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Abstract

The formation and stability of the row of hitherto unknown ternary oxides in the gas phase
has been studied. The following novel 24 ternary gaseous oxides were detected:

- MoTeOs, M0,TeOs, Mo;TeO;; and MoTe,O; in MoO; — TeO, system;

- PbMoO,, PbM0,0O;, PbMo0;0;y and Pb,MoOs in PbO — MoO; system;

- PbTeOs, PbTe,0s, Pb,TeO4 and Pb,Te,O4 in PbO — TeO, system;

- PbAs;O4, PbSb,04 and Pb;As,06 in PbO — X;0; systems (X = As, Sb);

- SboMoOs, SboM0,0s, Sb,M03012, SbsM0Oy, SbuWOs, SboW,09 and SbsWO, in Sb,Os;

— MOs (M =Mo, W) system;
- Sb,TeOs and Sb,Te,O7 in Sb,O; — TeO, system.

The gaseous species was identified in mass spectrometric experiments by the determination of
m/z-values and isotopic patterns. Thermodynamic data for the ternary oxides were obtained
experimentally by means of a mass spectrometric Knudsen-cell method and were confirmed
by quantum chemical calculations. The structures of the gaseous oxides were obtained by
means of quantum chemical calculations too. Several compounds exist in two stable isomeric
forms in the gas phase. The appearance energies were obtained experimentally and compared

with theoretical vertical ionisation energies.

Keywords: gaseous ternary oxides, mass spectrometry, quantum chemical calculations



Zusammenfassung
Die Bildung und Stabilitidt einer Reihe von bisher unbekannten terndren Oxiden in der
Gasphase wurde untersucht. Die folgenden neuen 24 terndren gasformigen Oxide
nachgewiesen:

- MoTeOs, Mo,TeOs, Mo;TeO;; und MoTe,07 in MoO; — TeO, System;

- PbMoO,, PbMo0,0O7, PbMo0;O und Pb,M0oOs in PbO — MoO; System,;

- PbTeOs, PbTe,0s, Pb,TeO, und Pb,Te,O¢ in PbO — TeO, System;

- PbAs,O4, PbSb,04 und Pb;As,O¢ in PbO — X;05 Systems (X = As, Sb);

- SboMoOs, Sb.M0,0s, Sb.M03012, SbaM0Oy, Sb,WOs, SboW,09 und SbsWOy in Sb,Os

—MO; (M =Mo, W) System,;

- Sb,TeOs und Sb,Te,O; in Sb,O; — TeO, System.
Die gasformigen Spezies in den massenspektrometrischen Experimenten durch die
Bestimmung von m / z-Werten und Isotopenmuster identifiziert. Thermodynamischen Daten
fiir die terndren Oxide wurden experimentell mit Hilfe eines massenspektrometrischen
Knudsenzellen-Verfahrens erhalten und quantenchemischen Berechnungen bestitigt. Die
Strukturen der gasformigen Oxide wurden durch quantenchemische Berechnungen erhalten.
Mehrere Verbindungen existieren in zwei stabilen isomeren Formen in der Gasphase. Die
Auftrittsenergien wurden experimentell bestimmt und mit den theoretisch berechneten

vertikalen Ionisationsenergien verglichen.

Schlagworter: gasformige terndre Oxide, Massenspektrometrie, quantenchemische

Berechnungen



1 INTRODUCTION

The formation and stability of gaseous ternary oxides from individual metal oxides have
been investigated in the present work.

Metal oxides have a very broad application area and represent an attractive class of ma-
terials whose properties cover the entire range from semiconductors to insulators and are in-
teresting for many aspects of material science, chemistry, physics and engineering science.
The area of application is quite wide: electronics [1-2], photonics [3-5], catalysis [6-7], chem-
ical and biological sensors [8-10], thermionic emission [11], energy storage devices [12 -14],
e.g. In the past few years many studies of the metal oxides were devoted to the synthesis,
structural, physical and chemical characterization. A large number of scientific papers have
been published on metal-oxide nanostructures and thin films. The chemical vapour deposition
(CVD) [15 -17], physical vapour deposition (PVD) [18 -19] and vapour transport [20-22]
technique are the main synthesis methods for growing nanostructures and thin films. There-
fore it is important to study properties of the gaseous oxides and ternary oxides.

The vaporization and thermodynamic properties of many individual oxide systems and
some ternary oxides have been widely studied. Very informative and detailed overview of the
properties of the gaseous individual oxides is reported in the handbook of Kazenas et al. [23].

There are many studies devoted to the formation of ternary oxides in the gas phase too.
However the investigation of the ternary systems is not complete. There are many systems
which were not studied at all or were studied superficially. Many gaseous ternary oxide sys-
tems are presented in recent review of Lopatin et al. [24] and handbook of Kazenas et al. [25].

The investigation of the evaporation process provided the rich information about the
composition of the vapour, stability of the gas compounds and equilibrium processes in the
gas phase. The most of studies were carried out by means of mass spectrometry using effusion
Knudsen cell method. The composition of vapour of individual oxides is not simple and con-
tains monomer and oligomer molecules. The composition of the vapour of ternary oxides is
even more complicated. The composition of oxide ternary systems in the gas phase differs
from the composition of condense state. Some compounds of oxide system exist in both gas
and condense state; other compounds of the same oxide system exist only in the gas or con-
dense state.

Mass spectrometric experiment gives the possibility to determine the partial pressures of

gaseous species and consequently the equilibrium constant of gas reactions.



The dependence of the recorded ion currents on the partial pressure of the particular ion

is described by the following equation:

SI-T (1.1)
P 5S

where p; = the partial pressure of component i, ¢ = the proportionality factor, 2./, = the
intensity of all of the ions formed by the ionisation and fragmentation of a gaseous molecule
of 1, T = temperature, o; = the ionisation cross section and S; = the electron multiplier
efficiency. The approximated eq. 1.2 can be used in most cases (the procedure of
simplification is described elsewhere [26]):
p=cYIT (1.2)
The proportionality factor ¢ is determined by a calibration experiment.

The mass spectrometric study of the gaseous oxide systems which presented in that
work is limited by the narrow temperature range. Therefore the obtaining of the reaction en-
thalpy A.H’; by means of second law of thermodynamics, where temperature dependence of
equilibrium constants has to be determined (eq. 1.3), is not possible.

dInK,;/d T=AH/RT* (1.3)
The third law of thermodynamic (eq. 1.4) can be applied. The difficulty of that approach

is determination of the reaction entropy ArS°r.

AH'r=-R-T'InK, r + T AxS’7 (1.4)

Usually the calculation of entropies based on “rigid rotor-harmonic oscillator”
approximation, with using data on molecular structures and normal mode frequencies. Except
the mentioned method of statistical thermodynamics quantum chemical calculations can be
applied for the determination of reaction entropy. Additionally quantum chemical calculation
give the possibility determine the reactions enthalpy of the equilibrium processes at standard
and experimental temperatures, the structure of the gaseous components in oxide system and
IR spectra of the molecules. Thus the two main methods applied in the present study are mass

spectrometry and quantum chemical calculations.

2 Objects of the investigation.

In the present work hitherto unknown ternary gaseous oxides have been investigated.
Following systems are in the centre of interest: MoO; — TeO,, PbO — MoO;, PbO — TeO,, PbO
— X505 (where X = As, Sb), Sb,O; — MO; (M = Mo, W) and Sb,O; — TeO,. The individual
oxides MoOs;, WO;, TeO,, PbO, As,Os and Sb,0O; are widely used in the industry.

9



Transition metal oxides such as MoO; and WO; are n-type semiconductors and have
unique gas sensing properties for a series of target gases. Tellurium dioxide TeO, is p-type
semiconductor and it is also important gas sensing material. These three oxides are suitable
for the detection of oxidizing and reducing gases.

The mechanism of gas detection is following. The target gas interacts with the surface of
the metal oxide film, which results in a change in charge carrier concentration of the material.
This change in charge carrier concentration serves to alter the conductivity (or resistivity) of
the material. An n-type semiconductor upon interaction with a reducing gas an increase in
conductivity occurs. Conversely, an oxidising gas serves to deplete the sensing layer of charge
carrying electrons, resulting in a decrease in conductivity. A p-type semiconductor is a
material that conducts with positive holes being the majority charge carriers; hence, the
opposite effects are observed with the material and showing an increase in conductivity in the
presence of an oxidising gas (where the gas has increased the number of positive holes). A
resistance increase with a reducing gas is observed, where the negative charge introduced in
to the material reduces the positive (hole) charge carrier concentration [27]. Band gap theory
is also applied in studying of gas sensors.

It was reported that MoO; and WO; with band gap 3.2 and 2.7 eV [28 -29] respectively
are sensitive to NO [30-31], NO, [30-31], NH; [32, 31], H,S [33-34], H, [32, 35], CO [36-37],
CH;CH,OH [36, 38] and volatile organic compounds (VOC) [39-40]. MoO; is also sensitive
to CH,4 [30] and WO:; is sensitive to Os [37], Cl, [41] and SO, [42]. Molybdenum and tungsten
oxides exhibit other interesting properties such as electrochromism [43-44], photocromism
[45-46], photoluminescence [47-48], luminescence [49] and used in catalyst [50-52]. Gas
sensors and other devices are produced as nanostructure and thin films by different
techniques, including CVD, PVD, sol-gel process and sputtering.

Tellurium dioxide used for detection of NO, [53-54], NH; [53, 55], H,S [53] and Cl,
[56]. In addition TeO, thin films is a sensitive material for y-radiation and were suggested as
an effective material for room temperature real time radiation dosimetry due to observed
changes in both the optical and the electrical properties [57]. TeO2 is important acousto-
optical and electro-optical material with a variety of desirable characteristics [58]. Band gaps
of TeO, are 3.41 eV for annealed TeO, crystalline film, 3.5 eV for single-crystal TeO, and
increased band gap 3.73-4.2 eV for amorphous TeO, [59-60].

Sb,0; and As,O; oxides are important materials because of their unique properties and
applications in optics and electronics. These trioxides can serve as glass former when mixed

with other oxides [61]. The Sb,O; — As,Os based glasses (for example PbO-Sb,0;-As,0s) can

10



be used in non-linear optical devices and as thermoluminescent material [62]. This alkali free
glass systems, is expected to be relatively moisture resistant and possess low rates of
crystallization [63]. Many of Sb,O; or As,Os; based glass systems with optical and electrical
properties are known: V,0s-As,0; [64], Sb,0s-B,0; [65], Li,0-Sb,05;—GeO, glasses mixed
with different modifiers (viz., PbO, ZnO, BaO, SrO and CaO) [66], ZnO—-Sb,0;-As,0; [67],
PbO-P,05-As,0; [68], Sb,O3:—Na,0-WO;—PbO [69], CaO-Sb,0s—B,0O; [70], PbO-Sb,Os—
B,O; [71] etc.

Lead oxide, which is one of these semiconductor nanostructures, has important
applications in storage batteries, the glass industry, and pigments. Various forms of lead oxide
and their nanostructure compositions are known, including nanoplates, nanostars, nanorods,
nanopowders, nanosheets and nanotubes. PbO is an indirect band gap semiconductor with
tetragonal and orthorhombic phases. The tetragonal and orthorhombic phases of PbO have
band gaps of 1.9-2.2 eV and 2.6 eV, respectively [72].

Over past decades the development of nanotechnology was very intensive. Science and
industry focused their interest on this class of materials. Optics and electronics were in the
centre of interests too. As was shown above the MoOs;, WO;, TeO,, PbO, As,O; and Sb,0;
oxides are widely applied in the mentioned fields. Therefore ternary oxides with their unique
properties, which can combine the properties of the individual oxides, have a big potential for

the industry.
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3 Investigation of gaseous ternary oxides

3.1 Formation and stability of molybdenum-tellurium oxides MoTeOs, Mo,TeOs,
Mo;TeO;; and MoTe,O7 in the gas phase. Quantum chemical and mass spectrometry
determination of standard enthalpy of formation.

E. Berezovskaya, E. Milke, M. Binnewies

Dalton Trans. 2012, 41 (8), 2464-2471

DOI: 10.1039/C1DT11529D
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The formation of mixed molybdenum-tellurium oxides MoTeO;, Mo, TeO;, Mo, TeO,,, MoTe,0; in the
gas phase has been studied by mass spectrometry (MS) experiments at temperatures of about 938 K
and studied theoretically by quantum chemical (QC) methods. Structural and thermodynamic data for
the molecules was calculated. The mixed oxides MoTeOs, Mo,TeO;,, Mo,TeO,, and MoTe,O; in the gas
phase have been reported for the first time. Experimental thermodynamic data have been determined by
means of MS and confirmed theoretically by DFT and ab initio (MP2) calculations. Adiabatic
ionisation potentials (IPs) were obtained experimentally and compared with theoretical vertical
ionisation potentials. The following values are given:

AH", (MoTeO.) = —730.2 kJ mol (MS),
A H" s (MoTeO:) = —735.4 kJ mol' (DFT), —717.3 kJ mol” (MP2).

