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The ternary oxides Sb2MO6, Sb2M2O9, Sb4MO9 (M = Mo, W) and Sb2Mo3O12 were detected in the
gas phase by means of mass spectrometry (MS). These gaseous oxides are reported for the first time.
Thermodynamic data was obtained experimentally and confirmed by quantum chemical (QC)
calculations. In addition, structural data on these molecules was obtained. The ionisation
potentials (IP) were also determined both experimentally and theoretically.

1 Introduction

Metal halide chemistry has been widely investigated over the last
few decades.1,2 It is well known that the volatility of metal
halides is enhanced by several orders of magnitude when in the
presence of other metal halides, e.g., AlCl3. The reaction of two
different halides leads to so-called gas complexes, e.g., CoCl2(s)
+ Al2Cl6(g) ⇌ CoAl2Cl8(g).

2 Such reactions may be important
for high-temperature industrial processes. We are investigating
similar reactions using metal oxide systems. Enhancement
of the volatility of metal oxides in the presence of another oxide,
the volatility of which is usually very low, may play a role in the
thermal processes used to recycle rare metals in the future.
We recently reported one such reaction between different oxides
in the gas phase and we characterised the reaction products:3 the
TeO2 and MoO3 oxides react in the gas phase to form the
gaseous ternary oxides MoTeO5, Mo2TeO8, Mo3TeO11 and
MoTe2O7. Herein, we describe further examples of reactions
between oxides in the gas phase, namely the reactions between
MoO3 or WO3 and Sb2O3. The gas phase of the pure molyb-
denum, tungsten and antimony oxides has been the subject of
several mass spectrometric studies.4–8 It has been shown that the
molybdenum and tungsten oxides, MoO3 and WO3, evaporate
congruently without decomposition as the gas phase contains
monomer and oligomer molecules (MO3)x, (M = Mo, W;
x = 1–5).4,6 The antimony oxide, Sb2O3, also evaporates congru-
ently and the gas phase primarily contains antimony oxide in the
dimeric form, Sb4O6. In the present article, we report the results
of mass spectrometric and theoretical investigations of the
formation and stability of the gaseous ternary molybdenum–

antimony and tungsten–antimony oxides Sb2MO6, Sb2M2O9,
Sb4MO9, (M = Mo, W) and Sb2Mo3O12 (Scheme 1). The struc-
tures of these complexes are also discussed in the present work.

2 Experimental

2.1 Mass spectrometry

Mass spectrometric measurements were carried out using a
modified Finigan type 212 mass spectrometer with electron
impact ionisation (70 eV). The experimental setup is described
elsewhere.9

According to the phase diagram of the Sb2O3–MoO3

system,10 there are two ternary stoichiometric compounds in the
solid state: Sb2MoO6 and Sb2Mo3O12. These two compounds
were prepared and subjected to a mass spectrometric investi-
gation. Mixtures of MoO3 and Sb2O3 (3 : 1 and 1 : 1 mol) were
heated in sealed silica ampoules in vacuo at 830 K for ten days.
The obtained samples were characterised using X-ray diffraction
(XRD) techniques. Comparison of the XRD patterns of the syn-
thesised samples with the literature data confirms the crystal
structures of the obtained Sb2MoO6 and Sb2Mo3O12 compounds.
Vaporisation of the two Sb2MoO6 and Sb2Mo3O12 solid oxides
using a conventional Knudsen cell was studied at 840 and
893 K, respectively.

The tungsten–antimony ternary oxide was not observed in an
analogous experiment using the Knudsen cell due to the very
different partial pressures of the antimony and tungsten oxides.
As a result, the mass spectra show the antimony oxide vapour
but no tungsten-containing species. Therefore, a double Knudsen
cell (described elsewhere9) was employed in the investigation of
the Sb2O3–WO3 system in the gas phase. Antimony oxide was
continuously evaporated at 646 K and flowed through solid tung-
sten oxide, which was heated at 1080 K. The reaction products
leaving the Knudsen cell were analysed by mass spectrometry.

†Electronic supplementary information (ESI) available. See DOI:
10.1039/c2dt31058a
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Appearance potentials (APs) of the ions of the ternary molyb-
denum–antimony and tungsten–antimony oxides were obtained
by varying the electron energy to determine the onset of the
ions. Argon was applied as a calibration gas.

2.2 Quantum chemical calculations

Quantum chemical calculations were performed using the
TURBOMOLE program package.11 All molecular structures
were fully optimised using density functional theory (DFT) with
the BP86 functional, which incorporates the Becke exchange
functional and the Perdew correlation functional.12,13 The def2-
TZVP triple split valence basis set with a polarisation function
and small core ECP functions was employed during the compu-
tation for the Mo, W and Sb atoms. RI treatment, which was
also applied, sped up the computation by a factor of at least
10 without sacrificing the accuracy.14,15 Stationary points of
the molecules were characterised by harmonic frequency

computations at the same theoretical level. The AOFORCE
module was used to calculate the vibrational frequencies and
IR intensities. The vibrational wave numbers were not calibrated
with a scaling factor (scaling factor = 1.0). Thermodynamic
characteristics were obtained using the FREEH module, which
is based on statistical thermodynamics. The highest possible
molecular symmetry for each compound was considered.
The structures with higher molecular symmetries correspond to
transition states and have imaginary frequencies. The first verti-
cal ionisation potentials of the investigated systems were
obtained using the def2-TZVP/RI-BP86 method. Ionisation
potentials were taken as the difference between the energy of the
neutral molecule and the corresponding cation in the same
molecular geometry. The singlet spin state was taken as the elec-
tronic ground state for all neutral molecules. The open-shell
method was applied for the computation of molecular ions in
doublet spin states.

