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ABSTRACT

Context. Spinel (MgAl2O4) and krotite (CaAl2O4) are alternative candidates to alumina (Al2O3) as primary dust condensates in the
atmospheres of oxygen-rich evolved stars. Moreover, spinel was proposed as a potential carrier of the circumstellar 13µm feature.
However, the formation of nucleating spinel clusters is challenging; in particular, the inclusion of Mg constitutes a kinetic bottleneck.
Aims. We aim to understand the initial steps of cosmic dust formation (i.e. nucleation) in oxygen-rich environments using a quantum-
chemical bottom-up approach.
Methods. Starting with an elemental gas-phase composition, we constructed a detailed chemical-kinetic network that describes
the formation and destruction of magnesium-, calcium-, and aluminium-bearing molecules as well as the smallest dust-forming
(MgAl2O4)1 and (CaAl2O4)1 monomer clusters. Different formation scenarios with exothermic pathways were explored, including
the alumina (Al2O3) cluster chemistry studied in Paper I of this series. The resulting extensive network was applied to two model
stars, a semi-regular variable and a Mira-type star, and to different circumstellar gas trajectories, including a non-pulsating outflow
and a pulsating model. We employed global optimisation techniques to find the most favourable (MgAl2O4)n, (CaAl2O4)n, and mixed
(MgxCa(1−x)Al2O4)n isomers, with n = 1–7 and x∈[0..1], and we used high level quantum-chemical methods to determine their poten-
tial energies. The growth of larger clusters with n = 2−7 is described by the temperature-dependent Gibbs free energies.
Results. In the considered stellar outflow models, spinel clusters do not form in significant amounts. However, we find that in the
Mira-type non-pulsating model CaAl2O3(OH)2, a hydroxylated form of the calcium aluminate krotite monomer forms at abundances
as large as 2× 10−8 at 3 stellar radii, corresponding to a dust-to-gas mass ratio of 1.5× 10−6. Moreover, we present global minimum
(GM) candidates for (MgAl2O4)n and (CaAl2O4)n, where n = 1–7. For cluster sizes n = 3–7, we find new, hitherto unreported GM can-
didates. All spinel GM candidates found are energetically more favourable than their corresponding magnesium-rich silicate clusters
with an olivine stoichiometry, namely (Mg2SiO4)n. Moreover, calcium aluminate clusters, (CaAl2O4)n, are more favourable than their
Mg-rich counterparts; the latter show a gradual enhancement in stability when Mg atoms are substituted step by step with Ca.
Conclusions. Alumina clusters with a dust-to-gas mass ratio of the order of 10−4 remain the favoured seed particle candidate in our
physico-chemical models. However, CaAl2O4 could contribute to stellar dust formation and the mass-loss process. In contrast, the
formation of MgAl2O4 is negligible due to the low reactivity of the Mg atom.

Key words. astrochemistry – molecular data – molecular processes – stars: AGB and post-AGB – stars: abundances –
stars: atmospheres

1. Introduction

The importance of kinetics in cosmic dust formation was
recently highlighted by Tielens (2022). In particular, the
highly dynamical atmospheres of asymptotic giant branch
(AGB) stars, which are affected by convection, pulsational
shock waves, and varying light emission, imply too short
timescales for chemical equilibrium conditions to prevail
(Freytag et al. 2017). Therefore, it is not surprising that sophis-
ticated chemical-kinetic networks are successful in explaining
the abundances of many molecules, including relevant dust
⋆ Full Tables A.2 and A.3 are available at the CDS via anonymous

ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/680/A18

precursors (Gobrecht et al. 2016). Chemical equilibrium cal-
culations can also reproduce the observed abundances of the
predominant molecules CO, H2O, and SiO in AGB atmospheres
with C/O < 1, but the predictions for aluminium-, calcium-,
and magnesium-bearing oxides, which potentially play a role in
dust formation, show discrepancies with observations (Agúndez
et al. 2020).

It is well established that silicates represent the principal
dust component in oxygen-rich astrophysical environments (see
e.g. Henning 2010; Höfner & Olofsson 2018). However, kinetic
investigations indicate that the formation of silicates, perhaps
instigated by the dimerisation of SiO molecules, is too slow
to proceed via free gas-phase molecules (Bromley et al. 2016;
Andersson et al. 2023). Moreover, silicate formation routes
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instigated by MgO polymerisation are unlikely (Koehler et al.
1997; Boulangier et al. 2019). Instead, it is likely that silicates
form on the surfaces of different seed particles. Owing to the
high sublimation temperatures of their condensates, alumina
(Al2O3) and titania (TiO2) are prototypical seed particle candi-
dates for silicate formation (Gobrecht et al. 2016; Sindel et al.
2022). In the diverse gas-phase mixture of O-rich envelopes, it
is possible that chemically more complex oxide species play a
significant role in circumstellar dust nucleation and seed particle
formation.

As such, ternary metal oxides, which contain two differ-
ent metal cations, show a greater structural diversity and are
more complex than binary oxides. Several ternary oxides that
include silicates and titanates are expected to play a significant
role in the dust condensation zones of oxygen-rich AGB stars
(Goumans & Bromley 2012, 2013; Plane 2013). Plane (2013)
predicted that CaTiO3 is a kinetically favourable condensation
nucleus. In contrast, silicate and titanate clusters that contain Mg
show negligible concentrations. These results are supported by
the fact that so far there has been no unambiguous detection of
Mg-bearing molecules in oxygen-rich AGB stars. However, cir-
cumstellar dust contains a substantial amount of magnesium in
the form of Mg-rich silicates (Rietmeijer et al. 1999; Goumans &
Bromley 2012) and potentially also in the form of Mg-containing
spinel. Therefore, Mg is assumed to be predominantly in atomic
(or ionised) form before it condenses, which is in line with the
non-detection of Mg oxides and hydroxides (Decin et al. 2018).
The situation is similar for CaO and CaOH, of which there has
been no detection in circumstellar envelopes.

Recent Atacama Large Millimeter Array (ALMA) observ-
ing campaigns carried out by the ATOMIUM1 Collaboration
addressed the potential molecular precursors of oxygen-rich cir-
cumstellar dust, SiO, AlO, AlOH, TiO, and TiO2 (Gottlieb et al.
2022), and their oxidation agents OH and H2O (Baudry et al.
2023), as well as the specific locations of dust formation in
the circumstellar envelopes (Montargès et al. 2023). Ca- and
Mg-bearing molecules and clusters were observationally not
addressed, for the reasons elaborated upon in the previous para-
graph, but their condensates can be identified in observations of
broad spectral dust features and meteoritic stardust analysis.

Sloan et al. (2003) investigated the 13µm spectral feature
that shows an anti-correlation with the silicate features seen at
10 and 18µm. Furthermore, they found that stars that show the
strongest 13µm feature are associated with low to moderate
mass-loss rates of Ṁ = 10−8–1.5 × 10−7 M⊙ yr−1. The authors
conclude that crystalline forms of alumina are likely carriers of
the 13µm feature. Alternatively, Posch et al. (1999) suggested
spinel as a probable carrier of this dust feature as it shows an
additional emission at 16.8µm in the laboratory that is also
observed in the spectra of some stars. Fabian et al. (2001) con-
firmed the spinel emission at 16.8µm and identified a third
prominent feature at 32µm.

In laboratory studies of meteoritic stardust, two spinel grains
with sizes of 230 and 590 nm were identified (Mostefaoui &
Hoppe 2004). Gyngard et al. (2010) identified 38 spinel grains,
the majority of which are likely the condensates from red giant
and AGB stars. Later, Zega et al. (2014) found 37 individual
spinel grains with typical AGB star isotopic anomalies and sizes
of 0.8–4µm. Several of these grains show a blocky appearance,
suggesting that they are aggregates of smaller grains. These stud-
ies show clear evidence for the presence of sub-micron-sized
stardust grains with a spinel composition.

1 https://fys.kuleuven.be/ster/research-projects/
aerosol/atomium

Calcium-aluminium-rich inclusions are found in carbona-
ceous chondrite meteorites and are attributed to the first and
oldest solids formed in our Solar System (Connelly et al. 2012).
Calcium aluminate was found in the crystalline form of the rare
mineral krotite in the NWA 1934 meteorite (Ma et al. 2011).

Certain stability limits for different crystalline solids can
be predicted from equilibrium vapour pressure measurements.
In stellar outflows, a condensation sequence with decreasing
temperatures and pressures can be derived (Gail et al. 2013).
The following sequence is reported: corundum (Al2O3), gehlen-
ite (Ca2Al2SiO7), spinel (MgAl2O4), forsterite (Mg2SiO4), and
enstatite (MgSiO3). We note that this sequence relates to the
crystalline bulk material and equilibrium conditions and repre-
sents a top-down approach. In contrast, in this study we model
the nucleation of dust seed particles at the (sub-)nanoscale fol-
lowing a bottom-up approach, which is not restricted to the bulk
stoichiometry, sphericity, bimolecular association reactions, or
monomeric growth of the nucleating clusters.

The chemical-kinetic formation routes to alumina dust seed
particles were studied in Paper I of this series (Gobrecht et al.
2022). In the present study, we investigate the possibility of
spinel (MgAl2O4) and calcium aluminates (CaAl2O4) as seed
particles that trigger the onset of dust formation and mass loss in
AGB stars. Spinel is a ternary oxide that shows the same atomic
components as alumina with an additional Mg–O building block.
For the calcium aluminate (i.e. krotite), there is an extra Ca–O
unit with respect to alumina. To our knowledge, a theoretical
bottom-up investigation of aluminium-bearing ternary oxides
in circumstellar envelopes had never before been carried out.
Because of the similarity of spinel and krotite clusters to those
of the astrophysically relevant Mg-rich silicate of olivine type,
we compare our results to the study of Escatllar et al. (2019).

This paper is organised as follows. In Sect. 2, we describe the
methods used to derive the structures and kinetic reaction rate
coefficients of the molecular and cluster species included in our
study. The results of our investigations, including kinetic mod-
elling, cluster energies and properties, and predictions for larger
cluster and dust sizes, are presented in Sect. 3. We discuss these
results in light of observations and previous studies in Sect. 4.
Finally, Sect. 5 provides a summary of our findings.