5% (MoTeOs) = 389.5 J mol* K- (DFT).

¢,'(MoTeOs) = 141.71 + 13.54 x 10° T—2.53% 10° T = I mol"' K™ (298 = T < 940 K) (DFT),

A H" (Mo, TeOy) = —1436.3 kJ mol ' (MS),

A H" 5, (M0,TeO,) = —1436.1 kJ mol' (DFT), —1455.9 kJ mol"' (MP2),

§%; (Mo, TeO,)=517.1 I mol' K- (DFT),

¢, (Mo,TeO,) = 228.64 + 24.15x 10~ T—4.09 x 10° T = I mol”" K~ (298 < T < 940 K) (DFT).

AH" (M0, TeO,,) = -2132.7 k] mol' (MS),
AH' (M0, TeO,,) = 21107 kJ mol”' (DFT), ~2163.2 kJ mol™* (MP2),

§: (Mo, TeO,,) = 629.3 ] mol' K-' (DFT),

¢,"r(M0,TeO,,)=316.40 + 34.10 x 10~ T = 5.74 x 10° T I mol K~' (298 < T < 940 K) (DFT).

A H' 55 (M0Te,0;)=-999.7 k] mol! (MS),

AcH e (M0Te,0,)=-1002.7 kJ mol™" (DFT),—1000.9 kJ mol' (MP2),

8% (M0Te,0;)=504.8 ] mol"* K-' (DFT).

¢"r(MoTe,0;)=211.19 + 18.02x 10> 7= 3.53 x 10° T~ J mol™ K" (298 < 7" < 940 K) (DFT),

IP(MoTeO.) = 10.68 eV (DFT),

IP(Mo,TeO,) = 10.4 + 0.5 eV (MS), IP(Mo,TeO,) = 10.41 eV (DFT),
IP(Mo.TeO,,) = 10.7 £ 0.5 eV (MS), IP(Mo, TeO,,) = 10.18 eV (DFT),
IP(MoTe,0,) = 9.91 eV (DFT).

oxides in the crystal and glass state.'™* The molybdate—tellurite
glass network has been modelled in a quantum chemical study.®
Lattices of MoO; and TeO, have very different crystal structures

1 Introduction

A number of experimental investigations have been carried out

on the structure and properties of mixed molybdenum-tellurium

Institut fiir Anorganische Chemie, Callinstr. 9, 30167, Hannover. E-mail:
katja.berezovskaya@aca.uni-hannover.de; Fax: 0511-762-2254

with many modifications;*® they are able to combine, giving rise
to a new crystal structure. MoTe, O, is the only stoichiometric
compound in the phase diagram of the system MoO,-TeQ,." Its
structure is also specified. The molybdenum atom Mo®* is sixfold

2464 | Dalton Trans., 2012, 41, 2464-2471
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coordinated® and the tellurium atoms are fourfold coordinated
to oxygen in two different configurations.* In both configurations
tellurium is in the Te* valence state. The coordination numbers
and valence states of Mo and Te in the mixed oxide are the same
as in pure oxides.

The gas phase of pure tellurium'"" and molybdenum oxides
has also been the subject of some studies. These compounds
are two examples of metal oxides which evaporate congruently
without decomposition. The gas phase contains monomer and
oligomer molecules: (M0QO,),, (x = 1-5)," (TeO,),, (v = 1-4).""**
Structures of these oxides and their oligomers have been described
by quantum chemical calculations.1¢

Among many publications, devoted to molybdenum and tel-
lurium oxides, there are no publications on the properties of
mixed molybdenum-tellurium oxides in the gas phase. In present
work we concentrate on gaseous molybdenum-tellurium oxides.
Structure chemistry of these compounds in a vapour is quite rich.
We have observed MoTeO;, Mo,TeO;, Mo;TeO,, and MoTe,0,
in the gas phase during evaporation of a mixture of MoO,
and TeO,. The formation and stability of mixed molybdenum-
tellurium oxides in the gas phase has been investigated. Structures
of mixed compounds were characterised by quantum chemical
calculations.

11-13 14,15

2 Experimental

Mass spectrometric measurements were carried out by using an
ion trap mass spectrometer Finigan type 212 with electron impact
at 70 eV. A mixture of the solid oxides MoO, (extra pure grade)
and TeO, (grade purum) in a ratio of 1:2 was heated in a
Knudsen cell to 938 K, ionised gas was registered and the spectrum
was analysed. lonisation potentials (IPs) for mixed molybdenum-
tellurium oxides were obtained by varying the energy of the
electron impact source and determination of onset of the ions.
Argon was applied as the calibration gas to transform the voltage
scale into electron energy.

Quantum chemical calculations were performed using the
TURBOMOLE program package.”” All the structures of the
molecules were fully optimised by using the density functional
theory (DFT) with the BP86 functional, which incorporates
the exchange functional of Becke and correlation functional of
Perdew."™” The def2-TZVP triple split valence basis set with
a polarisation function and small core ECP functions for Mo
and Te atoms was employed for computation. RI-treatment,
which was also applied. allows to speed up computation by a
factor of 10 at least without sacrificing accuracy.?®* Station-
ary points of the molecules were characterised by harmonic
frequency computations at the same theoretical level. Module
AOFORCE performed vibration frequencies and IR intensities.
Thermodynamic characteristics were determined with the help of
the module FREEH, the procedure of statistical thermodynamics.
The highest possible molecular symmetry for each compound
is given. The structures with higher symmetries correspond to
the transition state and have imaginary frequencies. Additionally
computations on the RI-MP2 level with the def2-TZVP basis set
were performed. The geometries were also optimised. Vibration
frequency calculations for molybdenum-tellurium oxides using
the RI-MP2/def2-TZVP method require enormous computer
resources. Therefore thermodynamic characteristics such as heat

capacity, entropy and thermal energy of molecules were taken from
the RI-BP86/def2-TZVP calculation. First vertical ionisation
potentials of the investigated systems were obtained by the RI-
BP86/def2-TZVP method. lonisation potentials were taken as
the difference between the energy of the neutral molecule and
the corresponding cation at the same geometry according to the
Franck—Condon principle. The singlet spin state was taken as the
electronic ground state for all neutral molecules. The open-shell
method was applied for computation of molecular ions in doublet
spin states.

3 Results and discussion
3.1. Mass Spectrometry

The original mass spectrum with characteristic isotopic patterns
according to mass numbers of ions is shown in Fig. 1. Several
peaks corresponding to different ions overlap with each other
and give additive intensity in the mass spectrum. However, it is
possible to distinguish individual ions in the mass spectrum and
to calculate their relative intensity. Relative intensities of the main
gas compounds are presented below in parenthesis:

4 h'0304l Mo,0,’
E 3 Te, Te,0,
; Tcz()_ Te:()s' Te,0,
72 Mo,0, MoTe0,
R
240 260 280 300 320
miz
9
5 Mo,0,”
o
7 i 4
7 69 3 WWMUNMIMMW
B =
£ Mo,
E Mu40”' ‘| | Mo, TeO,
il n
560 580 600
miz

mz.

Fig. 1 Experimental and simulated mass spectra of MoQ;-TeO, (1:2)
mixture, 938 K, 70 eV.

MoO* (1.6), MoO,* (5.4). Te* (14.9), TeO~ (37.0), TeO,* (100),
Mo,0" (0.3), Mo,0," (1.6), Te,* (4.8), Te,O* (0.4), Mo,0,* (3.3),
Te,O," (2.8), Mo0,O," (2.7), Te,0;" (0.8). MoTeOs* (1.6), Te,O,"
(3.2). Mo,0,7 (0.4), Mo,0O;* (3.8). Mo,;0,* (30.0), Mo, TeO;* (8.6),
MoTe,0,* (0.9), Mo,0,,* (0.7), M0,0,,* (4.1), Mo, TeO,,* (2.0).

This journal is © The Royal Society of Chemistry 2012
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These relative intensities and values of natural abundances
of Mo, Te, O isotopes were used to perform a mathematical
simulation of the mass spectrum (Fig. 1). Experimental and
simulated spectra show very good agreement. This indicates that
the calculated relative intensities given in parenthesis are correct.

Detection of MoTeO;*, Mo, TeO;*, Mo;TeO,,* and MoTe,O,*
ions could mean the existance of mixed oxides: MoTeO;,
Mo, TeO,, Mo,;TeO,,, MoTe,O, in the gas phase. Ionisation
potentials for two molecules Mo, TeO,, Mo, TeO,, were deter-
mined experimentally with the help of appearance potential.
Tonisation efficiency curves for these compounds are presented
in Fig. 2. Extrapolation of appearance potentials give values of
adiabatic ionisation potentials: IP(Mo,TeO;) = 104 + 0.5 eV,
[P(Mo;TeO,,)=10.7 £0.5eV. Quantum chemical values of vertical
ionisation potentials, which are given later, are consistent with
experimental values. This proves that Mo,TeO;* and Mo;TeO,,*
ions were obtained by ionisation rather than by fragmentation. In
the case of the formation of ions by fragmentation, appearance
potential is expected to be several eV higher. Intensities of
MoTeO;* and MoTe,0,* ions were too small at low electron
impact energy to determine reliable ionisation potentials.

Intensity

13

11 12
E (eV)

Fig. 2 lonisation efficiency curves of Mo, TeQy* and Mo;TeO,,*.

Trioxide Mo;0, and monoxide TeQ, are the main gas compo-
nents in the gas phase of pure molybdenum und tellurium oxides
at a wide temperature range, including 938 K. In the mass spectra
of the pure oxides MoO; and TeO, the biggest relative intensities
belong to the ions Mo,0,* and TeO,*, correspondingly.''%!* In
our experiment the two highest relative intensities in the mass
spectra belong to the parent ions TeO,* and Mo,;0O,*. Therefore
the relative intensities of these ions and Mo, Te,O,,,,," ions were
used to evaluate the experimental data. The ions Mo,0;*, Mo0,0,*,
Te* and TeO* formed by fragmentations have also been taken into
account; their intensities were added to the intensities of the parent
ions Mo;0,* and TeO,*, correspondingly.

The following reactions (1-4) were considered for the calcula-
tion of the equilibrium constant K, and the standard enthalpy of
formation A H", of the mixed oxides:

1/3Mo,0; (g) + TeO, (g) = MoTeO; (g) (1)
2/3Mo;0, (g) + TeO, (g) = Mo, TeO; (g) (2)
Mo,0s (g) + TeO, (g) = Mo, TeO, (g) (3)

1/3Mo,0, (g) + 2TeO, (g) = MoTe,0, (g) 4)

x/3M0309 {g) + J’ETEOE (g) = MO.\' Te_rOE.\'ﬂ_r (g) (1_4)

The equilibrium constant of the reaction, K, represents the
ratio of the partial pressures of the gas components:

P( N]O\-Tevolr+2v ) 5
" p(Mo,0,) " p(TeO, ) ©)

Firstly, it is necessary to determine the partial pressures of
molybdenum, tellurium and mixed oxides in order to obtain the
constant of the reaction K,. The intensities of the ions in the
mass spectra depend on the partial pressures of the gas compo-
nent, which produced these ions and could be approximated by

eqn (6):
pi=cy IiT (6)

where p; is the partial pressure of the ion, T is the equlibrium
temperature, > [ is the sum of the intensities parent ion and
fragments from that ion, c is the proportionality factor.

The proportionality factor ¢ is unknown and has to be
determined. We apply two equations, describing the total pres-
sures of pure molybdenum and tellurium oxides in the liquid
state: Ig(p(MoQ;)/bar) = —16.83 x 10°T" — 14.231g(T) + 56.89
(1074...1378 K)** and In(p(TeO,)/Pa)=-25.84 x 10°T"' + 28.38
(1006...1075 K).2 The ratio of tellurium oxide to molybdenum
oxide TeO,:MoQO, within the Knudsen cell was 2:1 mol. It
corresponds to the liquid state in the phase diagram' at 938 K.
Therefore we have to use p — T relations for liquid MoO; and
liquid TeO.,. The p — T equations give the following values of total
pressures at 938 K for the pure oxides : p(TeO,) = 2.3 x 10~ bar
and p(MoO,)=4.5x 10~ bar. The contribution from molybdenum
and tellurium oxides to total pressure in our investigating system
according to Raoult’s law for ideal mixtures can be approximated
by the following equation:

p(MoQ;, TeO,) = 2/3p(TeO,) + 1/3p(MoQ;) = 1.7 x 10 bar.

