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This paper describes a new experimental method to synthesise metal silicate particles in the laboratory
with compositions and structures which reflect those likely to form in planetary atmospheres and in rel-
atively cool regions of oxygen-rich stellar outflows. Fe–Mg-silicate nanoparticles of olivine composition
were produced by the photo-oxidation of a mixture of Fe(CO)5, Mg(OC2H5)2 and Si(OC2H5)4 vapours in the
presence of O3 at room temperature and atmospheric pressure. Transmission electron microscope X-ray
and electron energy loss analysis of the particles from a number of experiments run with different pre-
cursor vapour mixture ratios show that Mg2xFe2�2x SiO4 particles can be produced ranging from x = 0 to 1,
where x is linearly proportional to the ratio of Mg(OC2H5)2/(Fe(CO)5 + Mg(OC2H5)2). Electronic structure
calculations with hybrid density functional/Hartree–Fock theory are then used to explore the pathways
involved in producing olivine particles from the FeO3, MgO3 and SiO2 produced from the photolysis of the
organometallic precursors in O3. These calculations indicate that highly exothermic reactions lead to the
formation of Mg2SiO4, MgFeSiO4 and Fe2SiO4 molecules, which then polymerize. An alternative pathway,
also strongly favoured thermodynamically, is the polymerization of MgSiO3 and FeSiO3 to form pyrox-
enes, which then undergo structural rearrangement to olivine and silica phases. The implications for
metal silicate formation in planetary atmosphere and stellar outflows are then discussed.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Speculation on the chemical composition of dust particles found
in a variety of extra-terrestrial environments (e.g. interstellar and
circumstellar), backed by the large database of optical measure-
ments made over the past half century or so (see Whittet, 2003),
invariably identifies metal (primarily iron and magnesium) silicate
compounds as a major component (Rietmeijer, 2002; Draine, 2003;
Henning, 2010). Indeed, the term ‘astronomical silicate’ has been
coined for a general olivine (Mg2xFe2�2x SiO4; x � 0.5) structure
which provides a best-fit to certain features in the optical data
(Draine and Lee, 1984). These dust particles are not only important
in that they scatter, absorb and re-radiate light, but also because
they act as catalytic substrates for the uptake and reaction of ambi-
ent gas-phase species, and hence are thought to be vital for the
synthesis of detected molecular species such as H2 and CO (Wil-
liams and Taylor, 1996).

Analysis of peak structure within the diagnostic Si–O bond
vibrations at �10 and 18 lm suggests a crystalline, Mg-rich
(x > 0.5) nature for these mineral forms (pyroxene and olivine) of
dust in certain high temperature environments i.e. in proximity
ll rights reserved.
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to evolving stars (Gail and Sedlmayr, 1999) and also in comets
and planetary nebulae (Jäger et al., 1998). However, it has been re-
ported that amorphous Fe-rich (x < 0.5) olivine variations are dom-
inant in the interstellar medium or ISM (Draine, 2003; Kemper
et al., 2004), with a significant proportion of such grains in the low-
est density regions of the ISM being less than 3 nm in size (Li and
Draine, 2001).

It has long been suggested that nanoparticles of ‘meteoric
smoke’ are formed in the upper atmosphere of the Earth, as a result
of meteor ablation and subsequent condensation of gas-phase me-
tal oxide and silicate species (Rosinski and Snow, 1961; Hunten
et al., 1980). Ablation modelling indicates that the majority of
atoms/ions released into the atmosphere from the parent meteor-
oid are (in approximately equivalent amounts) those of iron, mag-
nesium and silicon (Vondrak et al., 2008). Subsequent oxidation of
these species is then likely to initiate condensation of solid-phase
silicaceous material (smoke particles).

Such particles are predicted to be of the order of only a few
nanometres in size and consequently, proof of their existence
through optical methods has to date been difficult and largely
inconclusive. Recent satellite-bound spectrometer measurements
of high altitude particle extinction seem to be the first to identify
these tiny smoke particles (Hervig et al., 2009), although composi-
tional fitting of such data is reliant on refractive index data avail-
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able for a limited range of silicate materials prepared in the
laboratory.

The interaction of meteoric smoke particles or MSPs with gases
such as H2O and H2SO4 in the Earth’s atmosphere has long been
thought to play a role in such phenomena as high altitude ice par-
ticle nucleation, leading to the related phenomena of noctilucent
clouds and polar mesosphere summer echoes (Rapp and Thomas,
2006), and the depletion of acidic gases in the upper stratosphere
(Turco et al., 1981). Clearly the precise nature of such particle–va-
pour interactions will be strongly dependent on the particle com-
position. The formation of meteoric smoke (and subsequent
interaction with organic vapours) has recently been postulated to
account for the observed ‘detached’ aerosol layer in Titan’s atmo-
sphere (Lavvas et al., 2009). MSPs are also almost certainly the nu-
clei which form CO2-ice clouds in the Mars mesosphere around
80 km (Montmessin et al., 2006). In the ISM, dust particles play a
crucial role, for example, in the synthesis of molecules through het-
erogeneous chemistry (e.g. Williams and Hartquist, 1999).