2. Methods

2.1. Chemical kinetics

In the present study we considered a set of reactions that are
combined to form a chemical rate network. The kinetic net-
work entails the complete aluminium-oxygen-hydrogen chem-
istry from Gobrecht et al. (2022) and reactions R26–R37 as well
as R48-R57 reported in Decin et al. (2018) for the magnesium-
calcium-oxygen chemistry. In addition, we included reactions
between Al-, Mg-, and Ca-bearing molecules (see Appendix A
for details), as well as pathways that describe the formation and
destruction of spinel and krotite monomers, and derived their
rate coefficients via state-of-the-art rate theory. The correspond-
ing reactions and rate coefficients are summarised in Table A.1.
To solve the set of the stiff differential rate equations we used of
the Linear Solving of Ordinary Differential Equations (LSODE)
solver (Hindmarsh 2019).

We employed transition state theory (TST) based methods,
which require reaction energetics and rovibrational properties of
the reagents and transition states, to derive diagrams of poten-
tial energy surfaces (PESs). For reactions involving molecular
systems containing more than four atoms, rate coefficients were
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estimated by combining electronic structure calculations with
Rice–Ramsperger–Kassel–Marcus (RRKM) statistical rate the-
ory. First, the relative energies of the reactants, products and
intermediate stationary points on each PES were calculated
using the benchmark complete basis set (CBS-QB3) level of the-
ory (Montgomery et al. 2000) within the Gaussian 16 suite of
programs (Frisch et al. 2016).

The PESs for seven of these reactions are illustrated in
Figs. 2 and 3 (note that the relative energies include vibrational
zero-point energy corrections). The Master Equation Solver for
Multi-Energy well Reactions (MESMER) program (Glowacki
et al. 2012) was then used to estimate the rate coefficients. The
methodology is described briefly here (see Douglas et al. 2022
for more details). The density of states of each stationary point
on the PESs was calculated using the vibrational frequencies and
rotational constants calculated at the B3LYP/6-311+g(2d,p) level
(Becke 1993; Frisch et al. 2016); vibrations were treated as har-
monic oscillators, and a classical densities of states treatment
was used for the rotational modes.

Microcanonical rate coefficients for the dissociation of inter-
mediate adducts, either forwards to products or backwards to
reactants, were determined using inverse Laplace transforma-
tion to link them directly to the relevant capture rates that were
calculated using long-range TST (Georgievskii & Klippenstein
2005). The probability of collisional transfer between discretised
bins was estimated using the exponential down model (Gilbert &
Smith 1990), with the average energy for downward transitions,
⟨∆E⟩down, set to 200 cm−1 with no temperature dependence for
collisions with H2. The Master Equation was then solved for
each reaction to yield rate coefficients for recombination and
bimolecular reaction at specified pressures and temperatures; it
should be noted that at the low densities (n(H2)< 1014 cm−3) and
high temperatures (T > 1000 K) in a stellar outflow it is only the
bimolecular channels that matter. The rate coefficients for the
reverse reactions were calculated by detailed balance.

2.2. Cluster candidates

The PES of a cluster containing monomer building blocks of
seven atoms, for example MgAl2O4, is multi-dimensional, intri-
cate, and computationally expensive to obtain. With increasing
cluster sizes the number of local minima on the PES grows
rapidly and a thorough search with electronic structure meth-
ods becomes untractable and prohibitive. Therefore, an exten-
sive Monte Carlo basin hopping (MC-BH) search is performed
(Wales & Doye 1997) to find favourable candidate isomers for
each size and stoichiometry by using a simplified PES that is
described by the Coulomb-Buckingham pair potential:

U(ri j) =
qiq j

ri j
+ Ai j exp

(
−

ri j

Bi j

)
−

Ci j

r6
i j

, (1)

where ri j is the relative distance between two ions, qi and q j
the charges of ions i and j, respectively, and Ai j, Bi j and Ci j
the Buckingham pair parameters listed in Table 1. The chosen
Coulomb-Buckingham pair parameters correspond to the values
of Woodley (2009) and we used an in-house modified version of
GMIN (Bromley & Flikkema 2005).

For (CaAl2O4)n and mixed calcium-magnesium aluminates
we did not perform separate global optimisation searches. We
used the geometries of the lowest-energy candidates of MgAl2O4
clusters to optimise the (CaAl2O4)n, n = 1–7, clusters. These two
metal aluminate species differ only by their alkaline earth metals

Table 1. Coulomb-Buckingham pair potential parameters used in this
study.

i j qi q j Ai j (eV) Bi j (Å) Ci j (eV Å−6)

Al O +3 –2 1460.3 0.29912 0.0
Mg O +2 –2 1428.5 0.29453 0.0
O O –2 –2 22764.0 0.14900 27.88

Mg and Ca. Owing to the larger atomic radius of Ca compared
to Mg, the calcium aluminate clusters exhibit larger Ca–O bond
distances but the overall cluster geometry is largely preserved.

For each cluster stoichiometry investigated, we optimised the
100–200 lowest-energy isomers at the quantum level of theory.
We used the hybrid B3LYP functional along with the cc-pVTZ
basis set (Schäfer et al. 1992) as a compromise between com-
putational cost and accuracy. As for the kinetic computations
described in Sect. 2.1, the optimisations were performed with the
Gaussian16 program suite (Frisch et al. 2016). For the lowest-
energy isomers of each cluster stoichiometry and size found, a
vibrational frequency analysis is included. The resulting vibra-
tional modes are required to exclude transition states and higher
order saddle points, to construct partition functions for the ther-
modynamic potentials, and to predict the emission spectra of the
clusters.

3. Results

In this section, we present the rate expressions and nucleation
routes derived in this study (Sect. 3.1), the resulting species
abundances in the different physico-chemical models (Sect. 3.2),
the characteristics of the most favourable clusters (Sect. 3.3), and
a comparison to their macroscopic (i.e. crystalline) bulk material
(Sect. 3.4). Finally, the vibrational cluster spectra are addressed
in Sect. 3.5.

3.1. Molecular precursors of aluminate clusters

In addition to the existing rate network for the oxides of alu-
minium (Gobrecht et al. 2022), as well as of magnesium and
calcium (Decin et al. 2018), we included several redox reac-
tions linking aluminium with magnesium and calcium chem-
istry. The prevalent aluminium-bearing molecules are AlO and
AlOH, whereas magnesium and calcium are predominantly in
atomic form. Since the formation of the metal dioxides AlO2,
and in particular, MgO2 and CaO2, is hampered by strongly
endothermic oxidation reactions, they are not considered in our
proposed nucleation schemes. The gas-phase reactions between
(hydr-)oxides of Al and Mg/Ca, which are included in this study,
comprise

AlO +Mg/Ca⇌ MgO/CaO + Al, (2)

AlO +Mg/Ca +M⇌ AlOMg/AlOCa +M, (3)

and

AlOH +Mg/Ca⇌ AlOMg/AlOCa + H. (4)

Owing to the low importance of reactions (2)–(4) to spinel
and krotite production, the relevant calculations are described in
Appendix A. To model the spinel and calcium aluminate nucle-
ation processes, we considered different scenarios for the forma-
tion of the respective monomer, (MgAl2O4)1 and (CaAl2O4)1.
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Fig. 1. Sketch of the exothermic spinel (MgAl2O4) and krotite
(CaAl2O4) monomer formation scenarios.

The most promising formation scenarios are graphically illus-
trated in Fig. 1.

As pointed out in Appendix A, the inclusion of Mg and Ca
atoms in the first steps of cluster formation is energetically and
kinetically inefficient. Therefore, we investigated the possibility
that Mg/Ca atoms are included at a later stage in the formation of
MgAl2O4 and CaAl2O4 monomers. Starting from Al2O2, which
can be readily and exothermically synthesised (see Paper I), a
hydrogenated form of the alumina monomer, Al2O3H, can form
via the following exothermic termolecular reaction (see also the
top-left panel of Fig. 2):

Al2O2 + OH +M⇌ Al2O3H +M (5)

with ∆rH(0 K) = −493 kJ mol−1.
The corresponding rate can be found in Table A.1. In prin-

ciple, reaction (5) could also proceed as radiative association,
which was not considered in this study, as it proceeds with slow
timescales in AGB atmospheres. Once Al2O3H has formed, it
can be oxidised to Al2O4H via

Al2O3H + OH⇌ Al2O4H + H (6)

with ∆rH(0 K) = −10 kJ mol−1. reaction (6) becomes unfavour-
able for temperatures above T = 300 K and the reverse process
becomes fast, supported by large H abundances. If small Al2O4H
concentrations persist, the spinel monomer can form via

Mg + Al2O4H⇌ MgAl2O4 + H (7)

with ∆rH(0 K) = −11 kJ mol−1. This reaction becomes endoergic
(∆rG(T) > 0) above 300 K and the reverse reactions involving
atomic H become efficient.

-600

-500

-400

-300

-200

-100

 0
Al2O2 + OH (0)

Al2O3H (-493)R
el

at
iv

e 
en

er
gy

 (
kJ

/m
ol

)

-600

-500

-400

-300

-200

-100

0
Al2O3H + OH (0)

Al2O3H(OH) (-532)

Al2O4H + H (-10)

R
el

at
iv

e 
en

er
gy

 (
kJ

/m
ol

)

-600

-500

-400

-300

-200

-100

0
Mg + Al2O4H (0)

MgAl2O4H (-364)

MgAl2O4 + H (-11)

R
el

at
iv

e 
en

er
gy

 (
kJ

/m
ol

)

Fig. 2. Potential energy diagrams for reactions (5)–(7).

For the CaAl2O4 monomer formation, we considered a sim-
ilar starting point as for the spinel formation (see the top-left
panel of Fig. 3):

Al2O2 + H2O +M⇌ Al2O3H2 +M (8)

with ∆rH(0 K) = −331 kJ mol−1, where the third body M is
assumed to be H2. However, here H2O is the oxidant leading
to a doubly hydrogenated form of the alumina monomer, which
exhibits two very favourable isomers with a relative energy of
19 kJ mol−1. Al2O3H2 can be further oxidised by OH:

Al2O3H2 + OH⇌ Al2O4H2 + H (9)
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Fig. 3. Potential energy diagrams for reactions (8)–(11).

Table 2. Physical quantities of the stellar models SRV and MIRA.