3 Results and discussion

3.1 Evaluation of the experimental data

The dependence of the recorded ion currents on the partial
pressure is described by the following equation:

pi ¼ c
ΣIiT

σiS
ð1Þ

where pi = the partial pressure of component i, c = the propor-
tionality factor, ∑Ii = the intensity of all the ions formed
by the ionisation and fragmentation of a gaseous molecule i, T =
the temperature, σi = the ionisation cross section and Si = the
electron multiplier efficiency. The approximated eqn (2) can be
used in most cases (the simplification procedure is described

Scheme 1 Structures of antimony–molybdenum and antimony–tung-
sten ternary oxides in the gas phase.

Fig. 1 Scheme of the fragmentation pathways of the gas molecules in the vapour above Sb2Mo3O12, 893 K, 70 eV. The relative intensities are given
in parentheses.
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elsewhere16):

pi ¼ c
X

I iT ð2Þ
The proportionality factor c was determined by a calibration

experiment using antimony oxide. Additionally, we obtained the
necessary information about the fragmentation pathways of pure
antimony oxide under our experimental conditions. The mass
spectrum of antimony oxide at 673 K is presented in Table 1.
Eqn (3)7 was used to calculate the partial pressure of antimony
oxide:

lgðp=barÞ ¼ �ð10 066 + 203ÞK=T þ ð9:390 + 0:297Þ ð3Þ
By applying eqn (2), the proportionality factors c1 and c2 were

obtained: c1 = 1.7 × 10−11 and c2 = 7.2 × 10−12 bar K−1 (c1
corresponds to the experiments with Sb2MoO6 and Sb2Mo3O12

evaporation and c2 corresponds to the Sb2O3–WO3 system).
Using the c1 and c2 values and the relative intensities ∑Ii, the
partial pressures of the gaseous molecules in the equilibrium
system can be calculated.

Mass spectrometric investigation of the vapour above solid
Sb2Mo3O12 and Sb2MoO6. The vaporisation of solid
Sb2Mo3O12 and Sb2MoO6 samples was studied by mass spec-
trometry. The characteristic isotopic patterns of some of the ions
from these samples are shown in Fig. S1 and S2 (ESI†). The
relative intensities of the ions in the mass spectra of Sb2Mo3O12

and Sb2MoO6 are presented in Table 1. Using these relative

intensities and the values of the natural abundance of the Mo, Sb
and O isotopes, mathematically simulated mass spectra were
calculated. This procedure was performed to validate the inter-
pretation of the Sb2Mo3O12 and Sb2MoO6 mass spectra because
several peaks (m/z) correspond to between one and five ions and
these ions contribute additively to the observed intensity. Both
the experimental and simulated spectra correlate perfectly
(Fig. S1 and S2, ESI†).

The following ions are considered to be parent ions:
Sb4MO9

+, Sb2M3O12
+, Sb2M2O9

+, Sb2MO6
+, Sb4O6

+, M3O9
+

and are marked as M+ in Table 1. The detection of the
Sb2MoO5

+, Sb2MoO6
+, Sb2Mo2O8

+, Sb2Mo2O9
+, Sb2Mo3O12

+

and Sb4MoO9
+ ions indicates the existence of the ternary oxides

Sb2MoO6, Sb2Mo2O9, Sb2Mo3O12 and Sb4MoO9 in the gas
phase. The appearance potentials of the Sb2Mo2O9

+,
Sb2Mo3O12

+ and Sb4MoO9
+ ions were determined experimen-

tally using ionisation efficiency curves. Extrapolation of the
linear part of the ionisation efficiency curves to an intensity of
zero gave the following values for the appearance potentials:
AP(Sb2Mo2O9

+) = 10.0 ± 0.5 eV, AP(Sb2Mo3O12
+) = 9.7 ±

0.5 eVand AP(Sb4MoO9
+) = 9.9 ± 0.5 eV. The quantum chemical

values of the ionisation potentials, presented below, are consis-
tent with these experimental values. These values prove that the
Sb2Mo2O9

+, Sb2Mo3O12
+ and Sb4MoO9

+ ions are formed by
ionisation and not by fragmentation. If these ions were formed
by fragmentation, the appearance potentials would be expected
to be several eV higher. It was not possible to determine a
reliable appearance potential of the Sb2MoO6

+ ion because the

Table 1 Mass spectra of the Sb2O3, Sb2MoO6, Sb2Mo3O12, MoO3 and WO3 oxides and the Sb2O3–WO3 mixture

Ion

Relative intensity

Sb2O3, 673 K Sb2MoO6, 840 K Sb2Mo3O12, 893 K Sb2O3–WO3, 1080 K MoO3, 873 K WO3,
5 1460 K 64 eV