The critical ingredients for the formation of such smoke and
dust particles in the terrestrial and other planetary atmospheres,
and in favourable regions of the ISM (see the review of Henning
(2010)) such as, for example, the cooling outflows/circumstellar
envelopes of oxygen-rich asymptotic giant branch (AGB) stars
(e.g. Gail and Sedlmayr, 1999; Gail, 2010), planetary nebulae (e.g.
Gorny et al., 2010) or regions chemically enriched by supernovae
(e.g. Kotak et al., 2009), are (i) a source of metal and silicon atoms,
and (ii) an oxidising species to form the initial gas-phase metal
oxide and silicon oxide molecules. These can then react to form
molecular silicate species (see Section 3.2). In planetary/satellite
atmospheres where the atmospheric pressure is greater than about
1 lbar, meteoric ablation occurs (e.g. McAuliffe and Christou,
2006; Kim et al., 2001; Ip, 1990; English et al., 1996; Molina-Cub-
eros et al., 2008; Pesnell and Grebowsky, 2000; Whalley and Plane,
2010). The resulting metal and silicon atoms are then oxidized in
the presence of O3 and O2, which tend to be present at some level
(e.g. Fast et al., 2009; Migliorini et al., 2010; Noll et al., 1997; Hörst
et al., 2008). In the ISM, the stellar nucleosynthesis and ejection of
metals such as Fe and Mg and of Si accompanied by the presence of
oxygen in the form of neutral and ionised forms or in volatile mol-
ecules or ices (Jensen et al., 2008) will likewise be conducive to the
formation of silicate species.

The production of analogue materials for cosmic dust studies
has utilised a number of methods (reviewed by Colangeli et al.
(2003)) including room temperature sol–gel preparations (Thomp-
son et al., 1996; Jäger et al., 2003), melt quenching (Dorschner
et al., 1995), and vapour condensation methods such as laser abla-
tion–condensation (Brucato et al., 2002) and high temperature
evaporation–condensation (Rietmeijer et al., 1999; Nuth et al.,
2000). The purpose of such laboratory techniques is not to replicate
directly the chemical or physical conditions in which particle for-
mation can occur in the Earth’s atmosphere, other planetary atmo-
spheres or the ISM, but to provide a way of forming particles of
realistic composition and structure for the subsequent study of
their physical and chemical properties under conditions appropri-
ate for a targeted environment.

Sol–gel/melt quenching syntheses can produce amorphous
pyroxene and olivine compounds with mixed compositions, but
the vapour condensation methods to date have indicated that for-
mation of mixed Mg–Fe silicate materials is not favoured. How-
ever, more recent studies using the photo-oxidation of ‘binary’
mixtures of iron and silicon precursor vapours at room tempera-
ture (Saunders and Plane, 2006; Kimura and Nuth, 2007) led to
the preferential nucleation and subsequent growth of amorphous
particles with end-member olivine composition. To the best of
our knowledge, there have, as yet, been no reports of the formation
of mixed-composition (Fe–Mg) olivine materials directly from the
gas-phase at low (room) temperature. This has important implica-
tions for understanding dust compositions in lower temperature
environments such as planetary/satellite atmospheres and the ISM.

Our earlier study (Saunders and Plane, 2006) was aimed at syn-
thesising and studying the properties of nanomaterials as ana-
logues of meteoric smoke particles or MSPs. This paper extends
our investigations to a more realistic ‘tertiary’ vapour system,
whereby a mixture of iron, magnesium and silicon oxide vapours
is generated, from which mixed composition olivine nanoparticles
are produced. Electron microscope X-ray analysis (TEM-EDX) and
electron energy loss spectroscopy (EELS) data from collected mate-
rial is used to show that (1) the final particle composition is homo-
geneous and (2), the relative Fe/Mg composition in the particles
can be controlled quantitatively from x = 0 to 1 by varying the rel-
ative flows of the organometallic precursors. To complement the
laboratory studies, we use electronic structure theory to identify
likely molecular structures and chemical pathways which result
in the observed particle compositions.
2. Experimental methods

An aerosol flow reactor system (cylindrical laminar flow glass
cell fitted with a series of quartz windows which act as photolysis
ports) described in detail previously (Saunders and Plane, 2006)
was used for the nucleation and growth of refractory aerosol from
the photo-oxidation of mixed vapours of the precursors, iron
pentacarbonyl (Fe(CO)5, 99.999%, Aldrich), magnesium ethoxide
(Mg(OC2H5)2, 98%, Aldrich) and tetraethyl orthosilicate or TEOS
(Si(OC2H5)4, 98%, Aldrich), in N2 bath gas at 293 K and atmospheric
pressure. Photolysis of the precursor vapours was achieved using a
broad-band Xe arc lamp (k > 300 nm), whose beam was directed
through the quartz cell windows using a flat mirror, and attenu-
ated using neutral density filters to achieve the desired photolysis
rate in the experiments. A total gas flow rate (precursors, O2 and N2

bath gas) of 600 cm3 per minute at STP was used in all experi-
ments. Ozone (1013–1014 cm�3) was generated prior to addition
to the aerosol flow reactor by passing the O2 flow through a small
cell with a quartz window adjacent to a Hg pen lamp.