Quantity M⋆ n⋆ T⋆ v∞ vs P
Unit M⊙ cm−3 K km s−1 km s−1 days

SRV 1.2 1 × 1014 2400 5.7 10 332
MIRA 1.0 4 × 1014 2000 17.7 20 470

with ∆rH(0 K) = −201 kJ mol−1. In principle, Ca could react
exothermically with Al2O4H, which can be produced by reac-
tion (6). However, Al2O4H2 forms more quickly due to large
H2O concentrations, as compared to OH. Therefore, as a domi-
nant route for making calcium aluminates, atomic Ca can react
with Al2O4H2:

Ca + Al2O4H2 ⇌ CaAl2O4 + H2 (10)

with ∆rH(0 K) = −94 kJ mol−1, leading to the formation of the
CaAl2O4 monomer and molecular hydrogen, H2. Despite the
reverse reaction being endothermic, it involves H2, which is
very abundant in space and leads to an effective destruction of
CaAl2O4. In order to prevent its destruction, the monomer might
further react with abundant oxygen-bearing molecules such as
H2O, SiO, or AlO by the exothermic processes

CaAl2O4 + H2O +M⇌ CaAl2O3(OH)2 +M
CaAl2O4 + SiO +M⇌ CaAl2O4SiO +M
CaAl2O4 + AlO +M⇌ CaAl3O5 +M,

(11)

with reaction enthalpies of∆rH(0 K) =−318 kJ mol−1,∆rH(0 K) =
−392 kJ mol−1, and ∆rH(0 K) = −488 kJ mol−1, respectively. We
note that the analogous reaction pathway involving Al2O4H2
and Mg is quite endothermic (+74 kJ mol−1). Hence, the spinel
monomer cannot be formed in the same manner as CaAl2O4.

3.2. Numerical modelling in circumstellar envelopes

In this study the numerical modelling of the kinetic reaction
network is performed under the conditions given by the hydrody-
namic models of two model AGB stars, a semi-regular variable
(SRV) and a Mira-type variable (MIRA), that were presented
in detail in Paper I. We summarise the main physical quanti-
ties of these models in Table 2. Furthermore, we differentiated
between non-pulsating models and pulsating models. The ini-
tial elemental abundances are taken from the FRUITY stellar
evolution database (Cristallo et al. 2015) and correspond to the
m1p5zsuntdu3 model with a C/O ratio of 0.75. Molecular abun-
dances are reported as number fractions of the total gas and are
considered to be significant, if they exceed values of 10−9.

3.2.1. Non-pulsating models

The abundances of the prevalent molecules H2O, OH, and CO,
together with the metal oxides and hydroxides MgO, MgOH,
CaO, CaOH, AlO, and AlOH, including Al8O12 as a represen-
tative of alumina dust particles, are shown in Fig. 4 for the
non-pulsating outflow model models. The species abundances
show a very similar behaviour to the models of Paper I of this
series. In the MIRA non-pulsating model, H2O is the domi-
nant O-containing molecule followed by CO, whereas the order
is reversed in the SRV non-pulsating outflow, where CO is
most abundant. For OH, AlOH, AlO, and Al8O12 the two non-
pulsating models show similar maximum abundances, but the
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Fig. 4. Non-pulsating models. Top panel: gas number densities (in
cm−3) as a function of the radial distance. Middle panel: gas tempera-
tures (in K) as a function of the radial distance. Bottom panel: fractional
abundances of the prevalent gas-phase molecules H2O, OH, and CO
and the metal oxides and hydroxides MgO, MgOH, CaO, CaOH, AlO,
AlOH, and Al8O12 as a function of the radial distance in the non-
pulsating models. Solid lines represent the MIRA model and dashed
lines the SRV model.

peaks in the MIRA models occur at smaller radial distances com-
pared with the SRV model. This is a consequence of the lower
gas densities and higher temperatures in the SRV model. CaO
exhibits a similar behaviour in both model stars, decreasing from
10−10 at the photosphere to lower values farther out. CaOH is one
to two orders of magnitude more abundant in the MIRA model
compared with the SRV outflow. The most abundant Mg-bearing
molecule is MgOH, with abundances below 3× 10−10 in the
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Fig. 5. Fractional abundances of the molecular precursors related to the
aluminate formation and nucleation as a function of the radial distance
in the non-pulsating SRV model.

entire computational range. MgO shows negligible abundances
below 10−12 in both the SRV and MIRA models.

In Fig. 5, the model abundances of the molecular precursors
related to the formation of MgAl2O4 and CaAl2O4 are shown as
a function of the radial distance for the SRV model. At around
2.2 R⋆ these species show a distinct peak, where Al2O3H and
Al2O3H2 obtain abundances in the range of 10−12–10−11. This
peak is related to the emergence of Al8O12 clusters as shown in
Fig. 4. Whereas the Al2O3H abundance remains approximately
constant for larger radial distances and does not lead to MgAl2O4
formation, Al2O3H2 keeps increasing and eventually triggers the
formation of Al2O4H2, CaAl2O3, CaAl2O4, and most promi-
nently, CaAl2O3(OH)2. In the SRV non-pulsating model, spinel
formation is therefore ineffective and the significant calcium alu-
minate formation occurs only at distances larger than 4 R⋆. This
indicates that CaAl2O4 is not a primary seed particle.

In the MIRA non-pulsating model, we find a similar abun-
dance peak of the species Al2O3H and Al2O3H2 as in the SRV
non-pulsating model, but at closer distances around 1.4 R⋆ (see
Fig. 6). This radial distance marks the onset of the alumina clus-
ter nucleation in the MIRA non-pulsating model (see Fig. 4).
This effect was noted already in Paper I of this series on alumina
nucleation, and is related to the comparatively higher densities
and lower temperatures in the MIRA models. Between 2 R⋆ and
3 R⋆ the species related to CaAl2O4 increase in abundance, lead-
ing to a noticeable formation of CaAl2O3(OH)2 for radii larger
than 3.5 R⋆, although still a factor of ∼30 lower than the alumina
tetramer (Al8O12) abundance.

3.2.2. Pulsating models

The output of the SRV pulsating model is shown in Fig. 7. The
three panels illustrate the total gas number densities, the gas
temperature, and the abundances of the prevalent species as a
function of pulsational phase Φ and radial distance r, which are
modelled from 1 R⋆ to 3 R⋆ in steps of 0.5 R⋆. The pulsational
phase Φ is a time coordinate that is normalised to the pulsa-
tion period P, which is 332 days for the SRV pulsating model
(see Table 2). In the immediate post-shock gas (i.e. Φ = 0.0–
0.2), where the temperatures and the gas densities are high, the
chemistry is controlled by dissociation reactions, which is par-
ticularly pronounced for radial distances close to the star. We
note that at the initial conditions at 1 R⋆ and Φ = 0.0 the gas
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Fig. 6. Fractional abundances of the molecular precursors related to the
aluminate formation and nucleation as a function of the radial distance
in the non-pulsating MIRA model.

is purely atomic. At later phases the temperatures drop and the
molecules recombine in the wake of the still dense postshock
gas. Overall, the chemistry is dominated by CO and H2O with
similar abundances as in the non-pulsating models, and in good
agreement with observations (Decin et al. 2010). The aluminium
content is governed by AlOH and alumina dust, represented by
the Al8O12 clusters, whereas the AlO abundance is two to three
orders of magnitude lower. Recent observations of the SRV AGB
star R Dor and the Mira-type AGB star IK Tau deduce lower
AlOH abundances (Decin et al. 2017). This might have several
reasons, which were discussed in Paper I. Here, we note that
the AlO/AlOH ratio is very sensitive to the AlOH photolysis
rate (Mangan et al. 2021). As AGB atmospheres are frequently
crossed by pulsational shocks, their radiation field is strongly
time dependent, which impacts the AlOH photolysis rate. In
addition, we note that the hydroxides CaOH and MgOH as well
as the oxides CaO and MgO with abundances below 10−10 play
a minor role in the SRV pulsating model.

The MIRA pulsating model is presented in Fig. 8. Although
it shows many similarities with the SRV pulsating model, there
are some notable differences. First, the variation in the early
postshock gas is larger for most of the species, which is a con-
sequence of the higher shock strength in the MIRA model, as
compared with SRV. Second, the hydroxides CaOH and MgOH
are more abundant than in the SRV pulsator. Third, a tiny amount
of MgO forms at 1 R⋆ and phase Φ = 0.2.

By inspecting the abundances of the nucleating species we
find that neither CaAl2O4 nor MgAl2O4 forms to any signif-
icant extent in the SRV pulsating model (see Fig. 9). The
precursors Al2O3H and Al2O3H2 for the MgAl2O4 and CaAl2O4
monomers, respectively, exhibit maximum abundances at 1R⋆
and Φ = 0.85. However, the subsequent nucleation steps are not
efficient and the spinel and calcium aluminate formation does
not take place in the pulsating SRV model.

The situation is similar for the MIRA pulsating case, where
Al2O3H and Al2O3H2 peak at 1 R⋆ and Φ = 0.75 (see Fig. 10).
In contrast to the SRV pulsating case, some concentrations of
Al2O3H2 and Al2O4H2 form at 2 R⋆ in the pulsating MIRA
model, reaching fractional abundances of 10−10 atΦ = 1.0. These
abundances do not persist the passage of the subsequent pulsa-
tional shock at 2.5 R⋆ and are about four orders of magnitude
lower than the solar abundance of Al and Ca. Moreover, the Ca
inclusion to form the CaAl2O4 monomer and its hydroxylated
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Fig. 7. Pulsating SRV model. Top panel: gas number densities (in cm−3)
as a function of the pulsation phase, i.e. time, and for the grid of radial
distances r = 1 R⋆–3 R⋆. Middle panel: gas temperatures (in K) as a
function of the pulsation phase, i.e. time, and for the grid of radial dis-
tances. Bottom panel: fractional abundances of the prevalent gas-phase
molecules H2O, OH, and CO and metal oxides and hydroxides MgO,
MgOH, CaO, CaOH, AlO, AlOH, and Al8O12 as a function of the pul-
sation phase.

form is not effective in this model. Therefore, the contribution
of Mg- and Ca-aluminates to circumstellar dust formation is
negligible in the MIRA pulsating model.

We performed some test calculations by excluding the alu-
mina clustering reactions, that is, reactions involving AlxOy clus-
ters with x, y > 2. In this reduced chemical network, MgAl2O4
barely forms, but the precursors of CaAl2O4 (i.e. Al2O3H2 and
Al2O4H2) form in significant amounts of >10−8 at late phases
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and 2 R∗–2.5 R∗ (see Fig. 11). The presence of these precursors
leads to a buildup of the CaAl2O4 monomer and its hydroxylated
form, showing fractional abundances of ∼10−9 in the pulsat-
ing MIRA model. These amounts are still about two orders
of magnitude less than the predictions for alumina clusters, if
included.
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1A 1B

Fig. 12. Structures of the monomer (n = 1) GM candidates 1A and 1B
for spinel, (MgAl2O4)1, and calcium aluminate (CaAl2O4)1. Note that
1B of (CaAl2O4)1 is a transition state. Mg/Ca atoms are colour-coded in
blue, Al atoms in turquoise, and O atoms in red.