Sb4MO9
+ (M+) — 5.9 <0.5 1.8 — —

Sb2M3O12
+ (M+) — — 6.9 — — —

Sb2M2O9
+ (M+) — 5.7 100 11.8 — —

Sb2M2O8
+ — 0.4 11.8 2.0 — —

Sb3MO7
+ — 5.1 — 5.2 — —

SbM2O7
+ — — 2.8 — — —

Sb2MO6
+ (M+) — 2.2 9.4 69.1 — —

Sb2MO5
+ — 0.4 3.4 18.8 — —

SbMO4
+ — 0.2 2.9 1.5 — —

Sb4O6
+ (M+) 100 100 1.4 100 — —

Sb4O5
+ 0.6 0.7 — 0.8 — —

Sb3O4
+ 24.2 32.9 0.3 30.7 — —

Sb3O3
+ 0.3 0.4 — — — —

Sb2O3
+ 0.3 1.2 13.4 1.4 — —

Sb2O2
+ 2.7 4.4 6.6 5.5 — —

Sb2O
+ 0.1 0.3 0.3 0.5 — —

SbO+ 5.1 7.7 9.8 17.6 — —
Sb+ 0.1 0.1 0.8 2.2 — —
M5O15

+ (M+) — — — — 1.9 —
M4O12

+ (M+) — — 10.7 — 45.3 13.6
M4O11

+ — — 0.6 — 6.3 4.8
M3O9

+ (M+) — — 30.6 — 100 100
M3O8

+ — — 3.8 — 18.4 34
M3O7

+ — — 0.1 — 2.7 —
M2O6

+ — — 1.1 — 8.1 14.4
M2O5

+ — — 1.8 — 13.6 20.4
M2O4

+ — — 1.1 — 9.5 —
MO3

+ — — 0.9 — 7.5 32
MO2

+ — — 3.0 — 29.7 172

M+ = parent ion, M = Mo, W.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 10769–10776 | 10771
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intensities of the Sb2MoO6
+ and Mo3O9

+ ions overlap and the
ionisation efficiency curve belongs to both ions.

The ternary oxides Sb2MoO6, Sb2Mo2O9, Sb2Mo3O12 and
Sb4MoO9, as well as the antimony oxide Sb4O6, have Sb atoms
in the 3+ oxidation state and Mo atoms in the 6+ oxidation state.
The SbMoO4

+, SbMo2O7
+ and Sb3MoO7

+ ions are fragments of
these ternary oxides rather than ionised individual oxides with a
reduced oxidation state of the metallic atoms. The appearance
potentials of SbMoO4

+ and Sb3MoO7
+ were experimentally

obtained. Both values exceed 18 eV, indicating that SbMoO4
+

and Sb3MoO7
+ are fragments. The appearance potential of

SbMo2O7
+ was not determined because the Mo3O8

+, Sb2MoO5
+,

Sb2MoO6
+, Mo3O9

+ and Sb3O4
+ ion peaks overlap. It is prob-

able that the SbMo2O7
+ ion (as well as SbMoO4

+ and
Sb3MoO7

+) is also a fragment, likely arising from the Sb2Mo2O9

and Sb2Mo3O12 molecules.
By comparing the Sb2MoO6, Sb4Mo3O12, MoO3 and Sb2O3

compound mass spectra, we are able to propose the nature of the
main fragmentation pathways of the gaseous ternary molyb-
denum–antimony oxides in the mass spectrometric experiment
(Fig. 1 and 2). The relative intensities of the Sb2O3

+, Sb2O2
+,

Sb2O
+, SbO+ and Sb+ ions are comparable in the Sb2O3 and

Sb2MoO6 mass spectra. The intensities of these ions are signifi-
cantly higher relative to the Sb4O6

+ intensity in the mass spec-
trum of Sb2Mo3O12. This difference indicates that the Sb2O3

+,
Sb2O2

+, Sb2O
+, SbO+ and Sb+ ions mainly result from the

gaseous ternary oxides Sb2MoO6, Sb2Mo2O9 and Sb2Mo3O12

rather than from Sb4O6. It is likely that Sb2O3
+ and Sb2O2

+ have
different formation sources because the I(Sb2O3

+)/I(Sb2O2
+)

ratio is very different in all of the experiments.

Mass spectrometric investigation of the Sb4O6–WO3 system.
The evaporation of solid tungsten oxide in a stream of gaseous
antimony oxide was studied. The following ions, which indicate
the presence of the ternary tungsten–antimony oxides in the gas
phase, were detected: Sb2WO6

+, Sb2W2O9
+ and Sb4WO9

+. Two
appearance potentials could be obtained experimentally:
AP(Sb2WO6

+) = 9.9 ± 0.5 eVand AP(Sb2W2O9
+) = 9.8 ± 0.5 eV.