A series of particle production experiments was performed
using varying ratios of the three precursor vapours present in the
reactor. The ratio was controlled experimentally by varying the rel-
ative gas flow fractions of the entrained precursor vapours. Whilst
vapour pressure data for the Fe and Si liquid precursors has been
reported in the literature (Gilbert and Sulzmann, 1974; Alcott
et al., 2004 respectively), no such data appears to exist for the solid
Mg precursor. In addition, all experiments were performed at con-
stant lamp irradiance in the flow reactor, corresponding to a calcu-
lated photolysis rate (J) of �2.0 � 10�4 s�1 for Fe(CO)5 (determined
from the wavelength-resolved lamp photon flux and the molecular
absorption cross-section – see Saunders and Plane, 2010). No
cross-section data is available in the literature for the other precur-
sors. The generated particles were sampled downstream of the
flow cell by inertial deposition onto holey-carbon grids (300 mesh
Cu, Agar Scientific) suspended in the gas flow, for subsequent TEM
(Philips CM200) imaging and quantitative compositional analysis
using energy dispersive X-ray (EDX) and electron energy loss
techniques.
3. Results and discussion

3.1. Electron microscope and elemental analysis

Fig. 1 is an electron micrograph of a particle aggregate gener-
ated by the photo-oxidation of a mixture of the Fe, Mg and Si
precursors described previously. Whilst the maximum projected



Fig. 1. Transmission electron micrograph of a typical fractal-like particle aggregate
formed from a vapour mixture of Fe, Mg and Si precursors.

Fig. 2. EDX spectra of particles sampled from three particle production experiments
in which no Mg precursor vapour was present (top panel), no Fe precursor vapour
was present (bottom panel), and in which all three precursor vapours were present
in the flow reactor (middle panel). Characteristic element peaks are indicated at the
respective electron energy values.

Table 1
Flows (cm3 min�1 at 293 K and 1 bar) used for the respective precursor vapours (Fe-,
Mg- and Si-) present in the particle formation experiments. Calculated atomic ratio
(xparticle = Mg/(Mg + Fe)) from EDX analysis on particles collected from the respective
experiments is also shown.

Fe Mg Si O2 N2 Mg/Fe xparticle

15 0 100 40 445 0 0
11 20 100 40 429 1.82 0.11

9 40 100 40 411 4.44 0.36
6 50 100 40 404 8.33 0.47
3 75 100 40 382 25.0 0.65
3 100 100 40 357 33.33 0.78
0 50 100 40 410 – 1.0
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length of this structure from the 2D image is in excess of 2 lm, it is
evident that the fractal-like nature of the aggregate is generated
from smaller particle clusters made up of constituent ‘primary’
particles with an observable range of sizes down to �10 nm. Previ-
ous growth modelling analysis of iron oxide and silicate particles
generated within the same flow reactor (Saunders and Plane,
2006, 2010) indicate a primary particle size typically between 6–
8 nm for such particles under conditions of room temperature
and atmospheric pressure.

Fig. 2 shows EDX spectra obtained from particles generated
from three different vapour mixtures. The top spectrum was taken
from a particle aggregate formed from the photo-oxidation of the
iron-silicon system, the middle spectrum from the iron–magne-
sium–silicon system, and the bottom spectrum from the magne-
sium–silicon system.

Seven different experiments were performed: one Fe/Si run, one
Mg/Si run, and five separate Fe/Mg/Si runs where the Fe and Mg
precursor flows were varied. The relative Fe, Mg and Si content
in the particles was determined using the integrated EDX peak
areas and X-ray scattering cross-sections (SiK, FeK,L and MgK)
(Goodhew et al., 2001). Analysis was typically performed on five
different regions of each sampled particle (using a probe size of
1 nm), and on 5–10 different particles collected in the same exper-
iment. The elemental values obtained in this way were highly con-
sistent, with less than 10% variation for a given particle sample in
each experiment. It should be noted that we did not observe any
particles of purely iron or magnesium oxide composition from
these experiments. The relative abundance data was then used to
calculate values of xparticle (=Mg/(Mg + Fe)) for comparison with
the olivine and pyroxene stoichiometries – (MgxFe1�x)2SiO4 and
MgxFe1�xSiO3, respectively. These are listed in Table 1 along with
the flow rates used for the precursor species, oxidant and bath
gas (N2).

Fig. 3 shows particle x values plotted against the ratio of
(Mg + Fe)/Si for each experiment. Within error, the average particle
compositions from all experiments are consistent with olivine and
not pyroxene structures.