By using eqn (6). the proportionality factor ¢ can be cal-
culated:

c=p(MoO;, TeO,)/Y I(MoO;, TeO,)T = 8.6 x 10~ bar K-

where Y I(MoO,, TeO,) is the total sum of the relative
intensities of (MoO,),* and (TeO,),* at a temperature of
938 K.

The partial pressures of the gaseous species are also calculated
from eqn (6):

p(Mo;0,)=2.8 x 107 bar
p(TeO,)=1.2 x 10~ bar
p(MoTeOs) = 1.3 x 10°° bar
p(Mo,TeO;) = 6.9 x 10-° bar
p(Mo,TeO,,)= 1.6 x 107 bar

p(MoTe,0;)=7.3x 107 bar
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Equilibrium constants K, of reactions 1-4 at 938 K have been
calculated from eqn (5):

K,(1)=0.34, K,(2) = 62, K.(3) =467, K,(4) = 1610.

The equilibrium constant K is related to the reaction enthalpy,
reaction entropy and temperature by the van’t Hoff-eqn (7).
ARH[]]' ARS[];-

+ AT ™
RT R

InKP =—

ARHOr:_RﬂnKp + TARSOT

We will use this equation below to calculate the reaction
enthalpies (1-4).

3.2 Density functional theory and ab initio computation

Calculations were carried out for the following oxides of molyb-
denum and tellurium: MoO;, Mo,0O,, Mo;0,, Mo0,0,,, TeO,,
Te, 0., MoTeOs, Mo,TeO;, Mo, TeO,, and MoTe,O,. The optimal
geometry configuration, which corresponds to the lowest energy
on the potential energy surface, was calculated for every oxide.
As stated above, molybdenum and tellurium atoms in pure and
mixed oxides in a crystal structure have valence state +6 and +4,
correspondingly, and are bound to oxygen atoms. By a search
for the optimal geometry of the above mentioned gas oxides we
limit the enormous number of possible structures of those oxides,
where the valence state of the Te atom is +4, the valence state of Mo
atom is +6 and the metal atoms are bound to oxygen atoms. Thus
several isomers are possible for Mo,0,, and Mo;TeO,,, smaller
oxides have only one structure. Structures of all the calculated
compounds with bond lengths and symmetries of molecular
geometries are presented in Fig. 3. There is a clear influence of a
nonbonding valence electron pair from the tellurium atom on the
stereochemistry of the compounds. The presence of the tellurium
atom leads to a lowering of the symmetry of the structure. Total
energies, calculated by ab initio MP2 and DFT methods, thermal
energies and entropies of the molecules are presented in Table 1.
Two isomers of Mo,0O,, and four isomers of Mo,TeO,, are
considered. It was found that the structures of the compound
with one ring of alternating metal atoms and oxygen atoms (7.e.

structures with four-coordinated Mo®) have a lower total energy
than the others.

The standard enthalpies of isomer transition for Mo,O,, and
Mo;TeO,, (RI-BP86/def2-TZVP method) are given:

Mo,0,, (I'str)  —
83 8kJ-mal™

Mo,0,, (IT str)
!

Mo,TeO,, (Istr) — lMolTe()” (11 str)

600 k]-mol ™

— Mo, TeO,, (llIstr) —

53kJ-mol™ 12.8k]-mol™

Mo, TeO,, (1V str)

Structures (I str) with the lowest total energy are preferable and
used further for calculation of the thermodynamic values.

The thermodynamic values for all the compounds were obtained
with the help of the module FREEH in a range from standard
temperature to temperature of the mass spectrometric experiment
298-940 K. The heat capacity ¢,°; can be approximated as a
polynomial function of temperature (8). Coefficients a, b and ¢
were calculated mathematically by fitting of ten points ¢,’(T).

¢'r=a+bl0°T + ¢10°T ®)

To demonstrate the adequacy of the chosen RI-BP86/def2-
TZVP method of calculations, experimental thermodynamic data
were compared with our calculations. Experimental® and calcu-
lated thermodynamic values for molybdenum and tellurium oxides
are presented in Table 2. Experimental standard heat capacities
¢, a0 for MoOs, M0,0g, M0,0,, TeQ, and Te,O, were calculated
using the literature values for the coefficient a. b and ¢ and eqn
(8). The values of ¢, were compared with quantum chemical
calculated values (Table 2). Agreement between heat capacities is
quite satisfactory. Fig. 4 demonstrates experimental and calculated
entropies S°; at different temperatures for MoO,, Mo,0;, Mo,0,,
TeO, and Te,O, molecules. Experimental values of the entropy S°-
are given as function (9), theoretical values were calculated at ten
different temperatures. Both curves are in good agreement with
each other.

T
dT
SUT :Sezqs + ‘I;SCE? (9}

Table 1 Total energies, thermal energies and entropies calculated for oxides of molybdenum and tellurium (DFT, RI-BP86/def2-TZVP; MP2, RI-

MP2/def2-TZVP)

Molecule E.. (a.u) (DFT) E.. (a.u) (MP2) Ev=m (k] mol™) (DFT) S (J mol K™') (DFT)
MoO; ~294.201556 ~293.5157057 33.81 284.31
TeO, —418.646847 —417.7736934 20.54 273.72
Mo,0, —588.567760 —587.1955501 76.06 391.73
Te, 0. —837.371218 ~835.6233962 48.78 378.43
Mo;0, —882.913202 —880.8663883 118.15 525.52
Mo:0;; (1) ~1177.237313 ~1174.5089716 160.27 639.41
Mo.0,, (IT) —1177.204197 not calc.” 159.15 633.23
MoTeOs ~712.970035 ~711.4077195 62.05 389.52
Mo, TeO, ~1007.303581 ~1005.0734200 104.23 517.06
Mo;TeO,, (I) —1301.627133 ~1298.7271779 146.19 629.29
Mo;TeO,, (II) —1301.604017 not calc.” 145.47 629.58
Mo;TeO,, (I11) —1301.601851 not calc.” 145.08 623.94
Mo, TeO,, (IV) ~1301.597061 not calc.* 145.29 632.74
MoTe,0, —1131.697447 ~1129.2681826 90.63 504.81

@ Total energy is not calculated for unstable isomers at the MP2 level.
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Table 2 Experimental® and calculated thermodynamic characteristics of molybdenum and tellurium oxides (DFT, RI-BP86/def2-TZVP)

AH" 5 (kJ mol)

8% (J mol™ K1)

¢ =a+b10°T + ¢10°T? (exp//DFT)

¢, (Jmol! K™)

Molecule (exp) (exp// DFT) (exp// DFT) a h c
MoOs(g) -346.4 283.9//284.3 59.4//59.2 74.5//70.6 5.1//10.4 —-1.5//-1.3
Mo,0,(g) -984.9 407.4//391.7 152.8//129.8 181.2//159.1 0.4//19.8 -2.5//-3.2
Mo;Oy(g) —1878.3 526.7//525.5 221.6//203.3 274.5//245.9 4.2//30.5 —4.8//-4.7
Mo,0,;(g) -2570.1 654//639.4 299.8//277.9 371.4//331.8 5.7//41.8 —6.5//-6.1
TeOs(g) —61.3 275.4//273.7 42.2//45.5 54.8//52.5 2.4//4.8 -1.2//-0.8
Te,04(g) -347.3 376.7//378 .4 112.6//104.2 131.8//123.8 0.7//1.8 -1.7//-2.0
1100
C 1688 s 1 Experiment Mo,0)
. 815 : 10004  —=8—QC calculations
o |
9004
MoOs3 (Cs) TeO; (Cr) Moz05 (C2v) ]
800
g-) Z..DID
o e = .
¢ \.Tmo'{f(?; e ED 700+
Tex04(C) Y £
:1 600 ]
Mo30s (Cay) « 1
500
) 400
1,606 3004
T . T T . T * T x T T
300 400 500 600 700 800 900
Mo4O12 (Day) MoyOi3 (Cr) T{K)
Stmeture ] Sstnell Fig. 4 Comparison of quantum chemical calculated and experimental
w’ i entropies S
1.70: 1 1.080
102 1974 &J 1.005 /1.700
203_(‘" 2-““"/ 7.8
1702 O 1oa2 (o8 8 .
. Standard enthalpies of formation AH"g of Mo, Te,O;,.s,
MoTeOs (C.) ' oxides can be obtained with help of the following equation:
MoTeOn (C))

Mo, TeOs (Cs)

)‘ézj'd d
r
e

MasTeOy, (Cy), structure IV

MosTeOy, (Cy), structure [1

Mo;TeOy (Cy), structure 1T

Fig.3 Structures of molybdenum and tellurium oxides with bond lengths
in A and group of symmetry, calculated using the RI-BP86/def2-TZVP
method (bond lengths are given for the stable isomers).

Thermodynamic data (standard entropies S",, function of

heat capacities ¢,”; and coefficient a, b, ¢ of approximated ¢,"-
function) for four mixed oxides MoTeQOs. Mo,TeO;. Mo;TeO,,
and MoTe,0; are presented in Table 3.

AtH355(Mo, Te, O;,.5,,QC) = Ag H15(QC) +
x/3AH"os(Mo;0,.exp.) + YA H10:(TeO.,. exp.).

Quantum chemical calculated reaction enthalpies Ag H"; (1—
4) and standard enthalpies of formation A;H.x; are presented in
Table 4.

We have determined known standard enthalpies of formation
of Mo,0,, and Te,0, by using the RI-BP86/def2-TZVP and RI-
MP2/def2-TZVP methods and known experimental values of
AH"205(M0;0,) and A;H",,5(TeO,) to prove reasonableness of our
approach:

AH145(M0,0,,.QC) = Ay H55(QC) + 4/3A:H" 555 (Mo0,0s, exp)

AH (Te,0,.QC) = Ay H 0 (QC) + 2A,H 5 (TeO,, exp).
The following theoretical values were obtained:

AH'5s(M0,0,,, DFT) = -2554.2 kJ mol",
AH'5(Mo,0,,, MP2) = -2562.8 kJ mol-',
AH"53(Te,0,, DFT) = -320.9 kJ mol",

ArH'5(Te,0,, MP2) = —316.9 kJ mol™.
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Table 3 Calculated thermodynamic characteristics of mixed molybdenum-tellurium oxides (DFT, RI-BP86/del2-TZVP)

¢"r=a+b10°T + ¢c10°7T (DFT)

Molecule 5% (Jmol* K ') (DFT) a b c

MoTeOs (g) 389.5 141.71 13.54 -2.53
Mo, TeO; (g) 517.1 228.64 24.15 —4.09
Mo;TeO,, (g) 629.3 316.40 34.10 -5.74
MoTe, 0O, (g) 504.8 211.19 18.02 -3.53

Table 4 Calculated enthalpies of reaction and standard enthalpy of formation for product of corresponding reaction (DFT, RI-BP86/def2-TZVP; MP2,

RI-MP2/def2-TZVP)

AgH 4 (kJ mol™)

Ag H% (kJ mol™) AH 5 (kJ mol") AH 25 (kJ mol)

Reaction (DFT) (MP2) (DFT) (MP2)
1/3 Mo,0y (g) + TeO, (g) = MoTeOs (g) —48.0 -29.9 -7354 -717.3
2/3Mo:0s (g) + TeO: (g) = Mo TeO:s (g) -122.6 —142.4 —1436.1 -1455.9
Mo;0q (g) + TeO, (g) = Mo, TeO,, (g) -171.1 -223.6 -2110.7 -2163.2
1/3 Mo;0y (g) + 2 TeO, (g) = MoTe, 05 (g) -254.0 —252.2 -1002.7 —-1000.9
Table 5 Calculated enthalpies and entropies of reaction at 938 K (DFT, RI-BP86/def2-TZVP; MP2, RI-MP2/def2-TZVP)

Ik,
Reaction Ax H' (kI mol ') (DFT)  ApH"y (kJ mol™) (MP2)  AS"s (Jmol' K') (DFT) (DFT) (MP2)
1/3 Mo;0y (g) + TeO, (g) = MoTeOs (g) —44.4 -26.3 -52.9 -0.7 -3.0
2/3 Mo, 0y (g) + TeO, (g) = Mo, TeO; (g 1155 -135.3 —94.5 35 6.0
Mo;0; (g) + TeO; (g) = Mo, TeO,, (g) -160.6 -213.2 —-151.3 24 9.0
1/3 Mo:0s (g) + 2 TeO, (g) = MoTe, 0 (g) 2403 —238.3 —193.3 8.1 7.3

Experimental values of the standard enthalpy of formation
AH355(Mo,0,5) and A" (Te,0;) are given in Table 2. The
difference between experimental and quantum chemical calculated
enthalpies are satisfactory: 15.9 and 7.3 kJ mol™' for DFT and
MP2 levels of theory correspondingly for Mo,0,, and 26.4 and
30.4 kJ mol™* for DFT and MP2 levels of theory correspondingly
for Te,0,.