The intensity of Sb4WO9
+ was too small to permit the determi-

nation of AP(Sb4WO9
+). The mass spectrum of the system is

presented in Table 1 and Fig. S3 (ESI†) and the mathematically

simulated mass spectrum is also provided. The Sb2WO6
+,

Sb2W2O9
+ and Sb4WO9

+ ions are marked as parent ion by M+ in
Table 1. The proposed fragmentation pathways in the tungsten-
containing system (Fig. 3) are similar to the fragmentation
scheme of the molybdenum-containing system (Fig. 2). In both
experiments (Fig. 2 and 3), Sb4O6

+ is the most abundant ion, the
same types of SbyMxOz

+ ions are detected and no M3Oz
+ or

Sb2M3Oz
+ ions are observed (M = Mo, W; x = 1–2, y = 1–4, z =

4–9). However, there is a large difference in the relative intensity
of the Sb2MO6

+ and Sb2MO5
+ ions: I(Sb2WO6

+) ≫ I(Sb2MoO6
+),

and I(Sb2WO5
+) ≫ I(Sb2MoO5

+). In other words, the gaseous
ternary oxides are mainly present as Sb2WO6 in the tungsten-
containing system.

Calculation of the partial pressures in the Sb4O6–MO3

systems (M = Mo, W). The partial pressures of the gaseous com-
ponents in all of the experiments can be obtained by applying
eqn (2). It must be taken into account that the antimony oxide in
the WO3–Sb4O6 system was constantly evaporating from the
double Knudsen cell at 646 K and that the mass spectrum was
obtained at 1080 K.

Table 2 presents the parent ions and their fragments, the attri-
buted gas molecules and the partial pressures of these molecules.
The SbMo2O7

+ ion is related to the Sb2Mo2O9(g) and
Sb2Mo3O12(g) oxides and therefore, the intensity I(SbMo2O7

+)
was distributed between these two ternary oxides, according to
the contributions of the Sb2Mo2O9

+, Sb2Mo2O8
+ and

Sb2Mo3O12
+ ions in the mass spectrum of Sb2Mo3O12. The

SbMoO4
+, Sb2O3

+, Sb2O2
+, Sb2O

+, SbO+ and Sb+ fragments are
not attributed to any specific molecule because their origins are
not distinct but they likely result from the ternary oxides in the
experiment with Sb2Mo3O12, as discussed above.

Using the partial pressures, we determined the equilibrium
constants for the formation of the molybdenum–antimony and
tungsten–antimony ternary oxides.

3.2 Density functional theory computation

The def2-TZVP/RI-BP86 method is very suitable for the
quantum chemical calculation of ternary oxides and gives a good
correlation between the experimental and theoretical values, as

Fig. 2 Scheme of the fragmentation pathways of the gas molecules in the vapour above Sb2MoO6, 840 K, 70 eV. The relative intensities are given in
parentheses.
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demonstrated with the oligomers of the molybdenum and tellur-
ium oxides.3 Here, we additionally compare the experimental
and calculated vibration spectra of the gaseous Sb4O6 and
Mo3O9 and the structural parameters of the gaseous Sb4O6. The
experimental (176.2 cm−1, 292.4 cm−1, 415.6 cm−1,
785.0 cm−1)17 frequencies and our calculated (165.2 cm−1,
270.7 cm−1, 401.53 cm−1, 741.4 cm−1) frequencies are in good
agreement. The geometric parameters for gaseous Sb4O6

were obtained by electron diffraction, as reported elsewhere:18

r(Sb–O) = 2.00 ± 0.02 Å, ∠(O–Sb–O) = 98°, ∠(Sb–O–Sb) =
129.0 ± 2.5°. Our quantum chemical calculated bond distances
and angles for Sb4O6 are as follows: r(Sb–O) = 1.986 Å,
∠(O–Sb–O) = 98.6° and ∠(Sb–O–Sb) = 128.3°. These results are in
very good agreement with the previous experiment.18 The IR
spectra have been reported for gas phase molybdenum trioxide.19

Two clear bands at 974.7 cm−1 and 838.0 cm−1 were observed
in the 1050–750 cm−1 range of wave numbers. These frequen-
cies are in good agreement with our calculated values of
992.4 cm−1 and 839.8 cm−1.

The following oxides of molybdenum, tungsten and antimony
were experimentally detected in the gas phase and computed
quantum chemically: M5O15, M4O12, M3O9, Sb4O6, Sb2MO6,
Sb2M2O9, Sb4MO9 (M = Mo, W) and Sb2Mo3O12. Several iso-
meric structures were considered for each molecule. The struc-
tures were chosen in such a way that the Sb3+- and M6+-atoms
are bonded to oxygen atoms and could have different coordi-
nation numbers. The optimal geometry configuration corres-
ponding to the lowest energy on the potential energy surface
was found for all the structures including any isomers. Their

