regime especially at high temperatures.

4 Application: multicomponent gas phase
dissociative equilibrium

The availability of thermodynamic functions for molecular
systems is of determinative importance for the calculation
of multicomponent gas phase equilibria. If a gaseous sys-
tem at temperature T and pressure P consisting of, for
instance, NS elements A, B, C, · · · , S is envisaged, then
by the law of mass conservation and the condition that
the Gibbs free energy is minimal at equilibrium,

(dG)T,P = 0 (2)

a system of NS in general highly nonlinear algebraic equa-
tions is obtained (see e.g. Russel [43]):

P〈M〉 =
∞∑

νA,··· ,νS=0

νMKdis
AνA

···SνS
p◦

[1−∑S
i=A νi] S∏

i=A

P νi

i , (3)

where P〈M〉 is an assumed overall pressure of element M
accruing from all possible dissociative molecular contribu-
tions, the indices νA, νB, · · · , νS respectively are the sto-
ichiometric coefficients of the elements A, B, C, · · · , S in
every molecular species AνABνB · · ·SνS , p◦ is again the
standard pressure, and Kdis

AνA
BνB

···SνS
are the dissocia-

tion constants for each molecular formation process from
the state of completely separated atoms. Thus, the partial

pressure of a molecule AνABνB · · ·SνS is given by:

PAνA
BνB

···SνS
= Kdis

AνA
BνB

···SνS
p◦

[1−∑S
i=A νi] S∏

i=A

P νi

i (4)

Given P dis = P〈A〉+P〈B〉+ · · ·+P〈S〉, at a certain temper-
ature e.g. T0, which fixes the total amount of each atomic
species A, B, · · · , S and all dissociation constants Kdis,
the system of equations can be solved numerically to yield
the equilibrium distribution of partial pressures of all com-
prised species as a function of temperature. This way to
formulate a gas phase equilibrium is consummately gen-
eral, because any equilibrium constant K of any chemical
reaction among the species in the system can be expressed
in terms of the constants Kdis.

We used the above approach to calculate the gas phase
equilibrium of the Al/O system. As there are only two
atomic species involved the system (Eq. (3)) consists of
just two equations. In the summations only those terms
for which the thermochemical data can be found in the
literature [6] and the results for the larger AlxOy clusters
from our present work were included. For sake of com-
pleteness the terms for the pure aluminium clusters Al3
and Al4 are also incorporated in the sum of equation (3).
The corresponding data are given in the appendix. A pres-
sure P dis = p

◦
= 1 bar at T0 = 298.15 K and three differ-

ent ratios of λ = (P〈Al〉/P〈O〉), namely λ = (1/300), (1/1),
and (300/1) were chosen, which represent three different
chemical situations. The temperature dependent results
are illustrated in Figure 5.

For a large excess of aluminium (i.e. λ � 1) the lin-
early scaled plot (cf. upper panels) shows, that the most
prominent molecular species are the pure Alx clusters,
as expected. Decreasing the temperature they are sub-
sequently formed from Al atoms via Al2 and Al3 to Al4,
which is the largest aluminium cluster included in this cal-
culation. The oxygen–rich chemical composition (λ � 1)
is dominated by molecular oxygen. Only at high tempera-
tures above T ≈ 2500 K O2 is dissociated and therefore its
abundance falls off, whereby that of the oxygen atoms is
increased. When λ = 1, i.e. there is oxygen and aluminium
equally available, the situation is completely different. In
this case (AlO)x clusters are predominantly present. Es-
pecially the tetramer being the largest species enclosed in
this study is the dominant aluminium oxide over a wide
temperature range. Above approximately T ≈ 2000 K
the tetramer starts decomposing and the smaller (AlO)x

molecules become more abundant. Finally Al4O4 disinte-
grates into the most stable linear aluminium oxide Al2O
and the excessive oxygen can be found as O2 molecules
and O atoms.

The same findings can be inferred from the middle
three panels, but as the abundance scale is now logarith-
mic, the behaviour of the other species in the system be-
comes discernible. If λ � 1 next to the pure Alx molecules
only AlxO clusters are abundant and over the whole tem-
perature range Al2O is the most prevailing aluminium
oxide having an about three orders of magnitude higher
abundance. In case of λ = 1 the situation is entirely gov-
erned by the aluminium oxides of composition (AlO)x.
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Fig. 5. Abundances xi = Pi/P for the Al/O system for different stoichiometric ratios λ vs. temperature.