Fig. 3. Plot of the measured elemental ratio (Fe + Mg)/Si in the sampled particles against x, indicating an olivine [(MgxFe1-x)2SiO4] composition in all cases.
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For further verification of the particle compositions, electron
energy loss spectroscopy (EELS) was also conducted in order to
quantify the oxygen content (OK). These were plotted as a ratio
with respect to Fe, Mg and Si atomic content using the integrated
peak areas, as discussed in Saunders and Plane (2006), against
the xparticle values determined above. Fig. 4 indicates that the mea-
sured elemental data (coloured points) are in accord with those
predicted for olivine structures (solid coloured lines). In addition,
as with our earlier study, analysis of the FeL2,3 line structures
(van Aken and Liebscher, 2002) indicated a single (+2) oxidation
state. Electron diffraction revealed no diffraction behaviour for
any of the particle aggregates analysed at a number of different
Fig. 4. Calculated element to oxygen ratios M:O (M = Fe (black data points), Mg (blue) a
plotted against x. The solid lines (Fe is black, Mg is blue, Si is red) indicate the relationship
for pyroxene. (For interpretation of the references to color in this figure legend, the rea
points and so confirmed that, for all samples, the particles were en-
tirely amorphous.

The EDX/EELS analysis clearly indicates that particle composi-
tion resulting from the photo-oxidation of Fe-, Mg-, and Si-precur-
sor vapours was homogeneous in all cases. From this, it can be
concluded that particle nucleation in this system occurs from a
homogeneous mix of condensable gas-phase species, the identities
of which we will discuss in Section 3.2.

If the Mg and Fe content in the particles are a fraction a of their
respective gas-phase precursor concentrations i.e. Mg = aMg

[Mg(OC2H5)2] and Fe = aFe[Fe(CO)5], then the ratio of Mg/Fe in
the particle should be
nd Si (red)) from EELS analysis of particles from the same experiments as in Fig. 3,
s that would be expected for a pure olivine composition, and the dashed lines those

der is referred to the web version of this article.)



Table 2
List of the reactions and rate coefficients involved in the oxidation of Fe, to FeO3, Mg
to MgO3, and Si to SiO2.

Reaction k (293 K)a Reference

Fe + O3 ? FeO + O2 2.1 � 10�10 Helmer and Plane (1994a)
Fe + O2 (+N2) ? FeO2 1.0 � 10�13 Helmer and Plane (1994b)
FeO + O3 ? FeO2 + O2 1.6 � 10�10 Rollason and Plane (2000)
FeO + O2 (+N2) ? FeO3 9.5 � 10�11 Rollason and Plane (2000)
FeO2 + O3 ? FeO3 + O2 2.5 � 10�10 Self and Plane (2003)
Mg + O3 ? MgO + O2 1.4 � 10�10 Plane and Helmer (1995)
MgO + O3 ? MgO2 + O2 3.4 � 10�11 Plane and Helmer (1995)
MgO2 + O3 ? MgO3 + O2 Not measured See Plane and Helmer (1995)
Si + O2 ? SiO + O 1.1 � 10�10 Gómez-Martín et al., (2009a)
Si + O3 ? SiO + O2 4.0 � 10�10 Gómez-Martín et al., (2009a)
SiO + O3 ? SiO2 + O2 4.4 � 10�13 Gómez-Martín et al. (2009b)

a Rate coefficient at 293 K, units: cm3 molecule�1 s�1.
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Mg
Fe
¼ aMg½MgðOC2H5Þ2�

aFe½FeðCOÞ5�
ðIÞ

a combines the precursor photolysis rate and efficiencies with
which the resulting metal oxide and silicate condense. Note that
in the case of Mg(OC2H5)2 there does not appear to be published
data on its photolysis cross-section.

Since

x ¼ Mg
Mgþ Fe

then

x
1� x

� �
¼ aMg½MgðOC2H5Þ2�

aFe½FeðCOÞ5�
ðIIÞ

Each vapour is entrained in a flow of N2 passing through a reservoir
cell containing its respective precursor. Under the slow flow condi-
tions used here, the gas-phase precursor concentrations in the pho-
tolysis cell are then linearly proportional to the N2 flows through
their respective reservoir cells. Hence, the ratio of the precursor
flows, f(Mg)/f(Fe), can be substituted into Eq. (2), yielding

x
1� x

� �
¼

bMgf ðMgÞ
bFef ðFeÞ ðIIIÞ

where b combines a with the vapour pressure of the respective pre-
cursor (data on the vapour pressure of Mg(OC2H5)2 does not appear
to be available). Fig. 5 is a plot of x/(1�x) against f(Mg)/f(Fe), which
is linear with a slope of 0.096 (R2 = 0.938). Importantly, this demon-
strates that the relative abundance of Mg to Fe in the particles has a
linear dependence on the relative flows of their precursor vapours,
so that particles with a composition anywhere between x = 0 and 1
can be made in a simple quantitative way.

3.2. Chemical pathways to final particle compositions

Photolysis of the precursor vapours produces Fe, Mg and Si
atoms, and the reaction kinetics of these atoms and their oxides
with O2 and O3 have been studied previously in our group
(Gómez-Martín et al., 2009a,b; Helmer and Plane, 1994a; Rollason
and Plane, 2000, 2001). Inspection of the rate coefficients listed in
Fig. 5. Correlation plot of the ratio (f) of magnesium to iron precursor vapour flows (Table
(Mg + Fe)) in generated mixed silicate particles.
Table 2 shows that in the large excess of O2 and O3 employed in the
present experiments, Fe and Mg would have been rapidly oxidized
to FeO3 and MgO3, and Si to SiO2.