total energies, thermal energies and molecular symmetries are
given in Tables S1 and S2 (ESI†). The calculated structures are
presented in Fig. S4 and S5 (ESI†), which depict the isomer
transitions. These transitions are characterised by the Gibbs free
energy. The most stable structures are located on a “zero level”
such that the Gibbs free energy (ΔiGT) at the experimental temp-
erature is positive for all the isomer transitions. The presented
structures contain fragments of ten-, eight-, six- and four-mem-
bered rings and antimony has a three-coordinate structure,
whereas molybdenum and tungsten are four- or five-coordinate
structures (Fig. S5†). It is clear that the most stable isomeric
structures for molybdenum, tungsten, antimony and their ternary
oxides have some common characteristics. In particular, all of
the structures contain four-coordinate Mo6+ or W6+ and three-
coordinate Sb3+, favour the formation of ten-, eight- or six-mem-
bered rings and disfavour the formation of four-membered rings.
The formation of one four-membered ring or the presence of
five-coordinate Mo6+ or W6+ destabilises the molecules. Two
isomers of Sb2Mo3O12 have a small difference in total energy
(9.3 kJ mol−1) and the Gibbs free energy of the isomer transition
is 1.5 kJ mol−1 at 893 K (Fig. S5, ESI†). Both of these oxides
contain four-coordinate Mo6+ and three-coordinate Sb3+ and
have no four-membered rings.

From this point on, we consider only one structure for
Sb2MO6, Sb2M2O9 and Sb4MO9 (M = Mo, W) and two isomers
for Sb2Mo3O12. Because the calculated Gibbs free energy of the
isomer transition, ΔiG893(II → I), for Sb2Mo3O12 is small, it is
possible that both isomers could exist in the gas phase at the
experimental temperature.

Fig. 3 Scheme of the fragmentation pathways of the gas molecules in the vapour above solid WO3 with Sb4O6, 1080 K, 70 eV. The relative intensi-
ties are given in parentheses.

Table 2 Gaseous molecules, their fragments and partial pressures (M = Mo, W)

Molecule Attributed ions

Partial pressure, p (bar)

Vapour above Sb2Mo3O12 893 K Vapour above Sb2MoO6 840 K Vapour in Sb2O3–WO3 1080 K

M3O9 M3O9
+, M3O8

+, M3O7
+ 5.1 × 10−7 Not detectable Not detectable

Sb4O6 Sb4O6
+, Sb3O4

+, Sb3O3
+ 2.5 × 10−8 3.6 × 10−6 6.1 × 10−7

Sb2MO6 Sb2MO6
+, Sb2MO5

+ 1.9 × 10−7 7.0 × 10−8 6.8 × 10−7

Sb2M2O9 Sb2M2O9
+, Sb2M2O8

+, SbM2O7
+ 1.7 × 10−6 1.6 × 10−7 1.1 × 10−7

Sb2M3O12 Sb2M3O12
+, SbM2O7

+ 1.1 × 10−7 Not detectable Not detectable
Sb4MO9 Sb4MO9

+, Sb3MO7
+ <7.8 × 10−9 2.9 × 10−7 5.5 × 10−8

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 10769–10776 | 10773
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Here, we briefly describe the structural characteristics of the
most stable isomers presented in Fig. S4 and S5.† The bond
lengths of the same bond type (single M–O, Sb–O and double
MvO, where M = Mo, W) are very similar in all the structures:
r(Mo–O) = 1.89 ± 0.01 Å, r(W–O) = 1.90 ± 0.01 Å, r(MovO)
= 1.70 ± 0.01 Å, r(WvO) = 1.73 ± 0.01 Å and r(Sb–O) = 1.99
± 0.02 Å. The angles, centred on the molybdenum or tungsten
atoms, are ∠(O–M–O) = 107.5 ± 2.5° and ∠(OvMvO) =
107.5 ± 0.5°. The angles, centred on the antimony atoms belong-
ing to six- or eight-membered rings, are ∠(O–Sb–O) = 98.5 ±
2.5° for all of the structures. In the Sb2MO6 structures with four-
membered rings, the angles ∠(O–Sb–O) are equal to 82°.

The total energies of the Sb4O6
+, Mo3O9

+, W3O9
+, W4O12

+,
W5O15

+, Sb2MO6
+, Sb2M2O9

+, Sb4MO9
+ (M = Mo, W) and

Sb2Mo3O12
+ cations were computed in a doublet spin state in

the geometry of a neutral molecule to determine the vertical ion-
isation potentials (IP) of the corresponding molecules (Table 3).
The first IP was determined as the difference between the total
energy of the cation in a doublet state and the energy of the
neutral molecule. The known experimental values of the IP for
the antimony, molybdenum and tungsten oxide from the litera-
ture and our experimental AP values were compared with theor-
etical IPs (Table 3) and all of the data is in good agreement. This
agreement between the values confirms that these ions were
formed by the ionisation of ternary oxides rather than by a frag-
mentation processes.

Thermodynamic values for all the compounds were obtained
using the FREEH module, with a range from the standard temp-
erature to the temperature of the mass spectrometric experiments
at 298–1000 K. The entropy, S0T, can be approximated as a func-
tion of temperature:

S0T ¼ S0298 þ
ðT
298

c0p;T
dT

T

where c0p;T ¼ aþ b � 10�3 � T þ c� 106 � T�2

ð4Þ

The a, b and c coefficients of the heat capacity function, c0p,T,
were calculated mathematically by fitting ten values of S0T in the
temperature range of 298–1000 K. The calculated entropies for

gaseous Sb4O6, Mo3O9, Mo4O12, Mo5O12, W3O9 and W4O12

were compared with experimental literature values to demon-
strate the adequacy of the chosen calculation method (Table S3,
ESI†). The calculated and experimental values of S0298 and ST
are in good agreement for the antimony, molybdenum and tung-
sten oxides. The experimental and calculated coefficients, b, of
the c0p,T function differ from each other but yield correct entropy
values. Therefore, the calculated coefficients, a, b and c, for the
ternary oxides are acceptable and can be used in the calculations.
The calculated entropies and coefficients, a, b and c, for the
ternary oxides are presented in Table S4 (ESI†).