Enthalpies Ag [, entropies Ay S® and natural logarithm of the
equlibrium constant InK, for the reaction (1-4) were calculated
at the temperature of the experiment (Table 5). Further we have
compared these calculated values with the experimental values at
the temperature of the experiment.

Total energies of cations MoO;*, Mo,0O,*, Mo;0,*, TeO,",
MoTeO;*, Mo,TeO,*, Mo, TeO,,” and MoTe,0;* were computed
in the doublet spin state to determine the ionisation potentials
of the corresponding molecules (Table 6). All the cations in the
low spin state have a lower energy E,, than in the high spin state.
Therefore the first IP was determined as the difference between
the total energy of the cation in the doublet state and the energy
of the neutral molecule. Experimental IP values from literature
for MoQ,;, TeO,, M0,0,, Mo;0,* and our experimental adiabatic
IP values for Mo, TeOg, Mo, TeO,, were compared with calculated
vertical IPs (Table 7). As we mentioned already that confirms that
Mo, TeO*, Mo,;TeO,,* ions were formed by ionisation, not by
fragmentation of the parent ions. The values are comparable and
show small deviations. The comparison of experimental adiabatic
and theoretical vertical values of ionisation potential is adequate,

Table 6 Total energies of molecular ions in geometries of corresponding
neutral molecule in the doublet spin state (DFT, RI-BP86/def2-TZVP)

Molecular ion E. (au) (DFT)

MoOs* ~293.765448
TeO,* ~418.249529
Mo:0,* ~588.158418
Mo,0,* 882.516290
MoTeOs* ~712.577586
Mo, TeO,* ~1006.921106
Mo, TeO,,* ~1301.253166
MoTe, 0, * ~1131.333410

since the geometries of the molecules and their cations are very
close.

3.3 Determination of standard enthalpy of formation of A;H";0

It was not possible to obtain the second-law (10) of enthalpy of
reaction in our experiment because the temperature range of the
experiment was too narrow.

A H®, = —R [81nK (T)/(3(1/T))] (10)

The third law of enthalpy can be calculated in that case. The rigid
rotor harmonic oscillator (RRHO) approximation has to be used
to obtain thermodynamic functions. For this purpose, the struc-
ture parameter and the vibration wavenumbers of the investigated
molecules have to be determined. Usually these parameters are
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Table 7 Experimental and calculated first ionisation potentials (IP),
(DFT - RI-BP8§6/def2-TZVP)

IP (eV)

Compound (exp) (DFT)
MoO; (g) 11.8+0.5* 11.87
TeO; (g) 11.3+£0.5% 10.81
Mo,0; (g) 12.1 £0.6* 11.14
Mo; 0y (g) 12.0 £ 1.0% 10.80
MoTeOs (g) — 10.68
Mo, TeO; (g) 10.4£0.5° 10.41
Mo:TeO,; (g) 10.7£0.5° 10.18
MoTe,0; (g) — 9.91

* This work.

taken from quantum chemical computation or approximated from
known experimental values of related compounds.**** We have
obtained thermodynamic functions (entropies and heat capacities)
with the procedure of statistical thermodynamics in the FREEH
module of the Turbomole program package.

Enthalpies of reactions at temperature 938 K ApH%; can
be calculated using the van’t Hoft eqn (7). We have obtained
equilibrium constants K, . (1-4) of the formation reaction of
mixed molybdenum-tellurium oxides by mass spectrometry. The
experimental valuesof K, arein good agreement with theoretical
values (Table 5, 8). The experimental entropies of reaction (1-4)
AxS"; are unknown. We have used calculated values of entropies
of reaction (Table 5) to calculate Ag 15 (exp) from eqn (7):

AxH'ss(exp.] 4)=—RTInK, + TA.S":(QC.1 4) (T =938 K)

Experimental values of enthalpy of reaction (1-4) Ay H®5. given
in Table 8, are also in good agreement with the calculations.

Now enthalpies of formation A;H";; for mixed oxides can be
also calculated:

A:H%3(Mo, Te, O;, ,o,,0xp) = Ag H%z5(exp) +
x/3AH"35,(Mo,Oy.exp) + YA H 5(TeO,, exp)

and converted to standard enthalpies of formation A" with
the help of eqn (11):

208
AH = AH, + f - cdl (11

T

Coeflicients of ¢,"-function for Mo, Te,O;,,,, oxides have been
taken from quantum chemical calculations. Enthalpies of forma-
tion A H"y; for Mo,;0, (g) and TeO, (g) have also been calculated
from experimental values with the help of eqn (11).

All experimental and theoretical values of standard enthalpies
of formation for mixed oxides as well as differences between
them are presented in Table 9. Calculated and experimental
enthalpies of formation perfectly agree with each other for
smaller molecules MoTeO;, Mo,TeO; and MoTe,0;. For the
Mo, TeO,, molecule the difference between the calculated and
experimental enthalpies is also satisfactory and does not exceed
30.5 kJ mol.

3.4 Conclusion

Mixed molybdenum-tellurium oxides MoTeO:;, Mo, TeO;,
Mo, TeO,, and MoTe,0; in the gas phase have been observed
for the first time. The enthalpies of formation in the gas phase for
the oxides were determined with help of mass spectrometry and
compared with the quantum chemical calculations. First ionisa-
tion potentials have been experimentally obtained for Mo, TeO,
and Mo,TeO,, and confirmed by calculated values. Agreement
between experimental and calculated values of ionisation poten-
tials and enthalpies of formation proves the existence of gaseous
Mo, TeO; and Mo, TeO,, molecules. The most probable other two
oxides MoTeO; and MoTe,0, are also present in the gas phase,
since their enthalpies of formation, which are obtained by mass
spectrometric experiment and quantum chemical calculation are
in very good agreement.
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Table 8 Experimental standard enthalpies of formation for molybdenum-tellurium oxides

Reaction InK .. (exp) ApH 55 (kJ mol™) (exp) AiH " (kJ mol™) (exp) AcH x5 (kJ mol™") (exp)
1/3 Mo0,0, (g) + TeO, (g) = MoTeOs (g) -1 413 ~639.9 ~730.2

2/3 M0, 0, (g) + TeO, (g) = Mo, TeO; (g) 41 ~120.8 ~1290.1 ~14363

Mo; 0, (g) + TeO, (g) = Mo; TeO,, (g) 6.2 -189.9 -1929.9 -2132.7

1/3 Mo,0, (g) + 2 TeO, (g) = MoTe,0; (g) 7.4 —238.9 —865.5 —999.7

Table 9 Comparison of calculated and experimental standard enthalpies of formation for molybdenum-tellurium oxides (DFT, RI-BP86/def2-TZVP;

MP2, RI-MP2/def2-TZVP)

ArH" g(exp) — AtH"15(QC)

Compound AcH ¢ (kI mol™) (exp) AH 35 (k] mol™) (DFT) AH 3 (k] mol™) (MP2) (kJ mol™") (DFT/MP2)
MoTeOs (g) -730.2 -7354 -717.3 5.2//-12.9

Mo, TeO; (g) —1436.3 —1436.1 -1455.9 —0.2//19.6

Mo;TeO,, (g) -2132.7 -2110.7 -2163.2 -22.0//30.5

MoTe,O; (g) -999.7 ~1002.7 ~1000.9 3.0//1.2
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The ternary oxides SbaMOg, SbaM20g, SbyMOg (M = Mo, W) and SbaMo30;, 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.” 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., AICl;. The reaction of two
different halides leads to so-called gas complexes, e.g., CoCla(s)
+ AlLClg(g) = CoAl,Clg(g).” 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:® the
TeO, and MoO; oxides react in the gas phase to form the
gaseous fernary oxides MoTeOs, Mo, TeOg, Moy TeOy; and
MoTe»04. Herein, we describe further examples of reactions
between oxides in the gas phase, namely the reactions between
MoO; or WO3 and Sb»Os. The gas phase of the pure molyb-
denum, tungsten and antimony oxides has been the subject of
several mass spectrometric studies. ™ It has been shown that the
molybdenum and tungsten oxides, MoO; and WO, evaporate
congruently without decomposition as the gas phase contains
monomer and oligomer molecules (MO;),, (M = Mo, W;

x=1-5)% The antimony oxide, Sb203, also evaporates congru-

ently and the gas phase primarily contains antimony oxide in the
dimeric form, SbyOg. In the present article, we report the results
of mass spectrometric and theoretical investigations of the
formation and stability of the gaseous ternary molybdenum-—
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antimony and tungsten—antimony oxides SboMOg, SbyM,Og,
SbyMOg, (M = Mo, W) and Sb,Mo;0, (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.”

According to the phase diagram of the SbyO3;-MoO;
system,'” there are two ternary stoichiometric compounds in the
solid state: SboMoOg and Sb,Mo;0;,. These two compounds
were prepared and subjected to a mass spectrometric investi-
gation. Mixtures of MoO; and Sb>O; (3:1 and | : 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 Sb,MoOg and Sb,Mo;0 > compounds.
Vaporisation of the two SboMoOg and Sb,Mo30,» 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 elsewhere®) was employed in the investigation of
the Sb,O;—WO; 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.

This journal is © The Royal Society of Chemistry 2012
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Sb,03(13.4), Sb,0,"(6.6), SHO'(9.8), SbMo0,(2.9)

Sby04"
(0.3) f ,\ \
parent ions | / . \ . N
Mo;0q" Sb,Og" SbuMoOg" Sb-M0209"  Sh,Mo;304,"
(30.6) (1.4) 9.4) (100) (6.9)
I\/IO}OSJr Sb2M005+ Sb2M0208+ Sbh/lon—‘,Jr
(3.8) (3.4) (11.8) (2.8)

|

]\/]030;r
(0.1)

Fig. 1 Scheme of the fragmentation pathways of the gas molecules in the vapour above Sb>Mo30», 893 K, 70 eV. The relative intensities are given

in parentheses.

A e A

Sb,MO; SboM, 05 SbyMO,

o M=Mo, W

TR g
“d SboMo;04; (1} - A
©- . SbaMo;0y; (11)

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

Appearance potentials (APs) of the 1ons 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.“ All molecular structures
were fully optimised using density functional theory (DFT) with
the BP8&6 functional, which incorporates the Becke exchange
functional and the Perdew correlation functional.'*'* 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.!*!'* Stationary points of
the molecules were characterised by harmonic frequency

computations at the same theoretical level. The AOFORCE
module was used to calculate the vibmational 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. lonisation
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:
_ LT
pi=c (J'fS

(1)

where p; = the partial pressure of component i, ¢ = the propor-
tionality factor, }./; = the intensity of all the ions formed
by the ionisation and fragmentation of'a gaseous molecule i, 7=
the temperature, o; = the ionisation cross section and S; = the
electron multiplier efficiency. The approximated eqn (2) can be
used in most cases (the simplification procedure is described
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elsewhere'®):

pi=cY IT (2)

The proportionality factor ¢ 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)" was used to calculate the partial pressure of antimony
oxide:

le(p/bar) = —(10 066 + 203)K/T +(9.390 + 0.297) (3)

By applying eqn (2), the proportionality factors ¢; and ¢, were
obtained: ¢; = 1.7 x 107" and ¢, = 7.2 x 107'2 bar K~! (¢,
corresponds to the experiments with Sb,MoOg and SbyMo3045
evaporation and ¢» corresponds to the SbaO3;—WO; system).
Using the ¢; and ¢, values and the relative intensities Y7, the
partial pressures of the gaseous molecules in the equilibrium
system can be calculated.