In order to investigate the subsequent steps to particle forma-
tion, we now employ electronic structure calculations using the
Gaussian 09 suite of programs (Frisch et al., 2009). The hybrid den-
sity functional/Hartree–Fock B3LYP method was employed to-
gether with the 6–311 + G(2d,p) triple zeta basis set, which is a
reasonably large, flexible basis set with both polarization and dif-
fuse functions added to the atoms. The expected uncertainty in
the calculated reaction enthalpies is ±20 kJ mol�1 at this level of
theory. For each molecule the geometry was first optimised, and
then vibrational frequencies calculated to determine the zero point
energy correction. For the Fe-containing species, all possible spin
multiplicities were investigated. The most stable isomers (invari-
ably spin high), are reported here.

The present experiments were performed with a small excess of
SiO2 over the metal oxides (as in our previous study on Fe2SiO4 for-
mation, Saunders and Plane, 2006). Therefore, starting from the
feedstock of MgO3, FeO3 and SiO2 it is likely that the metal silicate
molecules MgSiO3 and FeSiO3 first form via the following highly
exothermic reactions:

MgO3 þ SiO2 !MgSiO3 þ O2 DH�ð0 KÞ ¼ �309 kJ mol�1 ð1Þ
1) employed in the respective experiments against calculated atomic ratio (x = Mg/



Fig. 6. Electronic structure calculations at the B3LYP/6–311+g(2d,p) level of theory
of the optimised geometries of MgSiO3, FeSiO3 and their dimers and mixed polymer.
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FeO3 þ SiO2 ! FeSiO3 þ O2 DH�ð0 KÞ ¼ �241 kJ mol�1 ð2Þ

As shown in Fig. 6, these silicate molecules have planar kite-
shaped geometries (the most stable electronic state of FeSiO3 has
quintet spin multiplicity i.e. four parallel unpaired electrons;
MgSiO3 is a singlet with no unpaired spins). A distinctive feature
of the silicates is that they possess very large electric dipole mo-
ments: l(MgSiO3) = 12.2 Debye and l(FeSiO3) = 9.5 Debye. This
will favour polymerization of the silicates, which should occur rap-
idly because of the long-range attractive forces generated between
the polar molecules.

Fig. 6 illustrates the geometries of the polymers formed be-
tween these silicates. The binding energies are extremely large:

MgSiO3 þMgSiO3 ! ðMgSiO3Þ2 DH�ð0 KÞ ¼ �446 kJ mol�1 ð3Þ

FeSiO3 þMgSiO3 ! FeSiO3 �MgSiO3

DH�ð0 KÞ ¼ �396 kJ mol�1 ð4Þ

FeSiO3 þ FeSiO3 ! ðFeSiO3ÞÞ2 DH�ð0 KÞ ¼ �343 kJ mol�1 ð5Þ

Since the enthalpies for the addition of further silicate mole-
cules to an embryonic particle are likely to be similarly large, there
is unlikely to be a free energy barrier to spontaneous nucleation
and growth.

However, the analysis of the particles formed in our experi-
ments shows that they are composed of olivines rather than pyrox-
enes. There are two likely ways in which this happens. First, olivine
molecules may actually form in the gas phase. This is because the
MgSiO3 and FeSiO3 molecules are produced in an excess of MgO3

and FeO3, so that the following reactions can occur:

MgSiO3 þMgO3 !Mg2SiO4 þ O2

DH�ð0 KÞ ¼ �252 kJ mol�1 ð6Þ

MgSiO3 þ FeO3 !MgFeSiO4 þ O2

DH�ð0 KÞ ¼ �206 kJ mol�1 ð7Þ

FeSiO3 þMgO3 !MgFeSiO4 þ O2

DH�ð0 KÞ ¼ �273 kJ mol�1 ð8Þ
FeSiO3 þ FeO3 ! Fe2SiO4 þ O2 DH�ð0 KÞ ¼ �221 kJ mol�1 ð9Þ

Once again, all these reactions are very favourable thermody-
namically. The olivine molecules, which are illustrated in Fig. 7,
should also polymerize spontaneously through highly exothermic
reactions. For example, for the two dimers shown in Fig. 7:

Mg2SiO4 þMg2SiO4 ! ðMg2SiO4Þ2
DH�ð0 KÞ ¼ �512 kJ mol�1 ð10Þ

MgFeSiO4 þMgFeSiO4 ! ðMgFeSiO4Þ2
DH�ð0 KÞ ¼ �529 kJ mol�1 ð11Þ

Fig. 7 also shows the Mg2SiO4 tetramer, formed from the poly-
merization of two Mg2SiO4 dimers:

ðMg2SiO4Þ2 þ ðMg2SiO4Þ2 ! ðMg2SiO4Þ4
DH�ð0 KÞ ¼ �590 kJ mol�1 ð12Þ

This process is also extremely exothermic (calculated at the
B3LYP/3–21+g level of theory), underlining the strong thermody-
namic force behind polymerization of these molecules. Thus there
is a plausible route involving reactions (1) and (2) to form the sil-
icate molecules, followed by reaction (6)–(9) to form the olivine
molecules, which would generate particles with the observed oliv-
ine structure where x would be equal to the relative rates of photo-
chemical production of Mg to Fe atoms.