3.3. Spinel (MgAl2O4)n and krotite (CaAl2O4)n clusters with
sizes n = 1–7

In the following, we use the term binding energy, Eb/n, defined
as the absolute difference between total potential energy of the
cluster under consideration and the contribution of its atomic
components at T = 0 K, normalised to the cluster size, n. This
should not be confused with the surface binding energy used
in the chemistry of dust grain surfaces and astronomical ices.
Furthermore, we compared our results for (MgAl2O4)n with the
predictions of Woodley (2009), who used an evolutionary algo-
rithm based on interatomic potentials to derive global minimum
(GM) configurations.

3.3.1. The monomers (n = 1)

The spinel monomer GM candidate (1A) exhibits Cs symmetry
and is shown in Fig. 12. The Mg–O bond lengths are 1.980 Å
and the Al–O bonds range from 1.703 to 1.811 Å. The CBS-QB3
binding energy of 1A is 2910 kJ mol−1, at the B3LYP/cc-pVTZ
level of theory it is lower (2728 kJ mol−1). We note that iso-
mer 1B, a C2v structure reported by Woodley (2009), has a
CBS-QB3 relative energy just 10.8 kJ mol−1 (B3LYP/cc-pVTZ:
11.0 kJ mol−1) above our GM candidate 1A. For temperatures
above 900 K, structure 1B becomes more favourable according
to its Gibbs free energy of formation. 1A and 1B essentially dif-
fer by the distance of the Mg cation to the out-of-plane oxygen
anion, which is 2.11 Å in 1A and 3.11 Å in 1B, so these structures
can be regarded as conformers. 1B exhibits a very low vibra-
tion frequency of 41 cm−1, which was identified as a hindered
rotation.

Structure 1A also corresponds to the most favourable iso-
mer of the CaAl2O4 monomer with a CBS-QB3 binding energy
of 2995 kJ mol−1. Owing to the mentioned problems of the
CBS-QB3 method with Ca (see Sect. 3.1), we also provide the
B3LYP/cc-pVTZ binding energy of 2921 kJ mol−1. The Ca–O
bond lengths of 2.208 Å are larger than the Mg–O bonds in the
spinel clusters, as the Ca cation has a larger radius (i.e. an extra
shell of electrons). The Al–O bonds in 1A range from 1.677
to 1.797 Å and are slightly smaller than for MgAl2O4. Isomer
1B exhibits an imaginary frequency of 71i cm−1 for CaAl2O4
monomer and represents a transition state.

3.3.2. The dimers (n = 2)

The most favourable spinel dimer structure, 2A, is depicted
in Fig. 13 and has a Ci point group symmetry. It was previ-
ously reported by Woodley (2009). We find a binding energy

2A 2B

Fig. 13. Dimer (n = 2) GM candidates 2A and 2B for stoichiometric
(MgAl2O4)2 and (CaAl2O4)2 clusters.

of Eb/n = 3114 kJ mol−1 at the B3LYP/cc-pVTZ level of theory.
The Mg–O bond lengths are 1.980 Å and the Al–O bonds range
from 1.703 Å to 1.811 Å. 2A shows a large aspect ratio with xyz
dimensions of 7.22 Å× 4.68 Å× 1.88 Å.

A metastable isomer (2B) with a relative energy to 2A of
14 kJ mol−1 is found to be the second most favourable spinel
dimer structure in our searches. For the entire temperature range
considered in this study (T = 0–6000 K) 2B is less favourable
than 2A. For (CaAl2O4)2 structure 2B is slighly preferred (by
7 kJ mol−1) to 2A at T = 0 K, but 2A becomes favourable
for temperatures above room temperature (i.e. 298 K). There-
fore, we consider 2A to be our best GM candidate for both
(CaAl2O4)2 and (MgAl2O4)2. The corresponding (CaAl2O4)2
geometry shows a slightly distorted symmetry with respect to
the spinel dimer exhibiting two different Ca–O bond lengths
of 2.025 Å and 2.082 Å, whereas the Al–O bonds range from
1.680 to 1.946 Å. The calcium aluminate dimer shows a larger
B3LYP/cc-pVTZ binding energy (Eb/n = 3271 kJ mol−1) than
the spinel dimer. In addition, different isomers were optimised
for mixed calcium-magnesium aluminates, MgCaAl4O8. In this
case, 2A corresponds to the GM candidate with a binding energy
of Eb/n = 3193 kJ mol−1, which lies between the energies for
Ca2Al4O8 and Mg2Al4O8, but still closer to the former.

3.3.3. The trimers (n = 3)

In Fig. 14, the GM candidate of the spinel trimer, (MgAl2O4)3,
3A, is shown. We find that structure 3A is lower in energy
by 34 kJ mol−1 than isomer 3B, which was found by Woodley
(2009). The structures 3A and 3B show an overall similar geom-
etry with differences of an Al–O and a Mg–O bond that are
visible at the top of the structures in Fig. 14. The lowest-energy
trimer isomers are not symmetric and belong to the C1 space
group. For (CaAl2O4)3 3B is 11 kJ mol−1 more favourable than
3A. For temperatures >700 K, 3A becomes the preferred geom-
etry. For this reason we report (CaAl2O4)3 results for both 3A
and 3B. One of the peculiarities of isomer 3B is that it shows a
five-fold coordinated oxygen atom. For the mixed Mg/Ca alumi-
nate trimers Mg2CaAl6O12 and MgCa2Al6O12, 3A corresponds
to the favoured isomer. We note that the relative energy between
3A and 3B decreases with increasing Ca content, and becomes
negative for (Ca3Al6O12)3.

3.3.4. The larger clusters (n = 4–7)

The GM candidates for n = 4, 4A and 4B, are shown in Fig. 15.
4A and 4B have very similar structures, but show differences in
some bonds and coordinations. For (MgAl2O4)4, structure 4A is
lower in potential energy by 12 kJ mol−1 than isomer 4B, which
corresponds to the GM candidate found by Woodley (2009). For
elevated temperatures 4A remains the most favourable cluster
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3A 3B

Fig. 14. Trimer (n = 3) GM candidates for stoichiometric spinel and
calcium aluminate clusters, (Mg/CaAl2O4)3.

4A 4B

Fig. 15. Tetramer (n = 4) GM candidates for stoichiometric spinel and
calcium aluminate clusters, (Mg/CaAl2O4)4.

isomer. Both isomers, 4A and 4B, show a structural similar-
ity without symmetry. For (CaAl2O4)4, the optimisation of 4A
and 4B leads to a pair of stereoisomers with the same energy.
4A also represents the most favourable geometry for the mixed
Ca2Mg2Al8O16 cluster species. For temperatures above 5000 K,
4A and 4B have essentially the same free energies. Generally, we
note a trend of increasing binding energy of about ∼40 kJ mol−1,
when substituting one Mg with one Ca cation.

The pentamer (n = 5) GM candidate 5A is shown in Fig. 16.
A different Cs symmetric structure, was predicted as GM by
Woodley (2009) for (MgAl2O4)5. This structure was also found
in our MC-BH searches. However, during the optimisation with
the B3LYP/cc-pVTZ method, the symmetry of this isomer was
broken, which led to a slightly distorted geometry (5B). By
imposing symmetry our optimisations did not converge. The
distorted geometry isomer 5B is 32 kJ mol−1 above 5A. For
(CaAl2O4)5, 5A lies 73 kJ mol−1 below 5B and represents the
GM candidate. Mixed Mg/Ca aluminates also exhibit 5A as a
preferential structure and their binding energies scale with the
Ca/Mg ratio. The larger the Ca content, the higher is the binding
energy Eb/n (∼20–30 kJ mol−1 per Ca atom).

The lowest-energy spinel hexamer (n = 6) cluster 6A is
shown in Fig. 17. 6A shows a quasi-symmetric mirror plane,
where an Mg atom is replaced by an Al atom on the right
hand side of the plane. For the isomer reported by Woodley
(2009), we find a large relative energy of 312 kJ mol−1 above
6A. By swapping one Al with one Mg ion in the hexamer struc-
ture of Woodley (2009), we find the more favourable structure
6B that lies 264 kJ mol−1 above 6A. For (CaAl2O4)6 6A cor-
responds to the most favourable isomer found in our searches
and it lies 55 kJ mol−1 below 6B. The energy difference between
the GM candidates of (MgAl2O4)6 and (CaAl2O4)6 is Eb/n =
143 kJ mol−1. For the mixed Mg/Ca aluminate hexamers we find

5A 5B

Fig. 16. Pentamer (n = 5) GM candidates for stoichiometric spinel and
calcium aluminate clusters, (Mg/CaAl2O4)5.

6A 6B

Fig. 17. Hexamer (n = 6) GM candidates for stoichiometric spinel and
calcium aluminate clusters, (Mg/CaAl2O4)6.

a gradual increase in the formation enthalpy with increasing
Ca/Mg ratio, consistent with the findings for the other cluster
sizes. For example, Mg3Ca3Al12O24 with a Ca:Mg ratio of 1:1 is
68 kJ mol−1 higher per unit n than (CaAl2O4)6, but 75 kJ mol−1

per unit n lower than (MgAl2O4)6.
For the spinel heptamer, we find structure 7A to be the

lowest-energy isomer (see Fig. 18). Similar to 6A, 7A also shows
a quasi-mirror plane where an Mg ion is substituted by an Al
ion. Structure 7B reported by Woodley (2009) shows a potential
energy of 66 kJ mol−1 above 7A and we find a small imaginary
vibration mode with a frequency of 11.32i cm−1. The mode could
not be attributed to a specific bond stretch or bend, and appears as
a collective breathing mode. For (CaAl2O4)7, 7A has a binding
energy Eb/n that is 149 kJ mol−1 larger than for the (MgAl2O4)7
counterpart. 7B lies 158 kJ mol−1 above 7A. Test calculations
of mixed Mg/Ca aluminate clusters confirm the correlation of
increased binding energies with increased Ca content for smaller
clusters. The atomic coordinates of the clusters presented in this
study can be found in Table A.2.