Mass spectrometric investigation of the vapour above solid
Sh,Mo;0,; and Sbh,MoQ, The wvaporisation of solid
SbaMo30y2 and SboMoOg 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 (ESIf). The
relative intensities of the ions in the mass spectra of Sb,Mo03045
and Sb,MoOg are presented in Table 1. Using these relative

intensities and the values of the natural abundance of the Mo, Sh
and O isotopes, mathematically simulated mass spectra were
calculated. This procedure was performed to validate the inter-
pretation of the SboMo304, and Sh,MoOg 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, ESIY).

The following ions are considered to be parent ions:
ShyMOg". SboM;05", ShbaM>0s", ShyMOg", SbyOs', M30g"
and are marked as M in Table 1. The detection of the
ShoMoOs*, ShoMoOg", Sh,Mo,0g", ShoMo,0y", ShyMo;04,"
and SbsMoOs" ions indicates the existence of the ternary oxides
Sb;MoOg, SbaMo0,0g, SbsMo3;0; and SbyMoOg in the gas
phase. The appearance potentials of the ShyMo,0q",
Sh,Mo30,," and Sb;MoQ,"* 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(Sb,Mo0,04") = 10.0 + 0.5 eV, AP(Sb,Mo;0;,") = 9.7 +
0.5 eV and AP(Sby;M0o0Og" ) =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
SbaMo,0y", SbyMo30y," and SbyMoQg" 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 ShaMoOg" ion because the

Table 1 Mass spectra of the Sb,03, SboMoQg, SbsMo30,,5, MoO; and WO; oxides and the Sb,0;—WO; mixture

Relative intensity

Ton Sby03, 673K SboMoOg, 840 K SbyMo30p0, 893 K Sb,O;-WO;, 1080 K MoOs, 873K WO;,” 1460 K 64 eV
SbyMO,™ (M™) — 5.9 <0.5 1.8 — —
SbaM3015 (M) — — 6.9 — — —
ShaM,05" (M) — 5.7 100 11.8 — —
ShoM,0g" — 0.4 11.8 2.0 — —
Sb;MO,~ — 5.1 — 5.2 — —
SbM,0;" — — 2.8 — — —
Sh,MO; ™ (M7) — 22 9.4 69.1 — —
Sb,MOs~ — 0.4 34 18.8 — —
SbMO,” — 0.2 2.9 1.5 — —
ShyOs” (M) 100 100 1.4 100 — —
SbyOs” 0.6 0.7 — 0.8 — —
ShyQ4" 24.2 32.9 0.3 30.7 — —
Shy0s" 0.3 0.4 — — — —
Sh.04" 0.3 1.2 134 1.4 — —
Sh.0," 2. 4.4 6.6 5.5 — —
Sh,O" 0. 0.3 0.3 0.5 — —
SbO™ 5. 7.7 9.8 17.6 — —
Sb™ 0. 0.1 0.8 2.2 — —
MsOs~ (M7) — — — — 1.9 —
M40, (M) — — 10.7 — 453 13.6
MOy~ — — 0.6 — 6.3 438
M;04" (M7) — — 306 — 100 100
Mi0g" — — 3.8 — 18.4 34
Mi04" — — 0.1 — 2.7 —
MoOg" — — 1.1 — 8.1 14.4
M,05" — — 1.8 — 13.6 20.4
M>0," — — 1.1 — 9.5 —
MO;™ — — 0.9 — 7.5 32
MO,” — — 3.0 — 29.7 172

M™ = parent ion, M = Mo, W.

This journal is © The Royal Society of Chemistry 2012
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intensities of the ShoMoOs" and Mo;O," ions overlap and the
ionisation efficiency curve belongs to both ions.

The ternary oxides SboMoOg, SboMo0,0g, SboMo030¢- and
SbyMoQg, as well as the antimony oxide SbyOg4, have Sb atoms
in the 3+ oxidation state and Mo atoms in the 6+ oxidation state.
The SbMoO,4*, SbMo,0," and SbsMoO-" 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 SbMoO," and Sb;MoQ;" were experimentally
obtained. Both values exceed 18 ¢V, indicating that SbMoO,"
and SbhsMoQ;" are fragments. The appearance potential of
SbMo,0," was not determined because the Mo;Og", SboMoOs",
ShoMoOg", Mo30g" and Sb304" ion peaks overlap. It is prob-
able that the SbMo,O," ion (as well as SbMoO," and
SbsMoO;") is also a fragment, likely arising from the Sb,Mo,04
and Sh>Mo50 ;> molecules.

By comparing the SboMoOg, SbyMo030;2, MoO5 and SbaO3
compound mass spectra, we are able to propose the nature of the
main fragmentation pathways of the gascous ternary molyb-
denum-—antimony oxides in the mass spectrometric experiment
(Fig. 1 and 2). The relative intensities of the Sh,O5", Sb,0,",
Sb,O", SbO™ and Sb* ions are comparable in the Sb>O; and
SboMoOg mass spectra. The intensities of these ions are signifi-
cantly higher relative to the Sb,O¢" intensity in the mass spec-
trum of Sb,Mo;0;,. This difference indicates that the ShyOs',
Sb,05", Sb,0", SbO* and Sb* ions mainly result from the
gaseous ternary oxides SboMoOg, Sb,Mo0,0y and Sb,Mo0;04
rather than from SbsOg. It is likely that SbO3" and Sb>0," have
different formation sources because the /(Sb,O3")I(SbyO5")
ratio is very different in all of the experiments.

Mass spectrometric investigation of the SbyO,~WO; 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: Sy, WO, SbyW>0 " and SbyWOo". Two
appearance potentials could be obtained experimentally:
AP(Sb,WO:) =99 + 0.5 eVand AP(Sb,W,05") =9.8 + 0.5 eV,
The intensity of Sb4WOs" was too small to permit the determi-
nation of AP(SbyWO,"). The mass spectrum of the system is
presented in Table | and Fig. S3 (ESIf) and the mathematically

SbsOst Sbi04"
0.7) (32,9

AN

simulated mass spectrum is also provided. The Sbh,WOg",
Sb,W,06 " and Sb,WO, " 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), Sb4Og " is the most abundant ion, the
same types of SbyMXO;' ions are detected and no M30." or
ShoM;0," ions are observed (M = Mo, Wy x = 1-2, y= 14, z =
4-9). However, there is a large difference in the relative intensity
of the Sb,MOg" and Sb,MOs" ions: J(Sb,WOg") 3> I(Sb,MoOy "),
and I(SbgWO{'] > 1(Sb2M005+]. In other words, the gaseous
ternary oxides are mainly present as Sb,WOyg in the tungsten-
containing system.

Calculation of the partial pressures in the Sbhy0,~MO;
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 WO;—Sb,0¢ 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 SbMo,O;" ion is related to the SbaMo209(g) and
SbaMo;O;5(g) oxides and therefore, the intensity 1(SbMo0,05")
was distributed between these two ternary oxides, according to
the contributions of the ShyMo,Og*, Sh.Mo,Og" and
SbyMo30;2" ions in the mass spectrum of SboMo30j2. The
SbMo0,", Sb,05%, Sb,0,", Sh,O", 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 Sb,Mo;0,,, 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 1s very suitable for the
quantum chemical calculation of ternary oxides and gives a good
correlation between the experimental and theoretical values, as

Sb,037(1.2), Sb20,(4.4), SbO'(7.7), SbMoO4 (0.2)

]

- N = 7
parent 101S Sb4oé+ MoSbZO(f M028b209+ MOSb409+(5_9)
(100) (212) (5|-7) |
Sh,MoOs*  SbMo,05"(0.4) SbsMoO;(5.1)
(0.4)

Fig. 2 Scheme of the fragmentation pathways of the gas molecules in the vapour above SboMoQyg, 840 K, 70 eV. The relative intensities are given in

parentheses.
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Sby03'(1.4), Sbh,0,'(5.5), SbO'(17.6), SbWO," (1.5)

Sbhy0,4"
(30.7) / / \
- | = 7
parent ions Sb406+ Sb2W06+ Sb2W209+ Sb4WOg+(1,8)
(100) (6|9.1) (1|1.8) |
Sb,WOs™  Sb,W,04'(2.0) Sb;WO;7(5.2)
(18.8)

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

ties are given in parentheses.

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

Partial pressure, p (bar)

Molecule  Attributed ions Vapour above SboMos0, 893 K Vapour above ShoMoOg 840 K Vapour in Sb,O:-WO; 1080 K
M;0, M;0,", M3Og ", M305" 5.1 %1077 Not detectable Not detectable

SbsOg SbsOs", Sb;04~, Sby05” 251078 36x10°° 6.1 %1077

Sb,MOs  SboMOg ™, SboMOs™ 1.9 %1077 7.0%10°" 6.8 % 1077

Sb,MaOs  SbaMyOg ™, SbaM,0g™, SbM,0;~ 1.7 x 107° 1.6 x 1077 1.1% 1077

SboM;0,,  SboM;0,,", SbM,0," 1.1x 1077 Not detectable Not detectable

ShaMOy  SbyMOs ™, SbsMO; <78 %1077 29%1077 55%107%

demonstrated with the oligomers of the molybdenum and tellur-
jum oxides.> Here, we additionally compare the experimental
and calculated vibration spectra of the gaseous SbyOg and
Mo30g and the structural parameters of the gaseous SbyOg. The
experimental (176.2 cm_'._ 2024 cm_l._ 415.6 cm_'._
785.0 em™H"’ frequencies and our calculated (1652 cm
270.7 cm_l._ 401.53 em™", 741 .4 cm_l] frequencies are in good
agreement. The geometric parameters for gaseous SbyOg
were obtained by electron diffraction, as reported elsewhere:'®
HSh-0) = 2.00 + 0.02 A, £(0-Sb-0) = 98°, £(Sh-O-Sbh) =
129.0 + 2.5 Our quantum chemical calculated bond distances
and angles for SbyOg are as follows: HSb—0O) = 1.986 A,
£(0-Sb-0) = 98.6° and £(Sb—0O-Sb) = 128.3°, These results are in
very good agreement with the previous experiment.'® The IR
spectra have been reported for gas phase molybdenum trioxide."
Two clear bands at 974.7 em™" and 838.0 em™" were observed
in the 1050-750 cm™' range of wave numbers. These frequen-
cies are in good agreement with our calculated values of
992.4 cm™" and 839.8 cm™".

The following oxides of molybdenum, tungsten and antimony
were experimentally detected in the gas phase and computed
quantum chemically: MsO;s. MO, M30g, SbyOg, SbyMOg,
SbaM;>0g, ShyMOg (M = Mo, W) and SboMo;0y5. Several iso-
meric structures were considered for each molecule. The struc-
tures were chosen in such a way that the Sb**- and M®"-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 (ESIY). The calculated structures are
presented in Fig. S4 and S5 (ESIf). 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 (A;G7) 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 Mo®" or W and three-
coordinate Sb**, 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 Mo®" or W®' destabilises the molecules. Two
isomers of Sb,Moy0;, have a small difference in total energy
(9.3 kI mol™") and the Gibbs free energy of the isomer transition
is 1.5 kJ mol™! at 893 K (Fig. S5, ESI{). Both of these oxides
contain four-coordinate Mo®" and three-coordinate Sb** and
have no four-membered rings.

From this point on, we consider only one structure for
SbaMOg, SboM704 and SbyMOg (M = Mo, W) and two isomers
for Sb;Mo010,. Because the calculated Gibbs free energy of the
isomer transition, A;Ggea(1l — 1), for SboMosOy; is small, it is
possible that both isomers could exist in the gas phase at the
experimental temperature.

This journal is © The Royal Society of Chemistry 2012
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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)

IP (eV)
Molecular ion E (an.) QC Exp.
SbyOg” —1413.122828 8.93 9.31%°
Mo30s™ —882.516290 10.80 12.0 = 1.0
SbyMoOg~ —1000.652141 9.90 —
Sh,Mo,0," —1294.984879 10.01 9.9 +0.5%
SbyMoOg™ —1707.441280 9.05 9.9 +0.5%
Sh,Mos0," (1) —1589313125 9.76 9.8 +0.5¢
Sh,Mos0,,” (IT) —1589.309951 9.75 9.8 +0.5¢
W30, —879.266761 11.44 12.0 £ 0.2%
W4015" —1172.557923 10.41 12.0 £ 0.2
Ws05" —1465.808767 10.24 12.1 £0.2%
ShyWO," —999.578821 9.89 9.9 £0.57
Sb,W,0," —1292.836905 10.01 9.8 +0.5%
Shy WOy~ —1706.370681 9.01 —

“This work.