Note, however, that this reaction sequence requires reactions
(6)–(9) to be faster than reactions (3)–(5) (where the silicates poly-
merize directly together). If in fact silicate polymerization is com-
petitive, then the resulting amorphous pyroxene particles must
rearrange internally to form olivines. This is the second way in
which the observed olivine particles could form. To get a sense of
the thermodynamic requirements for structural rearrangement,
consider the enthalpies for the following reactions which convert
pyroxene to olivine molecules:

MgSiO3 þMgSiO3 !Mg2SiO4 þ SiO2

DH�ð0 KÞ ¼ þ57 kJ mol�1 ð13Þ

MgSiO3 þ FeSiO3 !MgFeSiO4 þ SiO2

DH�ð0 KÞ ¼ þ36 kJ mol�1Þ ð14Þ

FeSiO3 þ FeSiO3 ! Fe2SiO4 þ SiO2

DH�ð0 KÞ ¼ þ21 kJ mol�1 ð15Þ

The dimerization of SiO2 is strongly exothermic:

SiO2 þ SiO2 ! ðSiO2Þ2 DH�ð0 KÞ ¼ �401 kJ mol�1 ð16Þ

Hence, combining reactions 2�(13) + (10) + (16) gives:

4MgSiO3 ! ðMg2SiO4Þ2 þ ðSiO2Þ2
DH�ð0 KÞ ¼ �799 kJ mol�1 ð17Þ

and combining reactions 2 � (14) + (11) + (16) gives:

2MgSiO3 þ 2FeSiO3 ! ðMgFeSiO4Þ2 þ ðSiO2Þ2
DH�ð0 KÞ ¼ �858 kJ mol�1 ð18Þ

Reactions (17) and (18) are therefore highly exothermic. This
indicates that pyroxene might rearrange into olivine in small par-
ticles by forming a separate SiO2 phase. Of course, the ‘‘separate
phases’’ considered here only consist of dimers of olivine and silica
molecules, and further theoretical investigation in this direction
would be extremely computer-intensive. We therefore conclude



Fig. 7. Electronic structure calculations of the optimised geometries of Mg2SiO4, MgFeSiO4 and Fe2SiO4; the dimers of Mg2SiO4 and MgFeSiO4; and the Mg2SiO4 tetramer.
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that both direct formation of gas-phase olivine molecules, and pos-
sibly some structural rearrangement of condensed silicates, play a
role under our experimental conditions.
3.3. Comparison with other laboratory studies of Mg–Fe-silicate
formation

While the present study appears to be the first attempt to inves-
tigate the formation of tertiary Mg–Fe-silicate meteoric smoke par-
ticles relevant to planetary atmospheres, there have been a
number of studies to investigate the formation of metal silicates
under the conditions of stellar outflow regions and the ISM. Repli-
cating the conditions – temperatures, pressures and timescales – of
these environments in the laboratory is challenging (Nuth et al.,
2000). There have been essentially two types of experimental ap-
proach. In the first, a sample of olivine, for example, is vaporized
by flash heating (Nagahara et al., 1988) or laser ablation (Brucato
et al., 2002); the condensation products of the resulting vapours
are then collected and analysed. In the second type of experiment,
vapours of Fe, Mg and Si are produced in the presence of an oxidant
by decomposition of appropriate precursors, either photochemi-
cally (the present study) or in a high temperature (500–1500 K)
thermal reactor (Rietmeijer et al., 1999; Nuth et al., 2000). This sec-
ond type of experiment is designed to control the molecular
‘‘building blocks’’ of the silicate particles, and here we will compare
the results of the photo-chemical and thermal systems. The exper-
iments of Nuth and co-workers employed the thermal decomposi-
tion of Fe(CO)5 and SiH4 in the presence of O2 at a total pressure of
around 90 Torr (mostly made up of H2). Magnesium atoms were
added by vaporizing Mg metal in a crucible within the thermal
reactor. There are therefore two important differences between
the photo-chemical reactor used in the present study and the ther-
mal reactor: the use of O3 versus O2 as the oxidant; and a temper-
ature of 293 K versus temperatures typically above 1000 K,
respectively. A further possibly significant difference is that in
the present experiment the three photolytic precursors are well-
mixed before entering the photolysis cell, whereas in the thermal
reactor there must be some spatial separation between the region
where the Fe and Si precursors start to decompose upon entering
the hot region of the reactor, and the Mg vapour is produced from
the crucible.