3.4. Homogeneous nucleation and the bulk limit

In the following two sub-subsections, we summarise the geomet-
ric and electrostatic properties of the GM cluster candidates as a
function of their size, n, and compare the size-dependent trends
with the bulk limit that is represented by the crystals spinel and
krotite.
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7A 7B

Fig. 18. Heptamer (n = 7) GM candidates 7A and 7B for stoichiometric
spinel and calcium aluminate clusters, (Mg/CaAl2O4)7.
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3.4.1. Homogeneous nucleation

In Fig. 19, the Gibbs free energies of dissociation of the GM
spinel cluster candidates, normalised to the cluster size, n, are
shown. We illustrate this normalised cluster energy for three dif-
ferent temperatures of T = 0, 1000, 2000 K. At T = 0 K, the
absolute of the Gibbs free energy of dissociation corresponds
to the binding energy, and also to the enthalpy of dissocia-
tion. Using the spherical cluster approximation (SCA; see e.g.
Johnston 2002) and excluding the monomer (n = 1), we fitted
the normalised energies in the form of

E(n)/n = a + bn−1/3, (12)

where parameter a corresponds to the normalised bulk energy
and parameter b is related to the surface tension. For MgAl2O4,
we find fitting parameters of

a = −4037.5 kJ mol−1, b = 1131.1 kJ mol−1 for T = 0 K
a = −2879.4 kJ mol−1, b = 755.7 kJ mol−1 for T = 1000 K
a = −1710.0 kJ mol−1, b = 393.8 kJ mol−1 for T = 2000 K.

(13)

The value for a agrees reasonably well with the cohesive
energy of 4070 kJ mol−1 for crystalline MgAl2O4 at T = 0 K
derived from the JANAF-NIST thermochemical tables2 (Chase
2 https://janaf.nist.gov/
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Fig. 20. Normalised Gibbs free energies of dissociation for the stoichio-
metric krotite clusters, (CaAl2O4)n, and spinel clusters, (MgAl2O4)n, as
a function of cluster size, n, for different temperatures of T = 0 K (solid
line), T = 1000 K (dashed line), and T = 2000 K (dash-dotted line).

1998). When including the monomer in the fitting procedure, we
find a larger value for a of 4241.8 kJ mol−1. Moreover, the fittings
that include the monomer increasingly overpredict the energies
for cluster sizes n > 5, which reflects the fact that the SCA is
derived in the large cluster limit. With these fitting relations
the free energies of larger spinel clusters, whose investigation
is computationally very demanding, can be predicted. However,
we also note that some cluster sizes (e.g. n = 3, 4) are more
favourable than others (n = 5, 7). Hence, it is possible that some
of the larger clusters with n > 7 show enhanced stability.

For comparison, we also included Mg-rich olivine clusters,
(Mg2SiO4)n, that were studied by Escatllar et al. (2019). These
silicate clusters can be directly compared to the spinel clusters
as they contain the same number of oxygen anions and metal
cations per formula unit. For coherence and consistency we
applied the same functional and basis set (B3LYP/cc-pVTZ) to
optimise the silicate clusters. Except for the monomer (n =1) and
large temperatures (T > 1300 K), the spinel clusters are more
favourable than their corresponding silicate clusters for all shown
cluster sizes (n = 1−7) and temperatures (T = 0, 1000, 2000 K).
The SCA fitting parameters for Mg2SiO4 silicate clusters are

a = −3882.4 kJ mol−1, b = 1065.1 kJ mol−1 for T = 0K
a = −2783.2 kJ mol−1, b = 761.1 kJ mol−1 for T = 1000K
a = −1676.9 kJ mol−1, b = 477.5 kJ mol−1 for T = 2000K,

(14)

where a at T = 0 K is in very good agreement with the
value of 3888 kJ mol−1 derived from JANAF-NIST for crys-
talline magnesium-rich olivine. As for spinel clusters, the inclu-
sion of the monomer leads to a more negative value of a
(–4036.55 kJ mol−1) and to a worse fit for larger cluster sizes.

In addition to the silicates, the MgAl2O4 cluster energies are
compared to those of Ca aluminates (i.e. CaAl2O4). In Fig. 20,
the Gibbs free energies of dissociation of the aluminate clus-
ters with respect to their atomic components, are compared for
different temperatures as a function of the cluster size, n. The
(CaAl2O4)n clusters are more favourable than their correspond-
ing Mg spinels. This can partially be explained by the stronger
Ca–O bond (414 kJ mol−1) in comparison with the Mg–O bond
(260 kJ mol−1).
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Fig. 21. Unit cell of crystalline spinel, MgAl2O4, with the cell param-
eters a = b = c = 8.089 Å and α = β = γ = 90◦ adopted from Finger
et al. (1986).

The SCA fit for (CaAl2O4)n, n = 2–7, results in fitting
parameters of

a = −4164.6 kJ mol−1, b = 1093.4 kJ mol−1 for T = 0 K
a = −3005.6 kJ mol−1, b = 710.2 kJ mol−1 for T = 1000 K
a = −1838.3 kJ mol−1, b = 341.5 kJ mol−1 for T = 2000 K.

(15)

To our knowledge, there is no thermo-chemical data for
crystalline krotite in the literature. Different high pressure
polymorphs of CaAl2O4 show cohesive energies of 6.11–
6.15 eV atom−1 corresponding to 4127–4154 kJ mol−1 (Qi et al.
2020), which agrees fairly well with our fitted constant a. Com-
paring these fits to those for the spinel clusters and extrapolating
to larger sizes, we find that clusters of (MgAl2O4)n are less
favourable than those of (CaAl2O4)n for all sizes n. Since this
extrapolation is not based on actual cluster data, it should be han-
dled with care. It should be noted here that clusters with mixed
Mg–Ca stoichiometries also exist, for example MgCaAl4O8. As
shown in Sect. 3.3 the energies of these mixed clusters lie in
between the values for (MgAl2O4)n and (CaAl2O4)n. The ther-
mochemical tables of the GM candidate clusters derived in this
study can be found in Table A.3.

3.4.2. The bulk limit

Crystalline spinel shows a T 2
d symmetry in the cubic crystal sys-

tem with unit cell parameters a = b = c = 8.089 Å and α =
β = γ = 90◦ (Finger et al. 1986). The spinel unit cell is illus-
trated in Fig. 21. In this form, Al atoms are 6-coordinated, O
atoms 4-coordinated, and Mg 4-coordinated, respectively. The
bond distances are Mg–O 1.889 Å and Al–O 2.058 Å.

Generally, the AlO and MgO bond lengths as well as the
atomic coordinations increase as a function of cluster size, as
can be seen in Table 3. This is not unexpected as the fraction
of ‘surface’ atoms decreases with cluster size and, therefore, the
average coordination and the bond lengths increases. However,
the increase is not strictly monotonic, for example d(AlO) for
n = 4 and d(MgO) for n = 2 represent outliers. Also, the average

Table 3. Geometric properties and binding energies of the (MgAl2O4)n
GM candidate clusters.

n d(AlO) d(MgO) c(Al) c(Mg) c(O) Eb/n

1 1.7533 1.9557 3.00 2.00 2.00 2728
2 1.7811 1.8285 3.50 2.00 2.25 3114
3 1.7908 1.9794 3.67 3.00 2.58 3280
4 1.7872 1.9810 3.75 3.00 2.63 3328
5 1.8016 1.9899 3.90 3.00 2.70 3375
6 1.8145 1.9986 4.08 3.17 2.83 3415
7 1.8345 1.9827 4.29 2.57 2.79 3423

∞ 1.9120 1.9160 6.00 4.00 4.00 4070 (a)

Notes. Col. 2: Mean interatomic distances in Å. Col. 4: Mean coor-
dination numbers. Col. 7: Normalised binding energies (in kJ mol−1).
(a) Derived from JANF-NIST(Chase 1998).

Fig. 22. Unit cell of crystalline krotite, CaAl2O4. The cell parameters –
a = 8.700 Å, b = 8.099 Å, c = 15.217 Å, and α = γ = 90◦, β=90.188◦ –
are adapted from Ma et al. (2011).

coordinations of the n = 7 GM cluster are lower than those for
n = 6. Moreover, individual bond length and atomic coordina-
tions in the clusters can differ from both their average values and
the bulk value (i.e. n→ ∞). For example, structure 3B bears a 5-
fold coordinated oxygen, which is larger than the coordination in
the bulk.

In Fig. 22 the krotite unit cell is shown. It exhibits a ΓmC5
2h

symmetry in the monoclinic crystal system with unit cell param-
eters a = 8.700 Å, b = 8.099 Å, c = 15.217 Å and α = γ = 90◦,
β = 90.188◦ (Ma et al. 2011).

In Table 4, the geometric properties of the (CaAl2O4)n GM
candidate clusters are shown. The average Al–O bond lengths
are very similar to those of the MgAl2O4 clusters and increase
with cluster size, except for n = 4. For Ca–O, we chose a cut-
off for the maximum bond length of 2.35 Å, and for Al–O and
Mg–O a maximum of 2.00 Å. While the coordination of the Al
cations and the O anions increase almost monotonically with
cluster size, the Ca coordination does not follow this trend.

Electrostatic properties of the spinel clusters and the bulk
limit (n = ∞) are given in Table 5. For the mean Al charge, an
increasing trend with size n can be seen. The average charges of
the Mg and O ions do not, however, follow a clear trend with
respect to the cluster size. Generally, all Al and Mg ions are pos-
itively charged cations, and the O ions are negatively charged
anions. Apart for the symmetric dimer (n = 2) the spinel clusters
exhibit considerable dipole moments with a maximum value of
7.32 Debye for n = 3. Therefore, we predict that our GM spinel
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Table 4. Geometric properties and binding energies of the (CaAl2O4)n
GM candidate clusters.

n d(AlO) d(CaO) c(Al) c(Ca) c(O) Eb/n

1 1.748 2.207 3.00 3.00 2.25 2922
2 1.778 2.053 3.50 2.00 2.25 3271

3(3A) 1.790 2.218 3.50 3.00 2.50 3432
3(3B) 1.814 2.183 4.00 2.33 2.58 3435

4 1.783 2.232 3.75 3.00 2.63 3503
5 1.809 2.206 4.00 2.80 2.70 3524
6 1.813 2.237 4.08 2.67 2.71 3558
7 1.839 2.233 4.43 2.43 2.82 3572

∞ 1.754 2.342 4.00 4.00 3.00 4165 (a)

Notes. Col. 2: Mean interatomic distances in Å. Col. 4: Mean coor-
dination numbers. Col. 7: Normalised binding energies (in kJ mol−1).
(a)Derived from SCA fit (this study).