The enthalpies and entropies of the main equilibrium reaction
with participation of the ternary oxides were calculated at the
standard conditions and temperature of the mass spectrometry
experiment. These values are presented in Table 4 and the
natural logarithms of the equilibrium constants, Kp,T, for these
reactions are also listed.

The calculated standard enthalpies of formation (ΔfH
0
298) of

the ternary oxides were obtained using the reaction enthalpies,
ΔrH

0
298, of processes 1–4 and 7–9 from Table 4 and the known

experimental values23 of ΔfH
0
298(Mo3O9) = −1878.3 kJ mol−1,

ΔfH
0
298(W3O9) = −2023.4 kJ mol−1 and ΔfH

0
298(Sb4O6) =

−1215.5 kJ mol−1. These quantum chemically calculated (QC)
values are as follows:

ΔfH
0
298ðSb2MoO6;QCÞ ¼ �1197:9 kJ mol�1

ΔfH
0
298ðSb2Mo2O9;QCÞ ¼ �1907:8 kJ mol�1

ΔfH
0
298ðSb2Mo3O12ðIÞ;QCÞ ¼ �2570:2 kJ mol�1

ΔfH
0
298ðSb2Mo3O12ðIIÞ;QCÞ ¼ �2560:8 kJ mol�1

ΔfH
0
298ðSb4MoO9;QCÞ ¼ �1888:9 kJ mol�1

ΔfH
0
298ðSb2WO6;QCÞ ¼ �1251:1 kJ mol�1

ΔfH
0
298ðSb2W2O9;QCÞ ¼ �2012:1 kJ mol�1

ΔfH
0
298ðSb4WO9;QCÞ ¼ �1945:5 kJ mol�1:

3.3 Experimental determination of the standard enthalpies
of formation of ΔfH

0
298

Because the entropies of all the gaseous molecules presented
here could be well defined using quantum chemical calculations,
we selected the third law method to evaluate the reaction enthal-
pies. The reaction enthalpies were calculated for reactions 1–3
and 5–9 (Table 5) using eqn (5). The equilibrium constant, Kp,T,
related to the reaction enthalpy, reaction entropy and temperature
by the van’t Hoff equation, was obtained experimentally from
the partial pressures of the gaseous components. The reaction
entropy values, ΔRS

0
T (QC), were determined using quantum

chemical calculations.

ΔrH
0
T ðexp:Þ ¼ –RT lnKp;T ðexp:Þ þ TΔrS

0
T ðQCÞ ð5Þ

Table 3 Total energies of the molecular ions in the geometries of the
neutral molecule, calculated and experimental vertical first ionisation
potentials (IP) (def2-TZVP/RI-BP86)

Molecular ion Etot (a.u.)

IP (eV)

QC Exp.

Sb4O6
+ −1413.122828 8.93 9.3120

Mo3O9
+ −882.516290 10.80 12.0 ± 1.021

Sb2MoO6
+ −1000.652141 9.90 —

Sb2Mo2O9
+ −1294.984879 10.01 9.9 ± 0.5a

Sb4MoO9
+ −1707.441280 9.05 9.9 ± 0.5a

Sb2Mo3O12
+ (I) −1589.313125 9.76 9.8 ± 0.5a

Sb2Mo3O12
+ (II) −1589.309951 9.75 9.8 ± 0.5a

W3O9
+ −879.266761 11.44 12.0 ± 0.222

W4O12
+ −1172.557923 10.41 12.0 ± 0.222

W5O15
+ −1465.808767 10.24 12.1 ± 0.222

Sb2WO6
+ −999.578821 9.89 9.9 ± 0.5a

Sb2W2O9
+ −1292.836905 10.01 9.8 ± 0.5a

Sb4WO9
+ −1706.370681 9.01 —

a This work.
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For the experimental determination of the standard enthalpy of
formation of Sb2MoO6, Sb2Mo2O9 and Sb2Mo3O12, equilibrium
processes 1–3 (Table 5) were selected. The standard enthalpy of
formation of Sb4MoO9 can be defined from reaction 5. Reaction
6 was additionally considered to confirm the standard enthalpy
of formation of Sb2MoO6, calculated from reaction 1. Because
gaseous tungsten oxide was not detected in the mass spectro-
metry experiment, equilibrium reactions 7–9 between solid WO3

and gaseous Sb4O6 were employed for the determination of the
standard enthalpies of formation for Sb2WO6, Sb2W2O9 and
Sb4WO9.