The gas-phase chemistry in the two systems is somewhat dif-
ferent. In our photo-chemical reactor, the building blocks of the
metal silicates are FeO3, MgO3 and SiO2, produced under well-de-
fined kinetic conditions (Section 3.2). In contrast, the chemistry
in the thermal reactor is quite complex. The metal dioxides FeO2

and MgO2 will form at the relatively high pressure in the reactor:

Feþ O2ðþMÞ ! FeO2 ðM ¼ mainly H2Þ ð19Þ

Mgþ O2ðþMÞ !MgO2 ð20Þ

Both these reactions have small barriers in their entrance chan-
nels so that, unusually for recombination reactions, their rate coef-
ficients increase with temperature (Helmer and Plane, 1994b; Nien
et al., 1993). The reactions forming the metal monoxides

Feþ O2 ! FeOþ O ð21Þ

Mgþ O2 !MgOþ O ð22Þ
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are not competitive. The rate of reaction (21) (Akhmadov et al.,
1988) only becomes equal to that of reaction (19) above 1500 K
(at the pressure of the thermal reactor experiment). Although a rate
expression for reaction (22) has been published (Kashireninov et al.,
1982), this is clearly incorrect because the activation energy of
48 kJ mol�1 is much lower than the endothermicity of the reaction,
DH0 = 246 kJ mol�1 (Rollason and Plane, 2001). The upper limit to
k22 must therefore be extremely small: e.g. <4 � 10�21 cm3 mole-
cule�1 s�1 at 1200 K. SiO will be produced by the decomposition
of SiH4 in O2 (Gómez-Martin et al., 2009a), but SiO2 may then form
via the reaction

SiOþ O2 ! SiO2 þ O ð23Þ

Since reaction (23) is only modestly endothermic
(DH0 = 63 kJ mol�1 (Gómez-Martín et al., 2009b)), it may proceed
at a rate similar to reactions (19) and (20) in the thermal reactor.
Thus the main building blocks in the thermal reactor are FeO2,
MgO2 and SiO and/or SiO2.

A further complication in the thermal reactor is the decomposi-
tion of Fe(CO)5 which occurs through sequential loss of CO. A reac-
tion such as

FeCOþ O2 ! FeO2 þ CO ð24Þ

may be very fast, because the reaction is highly exothermic:
DH0 = �236 kJ mol�1, calculated here at the B3LYP/6–311 + g(2d,p)
level of theory. Thus formation of Fe silicate particles could occur
at temperatures well below 1000 K once Fe(CO)5 starts to decom-
pose, whereas the Mg silicates cannot not form until reaction (22)
becomes fast enough within the hot region of the reactor.

It is important to note that in spite of these differences in the
molecular building blocks of the two systems, olivine-type parti-
cles are produced in both cases. We have shown in Section 3.2 that
in the case of the photo-chemical reactor at low temperatures, the
production of olivine particles can be explained by the quenching
from the gas phase of molecules of olivine (or pyroxene). So this
should be a kinetically controlled system, where the ratio of Fe
to Mg in the particles is controlled by the relative uptake rates of
their respective metal silicate molecules from the gas phase. In
the thermal reactor experiments, Nuth et al. (2000) observed the
formation of pure magnesium silicate and pure iron silicate amor-
phous grains above 1000 K. Strikingly, they did not observe any
mixed Fe–Mg particles with olivine composition. They attributed
this surprising result to the lack of eutectic compositions in the
FeO–MgO phase diagram (Nuth et al., 2002). In fact, thermody-
namic considerations show that the condensation of particles from
a Fe–Mg–Si–O mixture under equilibrium conditions above 1000 K
should produce mainly pure forsterite (Mg2SiO4) and some ensta-
tite (MgSiO3) (Gail and Sedlmayr, 1999). Although the initial poly-
merization may well be kinetically controlled, reactions such as

Fe2SiO4ðsÞ þ 2MgO2ðgÞ !Mg2SiO4ðsÞ þ 2FeO2ðgÞ ð25Þ

where the Fe2+ ions are displaced by Mg atoms, are very exothermic
(DH = �670 kJ mol�1, calculated using DH = �157 kJ mol�1 for the
reaction Fe2SiO4(s) + 2 Mg(g) ? Mg2SiO4(s) + 2Fe(g) (Gail and Sedlm-
ayr, 1999), and DH = �256 kJ mol�1 for the gas-phase reaction
MgO2 + Fe ? FeO2 + Mg, calculated at the B3LYP/6–311 + g(2d,p) le-
vel of theory). Thus the thermal reactor results can be explained by
the kinetic formation of mixed silicate particles, subsequent dis-
placement of Fe to form pure Mg silicates, and finally the formation
of Fe silicates once all the magnesium has been removed from the
gas phase. In contrast, in the low-temperature photochemistry sys-
tem the composition of the particles is frozen at the composition
determined by the quenching kinetics, so that a single solid phase
is produced.
4. Implications

This new synthetic method for producing amorphous olivine
nanoparticles is not supposed to replicate the ambient conditions
of either planetary atmospheres or oxygen-rich stellar outflows.
Nevertheless, some important conclusions can be drawn regarding
the formation of these particles in both types of environment. The
rapidity with which the particles form and grow in the laboratory,
combined with the results of the electronic structure calculations,
suggests that particle formation is a spontaneous process i.e., there
are no free energy barriers to nucleation. Indeed, the long-range
magnetic dipole forces in Fe-containing particles which drive this
rapid growth were explored by us in a previous study (Saunders
and Plane, 2006), where we showed that the rates of magnetic di-
pole-controlled reactions actually get slightly faster at lower tem-
peratures. Hence, particle formation can be expected even at the
very low temperatures of the ISM.