Table 5. Electrostatic properties of the (MgAl2O4)n GM candidate
clusters.

n q(Al) q(Mg) q(O) Dipole Gap Evi Ea
i

1 0.583 0.838 –0.501 2.94 3.88 9.24 8.94
2 0.608 0.631 –0.462 0.00 4.68 9.00 8.74
3 0.590 0.871 –0.513 7.33 4.80 8.97 8.40
4 0.606 0.826 –0.509 1.93 4.57 8.64 8.40
5 0.623 0.839 –0.521 5.79 4.62 8.57 7.87
6 0.702 0.851 –0.564 2.98 5.11 8.62 8.01
7 0.725 0.799 –0.562 3.42 4.88 8.44 7.36

∞ 5.11 (a)

Notes. Col. 2: Average Mulliken charge (in e). Col. 5: Total moment
(in Debye). Col. 6: HOMO–LUMO gap (in eV). Col. 7: Vertical and
adiabatic ionisation energies (in eV). (a)Experimental value from Pilania
et al. (2020).

cluster candidates should be detectable by IR spectroscopy, if
they are present. The highest molecular orbital–lowest unoccu-
pied molecular orbital (HOMO-LUMO) gap of the spinel GM
clusters ranges from 3.88 to 5.11 eV and is just below the band
gap of the crystalline bulk spinel of ∼5.11 eV (Pilania et al.
2020). The ionisation potentials range between 7.36 and 9.24 eV
and generally decrease with cluster size.

In Table 6, the electrostatic properties of the (CaAl2O4)n GM
candidate clusters are displayed. The Al cation charges gener-
ally increase with cluster sizes n for both cluster families. For
CaAl2O4 the Al charges are slightly larger than for MgAl2O4,
except for n = 1,2. Ca charges are considerably more positive
than the Mg charges of spinel clusters. The oxygen anions show
slightly more negative average charges for krotite than for spinel
clusters. The larger atomically partitioned charges in krotite clus-
ters is also reflected in their larger dipole moments. For n ≥ 3 the
(CaAl2O4)n clusters exhibit dipole moments with large values
>8 Debye making them suitable targets for IR observations. The
HOMO-LUMO gaps of the two cluster families are comparable,
though the range in (CaAl2O4)n is narrower (i.e. 4.19–4.84 eV).
In this range also the band gap of crystalline calcium alumi-
nate (∼4.54 eV) is located (Qu et al. 2015). The vertical and
adiabatic ionisation energies are slightly lower for (CaAl2O4)n
and generally decrease with cluster size, n.

Table 6. Electrostatic properties of the (CaAl2O4)n GM candidate
clusters.

n q(Al) q(Ca) q(O) Dipole Gap Evi Ea
i

1 0.565 1.053 –0.546 4.90 4.19 8.78 8.30
2 0.586 0.982 –0.538 0.00 4.69 8.24 7.93

3A 0.657 1.018 –0.583 10.99 4.84 8.37 7.85
3B 0.698 0.967 –0.591 8.28 4.30 7.99 7.19
4 0.666 0.999 –0.583 7.13 4.64 7.95 7.50
5 0.701 0.983 –0.596 8.82 4.46 7.81 7.26
6 0.844 0.876 –0.641 8.93 4.51 7.62 7.17
7 0.831 0.821 –0.6205 8.31 4.58 7.50 6.44

∞ 4.54 (a)

Notes. Col. 1: cluster size, n, Col. 2: average Mulliken charge (in e),
Col. 5: the total dipole moment (in Debye), Col. 6: the HOMO–LUMO
gap (in eV), Col. 7: the vertical, and Col. 8: the adiabatic ionisation
energies (in eV). (a)Experimental value from Qu et al. (2015).

 1

 2

 3

 4

 5

 6

 7

 8

 10  11  12  13  14  15

(MgAl2O4)n

In
te

ns
ity

 (
no

rm
al

is
ed

)

Wavelength (µm)

n=1 n=2 n=3 n=4 n=5 n=6 n=7

Fig. 23. Harmonic vibrational spectra of (MgAl2O4)n clusters as a func-
tion of wavelength. The normalised IR intensities are plotted with a
Lorentzian profile and a full width at half maximum of 0.033µm.

3.5. Harmonic spectra

Clusters exhibit 3N − 6 vibrational modes, where N is the num-
ber of constituent atoms. Therefore, the spinel monomer (n = 1)
shows 15 modes and the heptamer (n = 7) 141 modes. We note
that for the monomer (n = 1) two of 15 and for the dimer (n =
2) 18 of 36 vibrational modes are IR inactive; all larger consid-
ered spinel GM cluster candidates have only IR active modes.
The most intense vibrational emission lines of the spinel family
are found in a wavelength range between 10.5 and 11.5µm (see
Fig. 23). With regard to the 13µm feature, emissions from the
monomer (n = 1), the dimer (n = 2) and the hexamer (n = 6) are
predicted. However, their relative intensities are rather low.

The harmonic vibrational spectra of the (CaAl2O4)n GM
cluster candidates are shown in Fig. 24. The most intense vibra-
tional emissions occur between 10.5 and 12.0µm. There are
common spectral features with (MgAl2O4)n clusters (see e.g.
for n = 2), but also differences are apparent (see e.g. n = 5).
Some peaks of (CaAl2O4)n are slightly shifted towards longer
wavelengths.

We note that several assumptions and approximations are
made for the vibrational IR spectra presented in this study. They
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Fig. 24. Harmonic vibrational spectra of (CaAl2O4)n clusters as a func-
tion of wavelength. The normalised IR intensities are plotted with a
Lorentzian profile and a full width at half maximum of 0.033µm.

include the harmonic approximation that neglects anharmonic
and temperature effects, but also the simplification that only GM
candidates of (Mg/CaAl2O4)n, n = 1–7 stoichiometry contribute
to the IR emission. However, a detailed treatment of the IR spec-
tra in stellar atmospheres with radiative transfer modelling is
beyond the scope of this paper.

4. Discussion

The present paper, along with Paper I, demonstrates that the
kinetic formation of alumina clusters and particles is efficient.
A kinetic CaAl2O4 synthesis is viable if pulsational shocks are
excluded, while MgAl2O4 does not form in O-rich circumstellar
envelopes.

The analysis of pre-solar oxygen-rich silicate grains in mete-
orites revealed that many grains contain a certain fraction of Ca
and Al (see e.g. Nittler et al. 2008; Nguyen et al. 2010; Bose
et al. 2010). Moreover, Leitner et al. (2018) found an unusual
large AGB stardust grain with an inner core that contains Al and
Ca, but no Si. Therefore, alumina and Ca- and Mg-bearing alu-
minates do indeed appear to serve, at least in some cases, as seed
nuclei for larger silicate grains, which is in agreement with our
studies.

Chemical equilibrium calculations show a different pic-
ture. To showcase these differences, we applied conditions very
similar to those used in the present kinetic study: the same
initial elemental composition, a pressure corresponding to the
photospheric gas density in the MIRA models, and a temper-
ature range of 500 K and 3000 K in the chemical equilibrium
code GGchem (Woitke et al. 2018). We find that none of the
considered cluster families (i.e. alumina, spinel, mixed Mg/Ca
aluminates, and krotite) sustains above a temperature of T =
900 K (see Fig. 25) The top panel includes a gas-phase mixture
of 865 species and the thermochemical data of (Al2O3)n, n =
1–10 clusters, whereas the second panel additionally includes
the (MgAl2O4)n, n = 1–7 clusters reported in this study (see
Table A.4 for the corresponding fitting coefficients). The largest
alumina cluster, (Al2O3)10, predominates only for temperatures
below 850 K. The inclusion of different (MgAl2O4)n cluster
sizes leads to a situation, where the largest cluster with n = 7
essentially replaces (Al2O3)10. This is in clear contrast to the
results of our chemical-kinetic study predicting alumina clus-
ters as primary seed particles and no spinel formation in any
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Fig. 25. Chemical equilibrium calculations performed at
p = 110 dyne cm−2 and with the software GGchem (Woitke et al. 2018)
for a large gas-phase mixture with 865 species and including clusters of
(Al2O3)n, n = 1−10 (top); (MgAl2O4)n, n = 1−7 and (Al2O3)n, n = 1−10
(second row); (MgxCa1−xAl2O4)n, x∈ (0..1], (MgAl2O4)n, n = 1−7, and
Al2O3)n, n = 1−10 (third row); and (CaAl2O4)n, (MgxCa1−xAl2O4)n,
x∈(0,1], (MgAl2O4)n, n = 1−7, and (Al2O3)n, n = 1−10 (bottom).

of the considered models. If additionally mixed Mg/Ca alu-
minate clusters and (CaAl2O4)n are included (see the bottom
panel of Fig. 25), we find that the Ca-rich aluminates dominate
the Al equilibrium chemistry, which is in agreement with the
thermochemical energies derived in this study.
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Generally, chemical equilibrium abundances are valid for
conditions that remain constant for an infinite time. However,
this is not the case in many highly dynamical astrophysical envi-
ronments, where active dust formation takes place. Therefore,
a chemical-kinetic approach accounting for reaction timescales
and barriers represents a more correct approach than using
chemical equilibrium. In equilibrium, the species concentrations
do not change by definition and their formation routes cannot be
traced. More important, in an equilibrium approach the role of
reaction barriers and unstable intermediates is ignored.

It is also worth noting that non-thermal effects can have a sig-
nificant impact on the chemistry in circumstellar envelopes. The
importance of vibrational (or internal) thermal non-equilibrium
for circumstellar dust formation was postulated in the past
decades (Nuth & Donn 1981; Patzer et al. 1998). As has been
shown in Plane & Robertson (2022), clusters with large dipole
moments can efficiently lower their internal temperatures via
spontaneous and stimulated photon emission. In turn, the lower
internal temperatures lead to dissociation rates that are signif-
icantly reduced, and aid the nucleation to proceed at an accel-
erated pace. Moreover, small temperature differences between
different sizes of the same cluster species can affect the cor-
responding nucleation rates considerably (Kiefer et al. 2023).
In this study we do not account for different vibrational and
translational temperatures of the species, or cluster sizes. This
means that in the pulsating models the effect of rapidly changing
temperatures is implemented simultaneously for all considered
species.

Regarding comparison with recent observations, we note that
the model results for the prevalent molecules CO, H2O, and
OH agree well (Maercker et al. 2016; Baudry et al. 2023). For
the Al chemistry, the modelled abundances are in accordance
with observations with the exception of AlOH, where model
abundances exceed the observed values by one to two orders
of magnitude. This fact was previously noted and discussed in
detail in Paper I.