However, also compounds lying on the diagonals adjacent
to (AlO)x are explicitly present. If λ � 1 the behaviour
of the aluminium oxide species is much more complex and
due to the universal presence of O2 the abundances of
all AlxOy species are shifted downwards by about two
orders of magnitude in general. At higher temperatures
(T > 2500 K), except for Al2O, all important clusters
are almost exclusively oxygen–rich. Below 2000 K the two
species, Al2O4 and Al3O4, become dominant. Since Al3O4

is the smallest existing (Al2O3)x–AlO cluster, these re-
sults are in line with the findings of van Heijnsbergen
et al. [9], who detected a series of (Al2O3)x–AlO clusters

with 11 ≤ x ≤ 71 produced in a molecular beam by laser
vaporisation.

The lower three panels of Figure 5 show in detail the
behaviour of the four (AlO)x species, i.e. those of equal
stoichiometric composition. For λ � 1 their abundances
increase with rising temperature, whereby AlO is always
the most and (AlO)4 the least prominent system. This
order is reversed for λ = 1 over the whole temperature
range. When λ � 1 a behaviour like that at λ = 1 is
observed until T ≈ 2200 K. After this turning point the
prominences of the species change their order and the sit-
uation resembles again that at λ � 1.
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Fig. 6. Abundances xi for the Al/O system vs. stoichiometric
ratios λ at four different temperatures.

To study the conspicuous dependence of the resulting
chemical composition on the elemental ratio λ in greater
detail Figure 6 shows a different representation of the sit-
uation. The abundances xi are plotted as function of λ
for a set of specific temperatures, as can be inferred from
the four different panels. Some interesting features become
discernible: At all temperatures the system is dominated
by O2 (λ small) and Al2O (λ large). However, for moder-
ate values of λ (around unity) the development of three
additional broad peaks can be observed as the tempera-
ture T decreases. These peaks belong to the species Al3O4

(λ = 3/4), Al4O4 (λ = 1), and Al4O3 (λ = 4/3), respec-
tively. In addition, a peak at λ = 2 can be seen, which
is clearly connected to Al2O, i.e. all peak positions re-
flect the stoichiometric composition of the corresponding
aluminium oxide. All other species, in particular Al2O3

having the stoichiometry of the solid, do not seem to be
of any importance. However, all these findings depend de-
cisively on the particular species, which are included in
the studied chemical system.

5 Summary

For the study of any gas–phase condensation process de-
tailed information about thermodynamic quantities of the
relevant molecular species is indispensable. If these quan-
tities are not or just insufficiently at hand from experi-
mental sources, then theoretical techniques are often the
only way to obtain the needed data. Consequently, the
molecular properties required to set up the thermody-
namic functions are here computed for a set of aluminium–

Table 10. DFT/BP86/6-31G(d) results and related thermo-
chemical properties for the ground states of Al3 and Al4.

properties Al3 Al4

state 2A′
1

3B1g

symmetry D3h D2h

EBP86
tot / Hartree –727.234882074 –969.678140320

Ezp / eV 0.05 0.085
Dat / eV 3.85 5.99
r12 / Å 2.533 2.578
αijk /deg 60.0 68.1
ν̃k / cm−1 231 231 350 65 181 214

298 302 319

S◦(T0) / J mol−1 K−1 282.1 333.8
∆fH◦(T0) / kJ mol−1 615.7 739.8
∆fG◦(T0) / kJ mol−1 556.8 674.0

oxygen clusters of composition AlxOy (x, y = 1−4) at the
DFT/BP86/6–31G(d) level of theory in order to achieve
the main objective. Thereby, also the results of AlO4,
Al4O2, and Al4O3 previously not theoretically investi-
gated are presented in this study.

The thermodynamic functions derived from these
DFT results are used to calculate the resulting chemi-
cal equilibrium partial pressure distributions for different
aluminium and oxygen abundances representing different
chemical situations. It is evident, that any equilibrium dis-
tribution is strongly influenced by the number and na-
ture of the various species included in the calculation.
The present model involves 23 different species with up to
eight atoms. According to these chemical equilibrium cal-
culations the temperature dependent formation of small
aluminium oxide clusters turns out to be quite sensitive
to the aluminium to oxygen ratio.

The authors are very grateful to H. Bauer for his achievements
in data processing. All calculations were performed on the com-
puters of the Zentrum für Astronomie und Astrophysik (ZAA),
TU Berlin, of the Konrad–Zuse–Zentrum für Informationstech-
nik (ZIB), Berlin, and of the Norddeutscher Verbund für Hoch–
und Höchstleistungsrechnen (HLRN).

Appendix

According to Ahlrichs and Elliott [44] the ground states for
the Al3 and Al4 clusters are a 2A′

1 doublet state for a D3h

regular triangle and a 3B1g triplet state for a D2h rhombus.
The corresponding DFT/BP86/6-31G(d) results and the de-
rived thermochemical data are listed in Table 10.
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