Here, we briefly describe the structural characteristics of the
most stable isomers presented in Fig. S4 and S5.Ff The bond
lengths of the same bond type (single M—O, Sb—O and double
M=0, where M = Mo, W) are very similar in all the structures:
AMo-0) = 1.89 + 0.01 A, {W-0) = 1.90 + 0.01 A, (Mo=0)
=170 + 0.01 A, {W=0) = 1.73 + 0.01 A and {Sb-0) = 1.99
+ 0.02 A. The angles, centred on the molybdenum or tungsten
atoms, are Z(0O-M-0) = 1075 + 2.5° and £(O=M=0) =
107.5 + 0.5°. The angles, centred on the antimony atoms belong-
ing to six- or eight-membered rings, are £(0O-Sh-0) = 98.5 +
2.5° for all of the structures. In the ShoMQy structures with four-
membered rings, the angles £(O-Sb—0) are equal to 82°.

The total energies of the ShyOe', Mo30g", W130o", W40,
Ws0;5", ShoMOg", SboM,04", ShyMO," (M = Mo, W) and
ShoMos0y," 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-
crature to the temperature of the mass spectrometric experiments
at 298-1000 K. The entropy. $°z can be approximated as a func-
tion of temperature:

T dr
S0 =80 j o 97
T 208 - T (4)

where c{;ﬂ- —a+bh x 103 xT+ex100%x 72
The a, b and ¢ coefficients of the heat capacity function, co,,‘;:

were calculated mathematically by fitting ten values of §% in the
temperature range of 298—1000 K. The calculated entropies for

gaseous SbyOg, M030q, M0,40;5. MosO >, W30 and W40,
were compared with experimental literature values to demon-
strate the adequacy of the chosen calculation method (Table S3,
ESIT). The calculated and experimental values of 150298 and Sy
are in good agreement for the antimony, molybdenum and tung-
sten oxides. The experimental and calculated coefficients, b, of
the co,,‘r function differ from each other but yield correct entropy
values. Therefore, the calculated coefficients, a, b and ¢, for the
ternary oxides are acceptable and can be used in the calculations.
The calculated entropies and coefficients, a, b and ¢, for the
ternary oxides are presented in Table S4 (ESIT).

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. K, z for these
reactions are also listed.

The calculated standard enthalpies of formation (Ag’5g5) of
the ternary oxides were obtained using the reaction enthalpies,
AH’595. of processes 1—4 and 7-9 from Table 4 and the known
experimental values™ of AfH"595(M030g) = —1878.3 kJ mol™",
Ad%205(W309) = —2023.4 kJ mol™" and A 205(SbsOg) =
—1215.5 kJ mol™". These quantum chemically calculated (QC)
values are as follows:

ArH504(Sb,M00g, QC) = —1197.9 kJ mol ™!
AsH %395 (SbaMo02 09, QC) = —1907.8 kJ mol ™!
AsH " 595(SbaM03012(1), QC) = —2570.2 kJ mol ™!
ArH " 595(SbaMo3012(11), QC) = —2560.8 kJ mol ™!
A¢H 25 (SbyMoQgy, QC) = —1888.9 kJ mol ™!
AsH 505 (SbaWOg, QC) = —1251.1 kJ mol ™!
A¢H %395 (Sba W20, QC) = —2012.1 kJ mol !

AsH %208 (SbyWOy,QC) = —1945.5 kJ mol !,

3.3 Experimental determination of the standard enthalpies
of formation oI'A,H"gga

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, K, 7
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, ArS’r (QC), were determined using quantum
chemical calculations.

AH "r(exp.) = —RTInK, r(exp.) + TAS"7(QC)  (5)

10774 | Dalton Trans., 2012, 41, 10769-10776
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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 AH (kI mol™') 298 K/ T* AS?, (T mol™! K1) 208 K/T” In K, ;298 K//T*
1 1/3 M0sOg + 1/2 ShsOg = ShaMoOy” 35.9/34.2 34.9/31.5 —10.3/-0.8
2 2/3 M0z0g + 1/2 ShyOg = ShaMo020” —47.8/—46.3 —14.8/—12.1 17.5/4.8
31 Mo;0g + 1/28b04 = SbyMo30 5(I) —84.2/=79.3 —65.4//-56.4 26.1/3.9
311 Mo30g + 1/28bsOg = Sb2M030|g(Il)b —74.8/-69.9 —56.6/—-47.7 23.4/3.7
4 1/3 M030q + SbsOs = SbyMoOgq —47.3/-43.9 —10.7/-4.4 17.8/5.4
5 1/2 Mo2Sb,0g + 3/4 SbyO6 = SbsMoOq” —23.4/-21.1 -3.3/1.3 9.0/3.2
6 Sb,MoO, + 1/2 8b,0, = Sb,MoOy —83.3/-78.5 —45.6//-36.4 28.1/6.6
7 1/3 W304 + 1/2 Sb,0 = Shy WO, 31.2425.7 37.2/332 —=8.1/1.2
8 2/3 W504 + 1/2 SbyO = SbQWQOgd —55.4/-50.2 0.4/3.8 22.4/5.9
9 1/3 W504 + SbyOg = Sb4WOgd —55.5/-51.0 —1.5/6.0 22.2/6.3
9 T = temperature of the mass spectrometric experiment, ” 7= 893 K. 7= 840 K. Y T= 1080 K.
Table 5 Experimental equilibrium constants and enthalpies of reaction

Reaction InK,r AH; (k] mol™")

1 1/3 M0300(g) + 1/2 SbyOpg) = SbaM0Oj(e)” -1.9 42.1
2 2/3 M03Og(gy + 1/2 SbyOg(g) = SbsM0200(g)” 5.1 —489
31 Mo;0gg) + 1/2 SbyOgiey = Sb2M030,2(I)(gj" 6.6 -99.2
311 Mo30gg) + 1/2 SbyOggy = SboMosO (11 )" 6.4 -89.9
5 1/2 MOQSbgOg(N +3/4 Sb40(,f5) - Sb4MOngEjh 2.2 —14.1
6 SboMoOgg) + 1/2 SbyOg gy = deMDngE) 7.7 -82.8
7 WO+ 1/2 SbyOgigy = SbaWOpe)° -7.0 200.9
8 2 W5+ 1/2 SbyOggy = Sba W00 -8.9 2874
9 WO + S540(g) = SbyWOo)° 24 129.6

TT=893K.?T=840K.“T= 1080 K.

For the experimental determination of the standard enthalpy of
formation of Sb;MoOg, SboMo0,0g and SbaMo30 45, equilibrium
processes 1-3 (Table 5) were selected. The standard enthalpy of
formation of SbyMoOg can be defined from reaction 5. Reaction
6 was additionally considered to confirm the standard enthalpy
of formation of SboMoOy, 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 SbyO4 were employed for the determination of the
standard enthalpies of formation for SboWOg, SbaW,09 and
SbyWO,.

The equilibrium constants, K, representing the ratio of
partial pressures of the gas species, were calculated (Table 5)
using the partial pressures from Table 2. As discussed above,
Sby,Mo3 0,5 is present in the gas phase at 893 K in two isomeric
forms (Fig. S5, ESIT). The Gibbs free energy of the isomer tran-
sition, A;G°H{QC), is theoretically calculated to be 1.5 kJ mol™".
Using this value, we calculated the ratio of the partial pressures
of the two isomers p(SboMo30y5 (1)): p(SbaMo10Oy5 (11)) and
obtained InK,, ; for the reactions 3.1 and 3.1I. The experimental
values of an,T for reactions 1-3 and 5 and 6 (Table 5) and the
quantum chemically calculated values of InK), 7 (Table 4) are in
very good agreement. Using the determined equilibrium con-
stants, K, z for reactions 1-3 and 5-9, the enthalpies of for-
mation (A°7) of the ternary oxides can been obtained. The
following values were used for these calculations: AfHOSr)3'
(M0309), AcH503(SbyOs), AcH 540(SbaOsg), AeH 540(SbaM0205)
and AfHomgo(WOm)]._ which were obtained using eqn (6). The
values of AdHH{ Mo03054), AH{Sb,0;) and AfHO;{WOm)] were

calculated from the standard enthalpies of formation™ and
AH 4.0(SbaM0,0g) was calculated from AgH go3(SbyMo,0g)
using eqn (6). All the calculated enthalpies of formation for the
ternary oxides, AHy: were converted into the standard enthal-
pies of formation, A,Hozgg._ using eqn (6) and the calculated a, b
and ¢ coefficients of the cor,‘r function. The A’y and AH50q
enthalpies of the ternary oxides are presented in Table 6.

.
A¢HY. = A¢H} + L dyr dT (6)

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™". The standard enthalpies of formation
for SboMoOg, 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:
szMOﬁ._ szMqu._ Sb4MOg (M = MO._ W] ﬂﬂ.d Sb2M030|2.
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 Sb;Mo;0,, primarily
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Table 6 Experimental and calculated standard enthalpies of formation for the gaseous ternary oxides

A7 (exp.) AdH’305 (exp.) Ad"395 (QC) A 295 (QC)-Ad 205 (exp.)
Compound (kJ mol™") (kI mol™") (kJ mol™") (kJ mol™")
Sb>MoOj (from reaction 1) -1077.0¢ —1187.9 —11979 —-10.0
ShyMo,0g —1742.8¢ —1905.9 —1907.8 -1.9
Sb,Mo;05 () —2367.8° —2583.1 —2570.2 12.9
ShyMo;04 (II) —2358.5¢ —2573.7 —2560.8 12.9
SbyMoOsq -1718.7° —1881.6 —1888.9 -7.3
Sb>MoOj (from reaction 6) —-1087.5° —1187.8 —11979 —10.1
Sb,WO4 -1092.1¢ —1240.7 —=1251.1 =104
SbyW>0e —1775.4° —1994.3 =2012.1 =178
Sby, WO, —1686.2° —1926.8 —1945.5 —18.7
TT=893 K."T=840 K.°T= 1080 K.
contains of three gaseous oxides: SboMoOg, SboMo,0g and two Acknowledgements

isomers of SboMo30y5. The largest antimony oxide is bound in
the gaseous ternary oxide SboMo,0g, which has a partial
pressure that exceeds five times the sum of the partial pressures
of the antimony-containing oxides SbyMoOg, SbaMo;O,, and
SbyOg. The evaporation of solid SboMoOg and the mixture of
the gaseous WO; and Sb,0; yields primarily three oxides in the
gas phase: SbaMOg, SboM>0g and SbyMOg, (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 Sb,O3 in the ternary
system relative to the binary system.

The isostructural molybdenum and fungsten ternary oxides
differ from each other in terms of their stability in the gas phase.
The gaseous SboMOg is the most abundant ternary oxide in the
Sb,03-WO; system, unlike in the Sb,O;-MoO; system, where
the presence of Sb,MoOg is much lower. The Sb,M,0O4 oxide
has the highest partial pressure in the ShyO3;—MoOj3 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’ Sb,Og. the partial pressure of SbyMoOg
grows and the partial pressures of the other ternary oxides
Sh>MoOg, Sb>sMo,0g and Sh>Mo040,5 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 Sb,MOg because it is not possible to avoid the formation
of four-membered rings. All of the structures contain four-
coordinate M®" and three-coordinate Sb** 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
SbyWOg, SbaM,0¢ (M = Mo, W), Sb;Mo;0;; and SbyMoOyq
and were confirmed by theoretical values, thus proving the exist-
ence of these oxides in the gas phase. In addition, we propose
that Sb,MoOg and SbyWOg are also present in the gas phase
because the experimental standard enthalpy of formation of these
oxides was confirmed by quantum chemical calculations.