The equilibrium constants, Kp,T, representing the ratio of
partial pressures of the gas species, were calculated (Table 5)
using the partial pressures from Table 2. As discussed above,
Sb2Mo3O12 is present in the gas phase at 893 K in two isomeric
forms (Fig. S5, ESI†). The Gibbs free energy of the isomer tran-
sition, ΔiG

0
T(QC), is theoretically calculated to be 1.5 kJ mol−1.

Using this value, we calculated the ratio of the partial pressures
of the two isomers p(Sb2Mo3O12 (I)): p(Sb2Mo3O12 (II)) and
obtained lnKp,T for the reactions 3.I and 3.II. The experimental
values of lnKp,T for reactions 1–3 and 5 and 6 (Table 5) and the
quantum chemically calculated values of lnKp,T (Table 4) are in
very good agreement. Using the determined equilibrium con-
stants, Kp,T, for reactions 1–3 and 5–9, the enthalpies of for-
mation (ΔfH

0
T) of the ternary oxides can been obtained. The

following values were used for these calculations: ΔfH
0
893-

(Mo3O9), ΔfH
0
893(Sb4O6), ΔfH

0
840(Sb4O6), ΔfH

0
840(Sb2Mo2O9)

and ΔfH
0
1080(WO3(s)), which were obtained using eqn (6). The

values of ΔfH
0
T(Mo3O9), ΔfH

0
T(Sb4O6) and ΔfH

0
T(WO3(s)) were

calculated from the standard enthalpies of formation23 and
ΔfH

0
840(Sb2Mo2O9) was calculated from ΔfH

0
893(Sb2Mo2O9)

using eqn (6). All the calculated enthalpies of formation for the
ternary oxides, ΔfH

0
T, were converted into the standard enthal-

pies of formation, ΔfH
0
298, using eqn (6) and the calculated a, b

and c coefficients of the c0p,T function. The ΔfH
0
T and ΔfH

0
298

enthalpies of the ternary oxides are presented in Table 6.

Δ fH
0
T ′ ¼ Δ fH

0
T þ

ðT ′

T
c0p;T dT ð6Þ

Finally we compared the quantum chemically calculated and
experimental values of the standard enthalpies of formation for
the ternary oxides (Table 6). The differences between the calcu-
lated and experimental enthalpies of formation are not high and
do not exceed 20 kJ mol−1. The standard enthalpies of formation
for Sb2MoO6, obtained from reactions 1 and 6, are very close to
each other.

4 Conclusions

A series of mass spectrometry studies on the reactions of
gaseous molybdenum, tungsten and antimony oxides were
carried out. It was shown that seven novel ternary molybdenum–

antimony and tungsten–antimony oxides exist in the gas phase:
Sb2MO6, Sb2M2O9, Sb4MO9 (M = Mo, W) and Sb2Mo3O12.
The maximum number of metallic atoms in the gaseous ternary
compounds, as well as in the gaseous molybdenum and tungsten
oxide species, is 5. The vapour over solid Sb2Mo3O12 primarily

Table 4 Calculated standard enthalpies and entropies of the reaction and equilibrium constants for the equilibrium processes with participation of the
molybdenum–antimony oxides (def2-TZVP/RI-BP86)

Reaction ΔrH
0
T (kJ mol−1) 298 K//Ta ΔS0T (J mol−1 K−1) 298 K//Ta ln Kp,T 298 K//Ta

1 1/3 Mo3O9 + 1/2 Sb4O6 ⇌ Sb2MoO6
b 35.9//34.2 34.9//31.5 −10.3//−0.8

2 2/3 Mo3O9 + 1/2 Sb4O6 ⇌ Sb2Mo2O9
b −47.8//−46.3 −14.8//−12.1 17.5//4.8

3.I Mo3O9 + 1/2Sb4O6 ⇌ Sb2Mo3O12(I)
b −84.2//−79.3 −65.4//−56.4 26.1//3.9

3.II Mo3O9 + 1/2Sb4O6 ⇌ Sb2Mo3O12(II)
b −74.8//−69.9 −56.6//−47.7 23.4//3.7

4 1/3 Mo3O9 + Sb4O6 ⇌ Sb4MoO9
b −47.3//−43.9 −10.7//−4.4 17.8//5.4

5 1/2 Mo2Sb2O9 + 3/4 Sb4O6 ⇌ Sb4MoO9
c −23.4//−21.1 −3.3//1.3 9.0//3.2

6 Sb2MoO6 + 1/2 Sb4O6 ⇌ Sb4MoO9
c −83.3//−78.5 −45.6//−36.4 28.1//6.6

7 1/3 W3O9 + 1/2 Sb4O6 ⇌ Sb2WO6
d 31.2//25.7 37.2//33.2 −8.1//1.2

8 2/3 W3O9 + 1/2 Sb4O6 ⇌ Sb2W2O9
d −55.4//−50.2 0.4//3.8 22.4//5.9

9 1/3 W3O9 + Sb4O6 ⇌ Sb4WO9
d −55.5//−51.0 −1.5//6.0 22.2//6.3

a T = temperature of the mass spectrometric experiment, b T = 893 K. c T = 840 K. d T = 1080 K.