So far, no Mg- or Ca-bearing molecules have been detected
around oxygen-rich AGB stars. Owing to the relatively large
dipole moments of their oxides (MgO and CaO), sulfides (MgS
and CaS), and hydroxides (MgOH and CaOH), it is unlikely
that these molecules are very abundant. As has been noted by
Agúndez et al. (2020), neutral atoms are likely the main reser-
voir of magnesium and calcium in AGB atmospheres. We largely
agree with this conclusion, but do not exclude the possibility of
Ca/Mg being in the form of Ca+ and Mg+ cations or part of
nascent dust grains.

The kinetic network presented in this study includes ter-
molecular and bimolecular neutral-neutral reactions. Atomic and
molecular ions, however, are not considered in this study. The
first ionisation energy of Mg atoms is 7.65 eV, which is similar
to those of stoichiometric (MgO)n clusters ranging from 7.1 to
8.2 eV (Gobrecht et al. 2021). The ionisation potentials of the
spinel and krotite clusters presented in this study are in a sim-
ilar range of ∼7–10 eV (see Tables 5 and 6). Atomic Al has
the lowest relevant ionisation potential of 5.99 eV. These ener-
gies are fairly large compared to the thermal energies at the
photosphere of AGB stars of typcially 0.15–0.3 eV. Dredged-up
26Al with a half-life of ∼717 000 yr might represent a more effi-
cient source of ionisation than temperature, and is expected to
be become particularly important in C-rich AGB stars that have
experienced several dredge-up episodes. In addition, some AGB
stars show significant UV emission, which is possibly caused by
chromospheric activity and could lead to a partial ionisation of

circumstellar matter (Montez et al. 2017). Nevertheless, a rela-
tively low ionisation fraction is expected in these environments.
However, even a low ionisation degree can impact the chemistry
since ion-molecule rates are typically orders of magnitude faster
than neutral-neutral reactions.

It is also possible that the spinel and krotite nucleation does
not proceed via the monomer as presumed in this study, but
via different stoichiometries or different kick-starter species (i.e.
heterogeneously). The inclusion of Mg in clusters represents
a major challenge in modelling bottom-up dust nucleation in
oxygen-rich environments. This is not only the case for spinel,
but also for Mg-rich silicates of olivine and pyroxene stoichiom-
etry, as well as for Mg-bearing titanates that are affected by
this problem (Plane 2013). In contrast, Ca can be incorporated
more easily in clusters under certain circumstances as was shown
in this study. These circumstances include the absence of pul-
sational shocks and the exclusion of the competing alumina
nucleation.

Comparing our kinetic results to classical nucleation descrip-
tions used in, for example, Sindel et al. (2022), we find formal
‘monomeric’ radii of 2.164 Å for Al2O3, 2.505 Å for MgAl2O4,
and 2.771 Å for CaAl2O4, respectively. At a temperature of T =
1000 K, surface tensions of 2.027× 10−4 J cm−2 for Al2O3 and
1.741×10−4 J cm−2 for MgAl2O4 can be derived using the cluster
energies derived in this study; for CaAl2O4 no value for the sur-
face tension is provided, since thermodynamic information on
the crystalline bulk is lacking.

From the Gibbs free energy extrapolation of the SCA fit,
we find that krotite clusters are more favourable than their Mg-
rich counterparts for all sizes, n. We note that there are several
caveats in the interpretation of this result. Foremost, this result
is a fitted extrapolation for n > 7 and does not rely on actually
calculated or measured cluster data. Also, this approximation
does not account for particularly favourable ‘magic’ cluster sizes,
or energetically unfavourable nucleation bottlenecks. Second, as
shown for small cluster sizes n = 1–7, it is likely that also mixed
Ca/Mg aluminate clusters exist with energies that are in between
pure krotite and spinel clusters. Although Ca-rich clusters are
favoured for all cluster sizes, Mg is about an order of magnitude
more abundant than Ca and could be incorporated in the clusters
at some stage. For these reasons, we believe that the larger Ca
ions can successively be replaced by smaller and more abundant
Mg ions.

As clusters are typically intermediate in size between gas-
phase molecules and solid bulk material, their respective vibra-
tional spectra show properties that are in between discrete
molecular line emissions and broad dust features. This is a con-
sequence of their number of degrees of freedom that scale with
the cluster size (i.e. the number of atoms that they contain).
As the clusters presented here have several Al–O and Mg/Ca–
O bonds of different lengths, their respective intense stretching
modes cover a range of wavelengths, leading to a non-discrete
spectrum. Yet the cluster spectra are not as broadened over a
large wavelength range as the emissions of sub-micron-sized
dust grains. As for alumina clusters, the most intense vibra-
tional modes are located in the 10.5–11.5µm wavelength range.
These intense modes are attributed to Al–O stretchings, whereas
the Mg/Ca–O modes are more modest and occur at slightly
longer wavelengths (i.e. 10.5–12.0µm). Therefore, these clus-
ters are unlikely to be carriers of the 13µm feature, which is
expected to arise from larger particles. The emissions of larger
cluster particles become largely independent of the interior
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composition and will gradually evolve towards a black body radi-
ation. Generally, the IR spectrum of circumstellar dust shells is
dominated by fully grown grains that could cover the spectral
signatures of nucleation species with smaller sizes. In reality,
the cluster spectra are influenced by anharmonicities and ele-
vated temperatures that can lead not only to broadening, but
also to shifts in wavelengths, appearance and/or disappearance
of certain peaks and asymmetries in the intensities (Guiu et al.
2021).

5. Summary

In this study, we explored several kinetic pathways for the for-
mation of spinel (MgAl2O4) and krotite (CaAl2O4) monomers.
Under certain conditions, including the absence of pulsa-
tional shocks and the exclusion of alumina cluster nucleation,
the krotite monomer, CaAl2O4, and its hydroxylated form,
CaAl2O3(OH2), can be produced in significant amounts, up to
a fractional abundance of 2 × 10−8. This corresponds to slightly
less than 1% of the global budget of the elements aluminium and
calcium, and would result in a krotite dust-to-gas mass ratio of
1.5 ×10−6, which is two orders of magnitude lower than the alu-
mina dust-to-gas mass ratio of 1.1 ×10−4. However, the kinetic
formation of the MgAl2O4 monomer represents a major chal-
lenge under circumstellar conditions. In particular, the inclusion
of Mg in spinel and silicates is inefficient since the reverse
reactions proceed at a higher speed. In contrast, the nucleation
of alumina is efficient close to the star (1 R⋆−2.5 R⋆) and is
only barely affected by the inclusion of the magnesium and cal-
cium aluminate chemistry. Therefore, alumina remains the most
likely seed particle candidate according to our physico-chemical
models.

Presuming the existence of monomers including
(MgAl2O4)1, the subsequent cluster growth is energetically
favourable for temperatures in the dust condensation zone
(i.e. T < 2000 K). Extensive global optimisation searches
were performed to derive the energies and structures of the
most favourable cluster isomers for (Mg/CaAl2O4)n, n = 1–7,
including mixed Mg/Ca aluminates. For cluster sizes n = 3–7,
hitherto unreported GM candidates were revealed. Some of
these lowest-energy isomers show large dipole moments and are
therefore potentially suitable for future IR observations. From
the thermodynamic properties of the (sub-)nanometre-sized
clusters presented in this study, we predict a stability sequence
in which CaAl2O4 clusters are the most favourable species,
followed by mixed Ca/Mg aluminate clusters, MgAl2O4, and
olivinic silicates. The harmonic vibrational spectra of the
clusters cannot account for the commonly observed 13µm
feature in circumstellar envelopes, which likely arises due
to grown (sub-)micrometre-sized alumina and aluminate
dust grains.

Instead, the most intense vibrational modes are found in a
wavelength regime between 10.5 and 11.5µm for (MgAl2O4)n
and between 10.5 and 12µm for (CaAl2O4)n, n = 1–7 clusters.
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Appendix A: Molecular systems of AlOMg, AlOCa,
AlOMgH, and AlOCaH

The PES of the small molecular systems AlOMg, AlOMgH,
AlOCa, and AlOCaH are explored at the B3LYP/cc-pVTZ level
of theory to find the stationary points (i.e. reactants, intermedi-
ates, saddle points, and products). For consistency the harmonic
vibrational analysis is conducted at the same level of theory. To
obtain more reliable energy barrier heights, single point calcu-
lations at the CCSD(T)/cc-pVTZ level of quantum theory are
performed (Purvis & Bartlett 1982; Pople et al. 1987). We note
that all the energies reported here are corrected for B3LYP zero-
point energies. The reactions involved in the present study are
chemically activated processes, in which two reactants form an
adduct. The newly formed adduct can either dissociate back to
the reactants or can form new products. On the other hand, the
stabilisation of the adduct can compete with the reactive chan-
nels. Reactions of this type are generally pressure dependent.
We used RRKM theory along with a Master Equation analysis
to treat such systems.

Some reaction channels show no intrinsic barrier height. In
these cases variable reaction coordinate-transition state theory
(VRC-TST), in which the transition states are considered loose
and their positions along the reaction coordinates are located
variationally, is applied to obtain the corresponding rate con-
stants. In the present study, the bond distance of interest in the
adduct is varied in a stepwise manner towards the correspond-
ing reagents and products at CCSD(T)/cc-pVTZ level. Then, the
potential energies at these points are fitted to the Varshni equa-
tion, which is used in the VRC-TST calculations (Varshni 1957).
The Variflex code was used for this purpose (Klippenstein et al.
1988). The PES of the Al–O-Mg/Ca system is shown in Fig. A.1.

This system includes reaction 2,

AlO +Mg/Ca⇌ MgO/CaO + Al (A.1)

with ∆rH(0 K)= +212 kJ mol−1 and ∆rH(0 K)= +156 kJ mol−1 for
the formation of MgO and CaO, respectively. These endothermic
reaction enthalpies are the result of the stronger Al–O bond as
compared with the alkaline earth metal oxides MgO and CaO.
We note that the PESs shown in Fig. A.1 are explored at the
B3LYP/cc-pVTZ level of theory, and CCSD(T)/cc-pVTZ sin-
gle point energies are then calculated to obtain more reliable
potential energies for the stationary points. The Al–O-Mg/Ca
molecular system can also result in a termolecular association
reaction 3,

AlO +Mg/Ca +M⇌ AlOMg/AlOCa +M (A.2)

with ∆rH(0 K)= −345 kJ mol−1 for the formation of AlOMg,
and ∆rH(0 K)= −358 kJ mol−1 for AlOCa. Although the AlOMg
and AlOCa formations are very exothermic, they proceed as
termolecular reactions at circumstellar densities and are conse-
quently slow.