We gratefully acknowledge the Steinbuch Computing Centre of
the Karlsruhe Institute of Technology for the use of their com-
puting facilities and Dr Ralf Kdppe for his assistance.
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Table S1 Molecular symmetries. total energies and thermal energies of the antimony.

molybdenum and tungsten oxides and their isomers (def2-TZVP/RI-BP86).

molecular Etot Etherm 298
molecule symmetry (auw) (kJ-mol™)
Sb4O¢ (1) T4 -1413.450842 84.18
Sb4Og (II) Day -1413.408816 84.13
Mo;0, (I) (e -882.913202 118.15
Mo;0, (II) Cov -882.874712 117.55
Mo,0y: (1) Dup -1177.237313 160.27
Mo,0; (IT) ¢ -1177.204197 159.15
MosO;s (I) Cs -1471.553735 201.98
MosO;5 (II) Cav -1471.530664 200.63
W30s (I) Dsn -879.687121 117.18
W30 (II) G -879.651945 116.62
W4012 () Cav -1172.940438 159.00
W,0;; (II) 4 -1172.914854 158.31
W05 (D) Cs -1466.184910 200.43
W05 (II) Coy -1466.173493 199.75
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Table S2 Molecular symmetries, total energies and thermal energies of the antimony,

molybdenum and tungsten ternary oxides and their isomers (def2-TZVP/RI-BP86).

molecular  Ei FEtherm 208
molecule symmetry  (a.u.) (kI-mol™)
SboMoOg (I) Cay -1001.015868 80.37
SbuMoOg (1) Cs -1000.964235 78.00
SbhoMo,0y (I) Cs -1295.352819 122.25
ShaMo,0y (IT) C, -1295.331719 122.14
SbhaMo,0 (I11) C: -1295.324831 121.21
SbaMo20s (IV) Cy -1295.323287 121.18
SbaMo20o (V) Cy -1295.313122 120.61
Sb,MoOs (I) Cs -1707.773869 125.97
Sb,MoO, (1) C, -1707.765030 125.07
Sb,MoO, (IIT) Cs -1707.753925 125.08
Sb,MoO, (IV) C. -1707.749597 126.03
Sb,MoO, (V) Cs -1707.725305 126.41
Sb,MoQs (VI) Cyy -1707.718893 125.12
SboMo304; (I) Cs -1589.671665 164.08
SboMo304; (1) C: -1589.668129 164.18
SbaMo3 0y, (111) C: -1589.647773 164.22
SbaMoz 0y (IV) C; -1589.637061 161.81
SbyWOs () Cay -999.942317 80.01
SboWOg (II) Cyy -999.902957 78.15
SbyW,0q (I) Cs -1293.204927 121.50
SbhaW,0, (II) C, -1293.186000 121.53
SboW,0, (IIT) C, -1293.182354 120.67
ShoW,0, (IV) C, -1.293.186766 120.82
ShyW,0q (V) C, -1.293.181353 120.12
SbsWOo (1) Cs -1706.701626 125.62
SbsWO, (II) C, -1706.705806 125.13
SbsWO, (IIT) Cs -1706.695186 125.09
Sb,WO, (IV) C, -1706.677443 125.75
Sb,WO, (V) Cs -1706.653897 126.11
Sb,WOy, (VI) Cyy -1706.662854 125.26
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Table S3 Experimental” and calculated thermodynamic characteristics of the molybdenum and

antimony oxides (def2-TZVP/RI-BP8§6).

pr=a+b107-T+c 10T

SDZF)S 501000
(Jmol™ K™ (J-mol™ K™ (exp. // QC)
Molecule  (exp. // QC) (exp. // QC) a b c

Sb,0q 4442 //461.8 6998/ 719.1  217.6//222.6 141//90 -3.5//-3.6
Mo30q 526.7// 5255  837.3//8200  2745//246.8 42//30.7 -4.8//-5.1
MosOp,  654.0//639.4 1074.2//1038.8 371.4//333.1 57//423 -6.5//-6.5
MosOys  771.5//798.1 1301.3//1302.7 468.2//4204  7.2//529 -8.2//-8.0
W30, 504.7//5425 8453 // 8382  2745//247.7  4.2//30.1 -4.8//-49
W4012 605.3//668.1 1028.9//10692 372.0//3341 50//414 -59//-63

Table S4 Calculated thermodynamic characteristics of the molybdenum and antimony oxides

(def2-TZVP/RI-BP86).

Molecule 5”08 ECpr=a+b107T+c 10T
(IFmol™K" b c
Sb,MoOs 440.9 188.9 16.8 33
Sb,Mo,05 566.4 2733 31.0 4.7
Sb,Mo;04, () 691.0 360.2 414 -6.1
Sb,Mo;0, (I 699.9 360.3 414 6.2
Sb,MoQ 626.3 306.6 23.0 4.8
Sb, WO 4489 192.8 11.8 -35
Sb,W,0, 593.0 281.4 20.5 5.0
Sby, WO, 569.2 311.7 16.4 -5.0
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Mass spectrometric studies of the vapours over solid lead oxide in a flow of gaseous arsenic and antimony
trioxides were conducted. The following ions of the ternary oxides were detected: PbzAs:Os", PbzAsO,4™,
PbAs;04", PbAsO,", PbSb,04", and PbSbO,". The origin of these species produced by the ionisation
and/or fragmentation of ternary gaseous oxides is discussed. The PbAs.O, species was undoubtedly
identified by the determination of the appearance energy. Presumably, the PbzAs;Og and PbSb,Oy4
species also existed in the gas phase. Thermodynamic data for the ternary oxides were obtained experi-
mentally by means of a mass spectrometric Knudsen-cell method and were confirmed by quantum
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1. Introduction

Previously, we reported the following gaseous ternary oxides
built from a transition metal and a main group metal or metal-
loid: szMOgOlz, szMzOg, Sb4M09, szMOG (WhCl’C M = Mo or
W), Mo;TeOQy;, Mo,TeOg, MoTe,0; and MoTeO,;."* We con-
tinue our investigation of gaseous ternary oxides with a system
consisting of a volatile metalloid oxide X,0; (where X = As
or 5b) and the PbO metal oxide, which has a lower volatility.
Several studies of the vaporisation of the pure oxides of
PbO,*® As,0,% and Sb,0,*° using mass spectrometric
methods have been reported by several authors. In the gas
phase over solid lead monoxide at a temperature of approxi-
mately 1000 K, PbO, Pb,0, and Pb,0, were found to be the
main compounds. Very low concentrations of PbyOj, PbsO5
and PbyOg were also detected.** Mass spectrometric studies of
the vaporisation of As,0; have shown that the gas phase of the
As-O system is highly complex.® Besides gascous AsyOg and
AsO species, which were previously known to exist in the gas
phase, other stable species including As,0;, As 0, As,Og,
As304, As,03 and AsO, were detected in the gas phasc.'5 The
studies of the Sb-0 system showed incongruent evaporation of
Sb,0; trioxide and revealed errors in previous studies on the
congruent evaporation of $b,03;.*° Analogous to the As-O
system, the gas phase over antimony trioxide primarily con-
sisted of Sb,Og molecules. The formation and thermodynamic
stability of antimony monoxide SbO have been previously

Institut fiir Anorganische Chemie, Callinstr. 9, 30167 Hannover, Germany.

E-mail: katja. kunkel@aca.uni-hannover.de; Fax: +49 511-762-2254

tElectronic supplementary information (ESI) available. See DOIL: 10.1039/
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investigated by mass spectrometry.'® The authors observed the
formation of SbO species by the oxidation of atomic Sb at
temperatures of approximately 1880 K.

There are several gaseous ternary oxides such as SnPO,,
SnPO; ™ and GePO;,'* which are related to the lead-arsenic
and lead-antimony oxides, which have been detected using
mass spectrometry. To the best of our knowledge, no other
experimental and quantum chemical studies of gaseous
ternary molecular oxides of groups 14 and 15 elements have
been reported. Two relative solid compounds PbAs,0, and
Pb,As,0; were reported and their structures were investigated
elsewhere.® In the present work, with the help of mass spectro-
metry and quantum chemical calculations, we discuss the
formation and stability of ternary oxides over two gaseous
mixtures, PbO-As,03; and PbO-Sb,03. The structures of the
gaseous ternary oxides PbAs,0,, PbsAs,04 and PbSb,O, are
also reported and discussed.

PbAS204
PbSb,0.4

Pb3A3205

2. Results and discussion

2.1. Mass spectrometric study

The As,03, Sb20; and PbO oxides have very different volatili-
ties. The melting points of the oxides are 585 K, 929 K and

Dalton Trans.
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1161 K, respectively, and the equations describing the partial
pressures as a function of temperature are as follows:

for As;0; lg(p/atm) = —(6067 + 125)/T + (9.905
+ 0.319) (367-429 K) (1)

14

for Sb,0; lg(p/atm) = —(10 066 + 203)/T + (9.390

+ 0.297) (627-723 K) (2)

for PbO Ig(p/bar) = —32 032/T + 1915 (850-1100 K)  (3)

or Ig(p/Pa) = —13 345/T + 11.9 (900-1150 K) (4)

16

Therefore, a double Knudsen cell was used in the mass
spectrometric experiment. In the first experiment, solid As,O3
was continuously evaporated at 423 K and flowed through the
solid PbO at 900 K. Analogously, in the second experiment,
Sb,03 was evaporated at 673 K and flowed through the solid
PbO at 1110 K. The reaction products leaving the Knudsen cell
were analysed by mass spectrometry.

The relative intensities of the ions in the mass spectra
are presented in Table 1. Additionally, mass spectrometric
measurements of the vaporisation of pure oxides were con-
ducted for comparison, and those results are also presented in
Table 1. The highest relative intensities were observed for the
X,0¢" ions, and the second highest relative intensities

Table 1 Relative intensities of ionic species over PbO-X,05 systemns
and the pure oxides X;Os5 (X = As or Sb) and PbO at 70 eV

Relative intensity

X,05-PbO X,0;4
PbO
X =As X=5b X =As X=5b

Ton 900 K 1100 K 423 K 673 K 1002 K
Ph,0," (M) — 6.0 — — 100
PhyX,0 (M) 3.6 — — — —
Pb,X0," 2.8 — — — —
Pb;0;" (M1 — — — — 10.5
Pb;0," — — — — 6.0
Pb,0," — 2.9 — — 59.7
Pb,0" — — — — 15.1
PbX,0," (M") 37.5 7.9 — — —
PbX0," 37.3 1.6 — — —
X,06" (M) 100 100 100 100 —
X,05" 0.8 — 0.7 0.6 —
X, 22.7 — 0.8 — —
X0, 74.8 20.3 66.2 24.2 —
X' 1.8 — 1.6 — —
PhO" (M") - 2.7 - - 44.2
Pb’ 18.7 11.6 — — 45.1
X%,0," 1.6 — 0.7 0.3 —
X0, 5.7 — 0.7 2.7 —
X' 14.0 — 4.4 — —
x0" 37.5 0.7 141 5.1 —
x' 3.9 0.1 0.5 0.1 —
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belonged to the X;0," ions in the mass spectra of the ternary
oxides as well as the pure arsenic and antimony trioxides. The
Pb,0,", Pb,0," and PbO™ ions were detected in the mass spec-
trometric experiment with antimony oxide (PbO-Sb,0,
system), in which PbO was heated to 1110 K. In the experiment
with arsenic oxide (PbO-As,0; system), the partial pressure of
PbO at 900 K was too low (~107% bar) for the detection of the
PbO" signal in the mass spectra. Three parent ions of ternary
oxides were detected: PbsAs,Og (M+], PbAs,0," [M+] and
Pbsb,0," (M) (where M" is the parent ion), which indicated
the existence of gaseous Pb;As,0y, PbAs,0, and PbSb,0,. The
Pb,As,05' fon was not detected. The appearance energy was
obtained only for the PbAs,0," ion because the intensities of
the Pb,As, 0" and PbSb,0," ions were too small. Extrapolation
of the linear portion of the ionisation efficiency curves to an
intensity of zero gave the following value for the appearance
energy: AE(PbAs,0,7) = 9.7 + 0.5 eV.

The following species, which can have two formation
sources, were also observed: PbyAsO,", PbAsO,” and PbSbO,".
The first way in which these ions could have been formed was
by the splitting of [AsO,] from the PbsAs,Os" and PbAs,0,"
parent ions and the splitting of [SbO,] from PbSb,0,", i.e., by
the fragmentation process

PbyXoOnis ™ — PbyXOpe1" + [XOz] (Where X = As or Sb,
n=1or3)

Under the designation [XO,], neutral species were united
to give a total of one X atom and two O atoms: XO,, XO + O,
X+ 0,and X + 20.

The second way in which the Pb;AsO,", PbAsO,” and
PbSb0O," ions could have been formed was as products of the
ionisation of molecules with X**. As mentioned above, gaseous
AsO species, where the oxidation state of As is 2+, are thermo-
dynamically stable. Brittain et al® have shown that AsO
formed primarily by the ionisation of AsO(g) in unsaturated
vapour over As,04(s) at 1160 K. In our experiment, the relative
intensities of AsO" and PbAsO," in the mass spectra of the
As,03-PbO gaseous mixture were quite high. The appearance
energies for these two ions were determined to be AE(PbAsO,") =
10.0 + 0.5 eV and AE(AsO") = 15.7 = 0.5 €V. The quantum
chemical calculated ionisation energies for the individual
molecules are IE(PbAsO,) = 6.74 eV and IE(AsO) = 8.48 eV, and
the experimental value of Brittain et al.® was AE(AsO") = 9.0 +
0.3 eV. Thus, under the conditions of our experiment, AsO
and PbAsO," ions were the fragmented species but were not
the parent ions as was originally believed. The intensities of
the Pb;AsO," and PbSbO," ions were too small to determine
their appearance energies, but presumably, these ions were
also fragments.