Table 5 Experimental equilibrium constants and enthalpies of reaction

Reaction ln Kp,T ΔrH
0
T (kJ mol−1)

1 1/3 Mo3O9(g) + 1/2 Sb4O6(g) ⇌ Sb2MoO6(g)
a −1.9 42.1

2 2/3 Mo3O9(g) + 1/2 Sb4O6(g) ⇌ Sb2Mo2O9(g)
a 5.1 −48.9

3.I Mo3O9(g) + 1/2 Sb4O6(g) ⇌ Sb2Mo3O12(I)(g)
a 6.6 −99.2

3.II Mo3O9(g) + 1/2 Sb4O6(g) ⇌ Sb2Mo3O12(II)(g)
a 6.4 −89.9

5 1/2 Mo2Sb2O9(g) + 3/4 Sb4O6(g) ⇌ Sb4MoO9(g)
b 2.2 −14.1

6 Sb2MoO6(g) + 1/2 Sb4O6(g) ⇌ Sb4MoO9(g)
b 7.7 −82.8

7 WO3(s) + 1/2 Sb4O6(g) ⇌ Sb2WO6(g)
c −7.0 200.9

8 2 WO3(s) + 1/2 Sb4O6(g) ⇌ Sb2W2O9(g)
c −8.9 287.4

9 WO3(s) + Sb4O6(g) ⇌ Sb4WO9(g)
c −2.4 129.6

a T = 893 K. b T = 840 K. c T = 1080 K.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 10769–10776 | 10775
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contains of three gaseous oxides: Sb2MoO6, Sb2Mo2O9 and two
isomers of Sb2Mo3O12. The largest antimony oxide is bound in
the gaseous ternary oxide Sb2Mo2O9, which has a partial
pressure that exceeds five times the sum of the partial pressures
of the antimony-containing oxides Sb2MoO6, Sb2Mo3O12 and
Sb4O6. The evaporation of solid Sb2MoO6 and the mixture of
the gaseous WO3 and Sb2O3 yields primarily three oxides in the
gas phase: Sb2MO6, Sb2M2O9 and Sb4MO9, (M = Mo, W).
There are no binary gaseous molybdenum or tungsten oxides in
these systems because the molybdenum and tungsten oxides are
exclusively present as ternary oxides. This reflects a significant
enhancement of the volatility of MO3 and Sb2O3 in the ternary
system relative to the binary system.

The isostructural molybdenum and tungsten ternary oxides
differ from each other in terms of their stability in the gas phase.
The gaseous Sb2MO6 is the most abundant ternary oxide in the
Sb2O3–WO3 system, unlike in the Sb2O3–MoO3 system, where
the presence of Sb2MoO6 is much lower. The Sb2M2O9 oxide
has the highest partial pressure in the Sb2O3–MoO3 system with
an excess of molybdenum oxide. In other systems, the presence
of that oxide is also considerable but not dominant. On increas-
ing of partial pressure of Sb4O6, the partial pressure of Sb4MoO9

grows and the partial pressures of the other ternary oxides
Sb2MoO6, Sb2Mo2O9 and Sb2Mo3O12 decreases.

The structures of all the ternary molybdenum–antimony and
tungsten–antimony oxides have common characteristics. All the
ternary oxides tend to form structures of six- or eight-membered
rings of alternating oxygen and metallic atoms, whereas four-
membered rings are disfavoured. The only exception is the struc-
ture of Sb2MO6 because it is not possible to avoid the formation
of four-membered rings. All of the structures contain four-
coordinate M6+ and three-coordinate Sb3+ ions.

The enthalpies of formation of the oxides in the gas phase
were determined using mass spectrometry and compared with
quantum chemical calculations. The experimental and calculated
standard enthalpies of formation are in very good agreement.
The first ionisation potentials were experimentally obtained for
Sb2WO6, Sb2M2O9 (M = Mo, W), Sb2Mo3O12 and Sb4MoO9

and were confirmed by theoretical values, thus proving the exist-
ence of these oxides in the gas phase. In addition, we propose
that Sb2MoO6 and Sb4WO9 are also present in the gas phase
because the experimental standard enthalpy of formation of these
oxides was confirmed by quantum chemical calculations.
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Table 6 Experimental and calculated standard enthalpies of formation for the gaseous ternary oxides

Compound
ΔfH

0
T (exp.)

(kJ mol−1)
ΔfH

0
298 (exp.)

(kJ mol−1)
ΔfH

0
298 (QC)

(kJ mol−1)
ΔfH

0
298 (QC)–ΔfH

0
298 (exp.)

(kJ mol−1)

Sb2MoO6 (from reaction 1) −1077.0a −1187.9 −1197.9 −10.0
Sb2Mo2O9 −1742.8a −1905.9 −1907.8 −1.9
Sb2Mo3O12 (I) −2367.8a −2583.1 −2570.2 12.9
Sb2Mo3O12 (II) −2358.5a −2573.7 −2560.8 12.9
Sb4MoO9 −1718.7b −1881.6 −1888.9 −7.3
Sb2MoO6 (from reaction 6) −1087.5b −1187.8 −1197.9 −10.1
Sb2WO6 −1092.1c −1240.7 −1251.1 −10.4
Sb2W2O9 −1775.4c −1994.3 −2012.1 −17.8
Sb4WO9 −1686.2c −1926.8 −1945.5 −18.7
a T = 893 K. b T = 840 K. c T = 1080 K.
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