The pathway to particle formation in the photo-chemical reac-
tor – formation of FeO3, MgO3 and SiO2 in the presence of O3 and O2

– is quite probably the route to forming MSPs in the atmospheres
of the terrestrial planets. The composition of MSPs in the Earth’s
atmosphere has been a subject of speculation because their small
dimensions both precluded optical detection and also created ma-
jor difficulties for direct rocket-borne sampling and uncontami-
nated return from the mesosphere. However, there has been a
recent report of detectable particle extinction at two near-IR wave-
lengths at altitudes above 50 km made from the AIM satellite (Her-
vig et al., 2009). Although this extinction is consistent with
refractive index data for the pyroxene structure Mg0.4Fe0.6SiO3,
new work using additional wavelengths in the near-UV and near-
IR indicates that the particles have an olivine structure Mg2xFe2�2x-

SiO4, where x � 0.5 (unpublished data from M. Hervig, presented at
the 38th COSPAR General Assembly, Bremen, 2010). This is consis-
tent both with the results of the present study, and with the model
prediction that meteoric ablation produces roughly equal quanti-
ties of Fe, Mg and Si (Vondrak et al., 2008). However, it should be
borne in mind that since the formation of olivine particles requires
the condensation of Fe- and Mg-containing species with SiO2, and
all three are trace species in the upper mesosphere (mixing ratios
<10 ppb), it is also likely that meteoric vapours produce particles
containing oxides such as Fe2O3 (Saunders and Plane, 2010), and
hydroxides and carbonates.

Regarding silicate grain formation in the ISM, the relevant pre-
cursor species in oxygen-rich circumstellar outflows are thought to
be MgO, FeO and SiO/SiO2 (Gail, 2010; Gail and Sedlmayr, 1999;
Nuth et al., 2000), which at first glance are different from the spe-
cies in the photo-chemical reactor. However, FeO3 and MgO3 have
the structures OFe–O2 and OMg–O2 (Rollason and Plane, 2000,
2001), where the weakly-bound O2 acts as a chaperone to the me-
tal oxide. Thus the chemistry in our system may not be very differ-
ent from that in the ISM. In any case, the fact that olivine-type
particles are produced in the photo-chemical and the thermal reac-
tors (Section 3.3) implies that the precise nature of the metal oxide
is secondary.

Thermal reactor experiments (Nuth et al., 2000; Rietmeijer
et al., 1999) demonstrate that magnesium silicate (forsterite and
enstatite) particles are the major product at high temperatures
(>1000 K). This is in accord with observations of a high forsterite
abundance in the circumstellar dust shells of stars with high mass
loss rates, where nucleation and growth of silicate particles will be
faster and thus occur at higher temperatures (de Vries et al., 2010;
Nuth et al., 2002). The results of the present study should therefore
be applicable to low mass loss rate stars, where condensation will
be slow enough that it mostly occurs in cooler regions. Indeed,
there is experimental evidence that Fe-rich olivines form at tem-
peratures around 800 K (Nagahara et al., 1988), which is consistent
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with the thermodynamic prediction that fayalite and ferrosilite
should condense below 900 K (Gail, 2010). Our experiments were
carried out at 293 K and, as explained above, there is no reason that
the condensation of these species will not occur even at very low
temperatures. The formation of Fe-rich olivine particles in low
mass loss rate environments will have two important conse-
quences. First, because condensation is slower and the concentra-
tion of gas-phase species is continuously diluted in the outflow,
much smaller particles are likely to result. Second, the particles
will almost certainly be amorphous, as observed in the present
study at 293 K. Annealing of Mg–Fe-silicates to form crystalline oli-
vines requires temperatures in excess of 1000 K (Nuth et al., 2002).
5. Conclusions

This paper describes a photo-chemical technique for generating
amorphous olivine nanoparticles over a controlled composition
range. Quantitative compositional analysis of the particles formed
by the photo-oxidation of a mixture of Mg-, Fe- and Si-organome-
tallic vapours in O3 at room temperature is consistent with a range
of olivine (Mg2xFe2�2xSiO4: 0 6 x 6 1) structures. Starting from the
known gas-phase chemistry of Mg, Fe and Si atoms in the presence
of O3 and O2, which produces MgO3, FeO3 and SiO2, we have used
electronic structure calculations to elucidate the likely pathways to
the formation of olivine particles: direct condensation of olivine
molecules, and/or the condensation of metal silicates followed by
solid-phase structural rearrangement into separate olivine and sil-
ica phases.

The observed preferential nucleation and growth of amorphous
mixed-metal silicate particles from a suitable metal and silicon
oxide gas-phase environment, indicates the likely spontaneous for-
mation of such materials in any environment where iron and mag-
nesium oxide molecules are present together with SiO2 i.e. in
planetary atmospheres where meteoric ablation occurs, and in
cooler regions of the ISM, for example the gas outflows of low mass
loss rate oxygen-rich stars.

Our photo-oxidation experiments, although not performed un-
der realistic conditions (temperature and pressure) with respect
to planetary atmospheres or the ISM, point to an efficient method
for the production of nanoparticles of the composition and struc-
ture found in these environments.
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