Owing to the presence of circumstellar AlOH we also studied
the Al–O-H-Mg/Ca system (see the bottom panel of Fig. A.1):

AlOH +Mg/Ca⇌ AlOMg/AlOCa + H. (A.3)

The reaction of AlOH with atomic Mg is endothermic by
155 kJ mol−1 with respect to the formation of AlOMg+H. The
formation of the AlOMgH adduct is exothermic by 133 kJ mol−1

with respect to AlOH+Mg, but involves a tight transition transi-
tion state that lies 123 kJ mol−1 above the reactants. The situation
is similar for the AlOCaH system. AlOCaH can form exother-
mically (-122 kJ mol−1) from AlOH+Ca, but involves a tight
transition state 117 kJ mol−1 higher than the reagents.
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Fig. A.1. Potential energy diagrams for the molecular systems of
AlOMg (top panel), AlOCa (second panel), AlOMgH (third panel), and
AlOCaH (bottom panel).
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Table A.1. Reaction rate network.

no. Reaction ∆ Hr(0 K) Rate k Reference

185 Al + MgO→ AlO + Mg -241 3.96(-10)(T/300)−0.14 exp(6.5/T ) RRKM
186 AlO + Mg→ Al + MgO 241 1.07(-09)(T/300)−0.05 exp(−25732/T ) RRKM
187 AlOH + Mg→ AlOMg + H 157 5.32(-10)(T/300)0.20 exp(−18539.8/T ) RRKM
188 AlOMg + H→ AlOH + Mg -157 2.50(-10)(T/300)−0.28 exp(5.8/T ) RRKM
189 AlO + Mg+ H2 → AlOMg + H2 -326 5.32(-30)(T/300)−3.42 exp(−0.9/T ) RRKM
190 AlOMg + H2 → AlO + Mg + H2 326 4.13(+07)(T/300)−4.23 exp(−39765.2/T ) RRKM
191 CaO + Al→ AlO + Ca -84 3.24(-10)(T/300)−0.20 exp(6.4/T ) RRKM
192 AlO + Ca→ CaO + Al 84 4.99(-10)(T/300)−0.14 exp(−18766.4/T ) RRKM
193 AlOH + Ca→ AlOCa + H 114 (1) 1.56(-10)(T/300)2.02 exp(−13826.3/T ) RRKM
194 AlOCa + H→ AlOH + Ca -1141 1.03(-12)(T/300)−0.93 exp(−425.5/T ) RRKM
195 AlO + Ca + H2 → AlOCa + H2 -358 1 1.51(-31)(T/300)−3.42 exp(−0.9/T ) RRKM
196 AlOCa + H2 → AlO + Ca + H2 358 1 3.56(+05)(T/300)−4.28 exp(−43580.3/T ) RRKM
197 Al2O2 + OH + H2 → Al2O3H + H2 -493 4.52(-26)(T/300)−8.63 MESMER calculation
198 Al2O3H + H2 → Al2O2 + OH + H2 493 6.47(-6)exp(−46090/T ) MESMER calculation
199 Al2O3H + OH→ Al2O4H + H -10 1.01(-10)(T/300)0.38 MESMER calculation
200 Al2O4H + H→ Al2O3H + OH 10 1.83(-9)(T/300)0.09 MESMER calculation
201 Mg + Al2O4H→MgAl2O4 + H -11 3.10(-11)(T/300)−0.19 MESMER calculation
202 MgAl2O4 + H→Mg + Al2O4H 11 2.27(-9)(T/300)0.16 MESMER calculation
203 Al2O2 + H2O + H2 → Al2O3H2 + H2 -330 7.59(-26)(T/300)−9.58 MESMER calculation
204 Al2O3H2 +H2 → Al2O2 + H2O + H2 330 5.35(-8)exp(−23987/T ) MESMER calculation
205 Al2O3H2 + OH→ Al2O4H2 + H -201 1.02(-9)(T/300)−0.65 MESMER calculation
206 Al2O4H2 + H→ Al2O3H2 + OH 201 1.73(-5)(T/300)−1.74 exp(−23791.4/T ) Detailed balance
207 Ca + Al2O4H2 → CaAl2O4 + H2 -94 1.72(-13)(T/300)exp(−3755/T ) MESMER calculation
208 CaAl2O4 + H2 → Ca + Al2O4H2 94 4.93(-12)exp(−7370/T ) MESMER calculation
209 Ca + Al2O2 + M→ CaAl2O2 + M -193 3.06(-28)(T/300)−8.09 0.0 MESMER calculation
210 CaAl2O2 + M→ Ca + Al2O2 + M 193 6.11(-11)exp(−20576/T ) MESMER calculation
211 CaAl2O2 + OH→ CaAl2O3 + H -270 1.23(-9)(T/300)0.14 MESMER calculation
212 CaAl2O3 + H→ CaAl2O2 + OH 270 4.98(-7)exp(−31331/T ) Detailed balance
213 CaAl2O3 + OH→ CaAl2O4 + H -179 8.30(-10)(T/300)−0.70 MESMER calculation
214 CaAl2O4 + H→ CaAl2O3 + OH 179 2.20(-6)exp(−19484.1/T ) Detailed balance
215 CaAl2O4 + SiO + M→ CaAl2O4SiO + M -492 2.81(-26)(T/300)−14.59 MESMER calculation
216 CaAl2O4SiO + M→ CaAl2O4 + SiO + M 492 2.84(-7)exp(−25587/T ) MESMER calculation
217 CaAl2O4 + H2O + M→ CaAl2O3(OH)2 + M -318 2.76(-26)(T/300)−15.06 MESMER calculation
218 CaAl2O3(OH)2 + M→ CaAl2O4 + H2O + M 318 5.10(-9)exp(−15442/T ) MESMER calculation
219 CaAl2O4 + AlO + M→ CaAl3O5 + M -489 4.05(-24)(T/300)−13.29 MESMER calculation
220 CaAl3O5 + M→ CaAl2O4 + AlO + M 489 3.17(-5)exp(−38785/T ) MESMER calculation

Notes. The table lists: (1) the reaction number, (2) the reaction, (3) the CBS-QB3 heat of reaction (enthalpy) at T = 0 K, (4) the reaction rate with
the pre-exponential rate constant A given as a(-b) = a× 10−b (for bimolecular reactions in units of cm3 s−1, for termolecular reactions in units of
cm6 s−1), and (5) the reference or method of calculation. Reactions 1-166 are adopted from Gobrecht et al. (2022) and reaction 167-184 from Decin
et al. (2018) . (1)calculated at the CCSD/cc-pVTZ level

Table A.2. Cartesian coordinates of the atomic centres of the GM
candidate structures presented in this study.

1A
O -0.16877 0.96174 1.72609
O 1.18721 -0.58226 -0.00000
Al -0.16877 -0.64481 -1.18571
Al -0.16877 -0.64481 1.18571
O -1.21429 -1.42488 -0.00000
O -0.16877 0.96174 -1.72609
Mg 0.60876 1.45287 0.00000

Notes. The full table is available from the CDS.
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Table A.3. Thermochemical tables of the GM cluster candidates.

1A
T(K) S (J mol−1K−1) Cp (J mol−1K−1) δ∆H (kJ mol−1) ∆H f (kJ mol−1) ∆G f (kJ mol−1) log(K f )

0 0.000 0.000 0.000 -940.077 -940.077 ∞

100 255.998 47.597 3.699 -943.794 -932.385 487.022
Notes. The full table is available from the CDS.

Table A.4. Fitting parameters a, b, c, d, and e for the computation of ∆G◦r (T ) as defined in Stock et al. (2018) and used for equilibrium calculations.

Species a b c d e
(MgAl2O4)n

1A 3.29349e+05 -6.69734 -50.7728 0.00400272 -2.73757e-07
2A 7.51831e+05 -12.1274 -131.404 0.00828716 -5.64066e-07
3A 1.18824e+06 -18.555 -215.394 0.0131985 -9.01132e-07
4A 1.61731e+06 -24.6412 -298.481 0.0178873 -1.22137e-06
5A 2.03762e+06 -30.5908 -382.383 0.0225431 -1.54054e-06
6A 2.47457e+06 -37.1498 -465.231 0.0275476 -1.88472e-06
7A 2.89378e+06 -42.0406 -552.431 0.0316631 -2.16667e-06

(CaAl2O4)n
1A 3.52652e+05 -6.38009 -52.3394 0.00395382 -2.85119e-07
2A 7.89531e+05 -11.6054 -133.944 0.00828386 -5.94438e-07
3A 1.24299e+06 -17.2971 -221.608 0.012927 -9.27582e-07
4A 1.69168e+06 -23.2166 -305.961 0.0176701 -1.26714e-06
5A 2.12744e+06 -28.8081 -392.233 0.0222699 -1.59754e-06
6A 2.57734e+06 -34.7737 -478.633 0.0270924 -1.94416e-06
7A 3.01948e+06 -39.6558 -566.32 0.0313433 -2.25101e-06

(MgxCa(1−x)Al2O4)n
2A, x=0.5 7.70912e+05 -11.8584 -132.685 0.00828238 -5.79068e-07

3A, x=0.67 1.20624e+06 -18.1871 -217.224 0.0131379 -9.12119e-07
3A, x=0.33 1.22616e+06 -17.8285 -219.168 0.0130755 -9.22773e-07
4A, x=0.75 1.63493e+06 -24.2286 -300.652 0.0178007 -1.23048e-06
4A, x=0.5 1.65431e+06 -23.8674 -302.603 0.0177399 -1.24136e-06

4A, x=0.25 1.67139e+06 -23.4463 -304.902 0.0176569 -1.25096e-06
5A, x=0.8 2.04991e+06 -30.4413 -383.478 0.0226033 -1.5601e-06
5A, x=0.6 2.06913e+06 -30.1053 -385.262 0.0225528 -1.57157e-06
5A, x=0.4 2.08729e+06 -29.6599 -387.672 0.0224543 -1.58002e-06
5A, x=0.2 2.10466e+06 -29.2119 -389.906 0.0223453 -1.58738e-06
6A, x=0.5 2.52867e+06 -35.9415 -471.01 0.0272996 -1.91272e-06
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