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

S LT

i

pi=¢ (5)
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Table 2 Molecules and their ions in the gas phase of the PbO- As;O3
system

Partial pressure, p (bar)

Molecule  Attributed ions (900 K)

As,0¢ As;06', As;05", As,', As;0,4", Asy" 3.1% 1077
PbAs,0, PbAs,0,', PbAsO," 2.5%107°
Pb,As,0; Pb,As,0,', PbyAsO,’ 2.1x10°°

Table 3 Molecules and their ions in the gas phase of the PbO- Sb,O5
system

Partial pressure, p (bar)

Molecule Attributed ions (1100 K)

PbO PbO’ 1.0x 1077
Sb,04 $b,0s', Sb;0,", SbO', Sb’ 2.8%x107°
PbSb,0, Sb,Pb0,", SbPbO,* 3.6x1077

where p; = the partial pressure of component 7, ¢ = the propor-
tionality factor, ) I; = the intensity of all of the ions formed
by the ionisation and fragmentation of a gaseous molecule of
i, T = the temperature, o; = the ionisation cross section and §; =
the electron multiplier efficiency. The approximated eqn (6)
can be used in most cases (the procedure of simplification is
described elsewhere'”):

pi=c¢Y LT (6)

The proportionality factors ¢, and ¢, were determined by a
calibration experiment for both systems and were found to be
¢:=3.6x10 " and ¢, = 3.4 x 107" bar K.

The mass spectrometric measurements of pure oxides
As,0; and Sb,O; were used for the calibration. The pro-
portional factors ¢, and ¢, were determined within the error of
a factor of 8 and 7 respectively.

Using the ¢; and ¢, values, the relative intensities Y., and
applying eqn (6), the partial pressures of the gaseous mole-
cules in the two equilibrium gaseous mixtures PbO-As,0; and
PbO-Sb,0; can be calculated (Table 2). It was taken into
account that arsenic and antimony oxides were constantly eva-
porating at lower temperatures (423 K and 673 K, respectively)
and when they passed by lead oxide at higher temperatures
(900 K and 1110 K, respectively). Tables 2 and 3 present the
parent ions, their fragments, which contributed to the gaseous
molecules, and the partial pressures of these molecules. We
assumed equilibrium inside the Knudsen cell in the systems
under consideration. The equilibrium in the Knudsen cell was
confirmed by vaporisation of As,0; oxide.™* The equilibrium
in the gas phase was investigated in the Knudsen cell over
Sb,0, and PbO oxides too.* %13

Using the partial pressures, we determined the equilibrium
constants of the formation of the arsenic-lead and antimony-
lead ternary oxides, which will be given later in this paper.

This journal is @ The Royal Society of Chemistry 2014
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2.2. Density functional theory computations

The def2-TZVP/RI-BP86 method allows a good correlation
between the caleulated values and the experimental data for
many oxides to be obtained. We successfully used the method
employed previously for studying oxide systems containing
molybdenum, tungsten, tellurium and antimony oxides."”* We
also used the def2-TZVP/RI-BP86 method in the current
study and showed the correlation between the experimental
and calculated data for arsenic, antimony and lead oxides.

First, the oxides PbO, Pb,0,, Pb30j3, PbsO4 and X,04
(where X = As or Sb) were quantum chemically investigated.
Total energies, thermal energics, point groups of the mole-
cules and geometrical structures of pure lead, arsenic and
antimony oxides are given in Table 4.

Monomers and oligomers of lead oxide, arsenic oxide and
antimony oxide have also been theoretically studied
elsewhere.’®?® The calculated geometrical structures with
their point groups, bond lengths and angles in that study
agree well with our calculations. Table 5 presents a comparison
of the experimental structural data from the literature and our
calculated structural data for lead, arsenic and antimony
oxides. The geometric parameters for gaseous As;0s and
Sb,04 obtained by electron diffraction agree well with the
calculated values. The experimental data are also in good
agreement.

The experimental and calculated vibration spectra of
gaseous As;Og, SbyOz, Pb,O, and PbyO, are presented
in Table 6. The experimental frequencies and our calculated
frequencies for As,Og, SbyOg, PbyO,, Pb,O, and PbO are in

Table 4 Symmetries, total energies and thermal energies of the mole-
cules (def2-TZVP/RI-BP86, scaling factor = 1.053)

Point Eherm
Molecule  group  Structure Eeoe (a20) (k] mol ™)
PbO Coov —267.940878 10.99
Pb,0» Dsp, —536.690429  26.83
Pb,0; Din —805.068223  44.09
Pb,0, Ty —1073.497158  60.50
As.O Ty —9396.461653  89.58
Sh,0¢ Ty —1413.450842  85.86
AsO Coov —2311.386123 12.42
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Table 5 Experimental and calculated geometric parameters of gaseous
molecules

nM-0) A <(0-M-0) <(M-0-M)

Pb.,O, Exp.*! — 86° 94°

Calc. 2.265 81.7° 97.8°
Pb,0, Exp.*! — 80°

Calc. 2.138 83.3°
Ass04 Exp.” 1.80 + 0.02 100 + 1.5° 126 +3°

Cale. 1.817 100.2° 125.8°
Sb,0, Exp.” 2.00 + 0.02 9go 129.0+ 2.5

Calc. 1.986 98.6° 128.3°

Table 6 Observed and calculated vibrational frequencies for gaseous
As40g, SbyOg, PbsO4, Pb20O; and PbO (scaling factor = 1)

Vibrational frequencies (em™)

As;0q Exp.? 255.0 372.9 495.6 833.2
Calc. 239.3 350.3 470.0 779.1
Sh,0g Exp.®® 172.2 292.4 415.6 785.0
Calc. 165.2 270.7 401.5 741.4
Pb,O, Exp.*! — 372 464
Calc. 113.3 353.3 451.8
Pb,0, Exp.”! — 463 558
Calc. 86.6 455.2 542.7
PbO Exp.”! 714
Calc. 724.0

Table 7 Symmetries, total energies and thermal energies of the mole-
cules (def2-TZVP/RI-BP86, scaling factor = 1.053)
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good agreement but almost all of the experimental frequencies
(except PbO) insignificantly (5-6%) exceed the calculated
values. Therefore vibrational wave numbers were calibrated
using scaling factor = 1.053.

Total energies, thermal energies and point groups for the
ternary oxides PbAs,0,, Pb3As, 0, PbSb,0, and the hypotheti-
cal molecule PbAsO, are presented in Table 7, and the struc-
tures are shown in Fig. 1. For Pb3As,;0g, several structural
isomers were found, and the optimised geometries and total
energies of the isomers were also calculated and are presented
in Table 7 (Ey(1) < Eige(u) < E (1)) and in Fig. 1.

Transitions between the isomers of Pb3As,O at the experi-
mental temperature of 900 K can be characterised by
Gibbs free energy: AGog(n—1) = —=51.9 k] mol™ and
AGogo(m—1) = —66.1 kJ mol ™. According to the values of
A;Gggg, the ratio of the partial pressures of the isomers can
be calculated at a temperature of 900 K: p(Pb;As,0g(1)):
P(Pb3As,0¢(u)): p(PbsAs;Og(m)) = 6843:7:1. Because the
partial pressures of PbyAs,Og(u) and Pb;As,0g(m) are insignifi-
cant in the gas phase, we will not consider them further.

The total energies of the cations X;06", PbO", PbX,0,",
PbAsO," and Pb;As,04 (X = As or Sb) were computed in a
doublet spin state in the geometry of a neutral molecule to
determine the vertical ionisation energies (IE) of the corres-
ponding molecules (Table 15 ESIf). The first IE was deter-
mined as the difference between the total energy of the cation
in a doublet state and the energy of the neutral molecule.
Known experimental IE and AE values for the lead, arsenic
and antimony oxides and AE values for PbAs,0," and PbAsO,”
from the present study were compared with computed theore-
tical IE values (Table 8). The experimental AE values are in

Molecule Eior (a.0.) E335™ (k) mol ™) good agreement with theoretical 1E values for all molecules
PbAs,0, . — 1966580578 58.57 except PbAsO,. This agreement confirms that the PbAs,0," ion
PbAsO, Cy —2579.790596 28.36 was formed by ionisation of ternary oxides rather than by frag-
gg:i:zg:g] g:\‘: :zzgggzzgi gﬁiz mentation proccszscs'. If PbAs,0," is a fragment of'PbSASQ();,
Pb.As,0(11) c. _5503.364595 91.88 the AE(PbAs,0,) is expected to be much higher. Our
PbSh,0, Cs —975.065646 56.49 measured AE values for PhAsO, " and AsO" greatly exceeded the
o
PbAsQ, PbAs,O4
PbSb,0,4

Pb 3 As 206(1)

Pb3As;O(11)

Pb3As;04(II0)

Fig. 1 Structures of the ternary oxides PbAs;O,4, PbAsO;, PbsAsyOg, PbSb>04 and PbzAsO,.
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Table 8 The calculated vertical first ionisation energies (IE) (def2-
TZVP/RI-BP86) and experimental appearance energies (AE)

IE (eV) AE, IE (eV)

Molecule QcC Exp.
PbO 9.65 9.4 + 0.3 (EI, AE)*®

9.0 + 0.5 (EI, AE)°
Pb,0, 8.41 8.8 0.5 (EL AE)®
As,04 9.60 10.05 = 0.05 (PE, IE)*
Sbh,0¢ 8.92 9.31 % 0.05 (PE, IE)*’
AsO 8.48 9.0 % 0.3 (EIL AE)®
PbAs,0, 9.07 9.7 + 0.5 (EI)”
PbAsO, 6.74 10.0 = 0.5 (EL)*
Pb;As,04(1) 8.47 —
PbSb,0, 8.49 —

“This work; EI - electron ionisation, PE - photoelectron ionisation.

calculated values, which means that these ions were formed by
fragmentation.

Thermodynamic values for all of the compounds were
obtained using the FREEH module and a scaling factor of
1.053 with a temperature range from the standard temperature
to the temperature of the mass spectrometric experiments of
298-1000 K. The entropy, S7, can be approximated as a func-
tion of temperature:

C —
20 DT T (7)

whcrccg_T:cz—i-bx 103 x T+ex10°x T2

The a, b and ¢ coefficients of the heat capacity function ¢ »
were calculated mathematically by fitting ten values of 5% in
the temperature range of 298-1100 K. Calculated entropies for
gaseous PbO, As,06, and SbyOg were compared with the experi-
mental literature values to demonstrate the adequacy of the
calculation method chosen (Table 9) for the study of thermo-
dynamics. The calculated and experimental values of S%0s and
§%00 are in good agreement. The experimental and calculated
values of coefficient b of the cng function differ from each
other but yield correct entropy values. Therefore, the calcu-
lated coefficients a, b and c for the ternary oxides are accept-
able and can be used in the calculations. The calculated
entropy values and the values of coefficients a, b and ¢ for the
ternary oxides are presented in Table 10.

The thermodynamics of gaseous monomer and oligomer
molecules of lead oxides have been studied elsewhere.* The
enthalpies of oligomerisation for the lead oxides from the lit-
crature and our calculated values are compared in Table 11.
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The calculated standard enthalpies of dimerisation and tetra-
merisation are in very good agreement with the literature
values. The literature values of the enthalpy of the trimerisa-
tion process differ from each other and had an error of +25 kJ
mol™"; our standard enthalpy value falls between the experi-
mentally obtained ones. Thus, our method gives satisfactory
results for the calculations of the enthalpies of reactions and
can be used to investigate the thermodynamic characteristics
of the ternary oxides.

Table 12 presents the reactions for the formation of the
ternary lead-arsenic and lead-antimony oxides as well as the
calculated enthalpies, entropies and equilibrium constants at
standard and experimental temperatures for these reactions.

The calculated standard enthalpies of formation AgH,eg of
the ternary oxides have been obtained with the help of the
reaction enthalpies A Hjqg of the processes from Table 12 and
the experimental values of AHje(PbO) = 70.3 k] mol™*®
AfHDo5(ASs06) = —1196.1 k] mol ™ ** and AgH3.s(Sbs0g) =
—1215.5 kJ mol™* ?® and are as follows:

ArHY. (PbAS;04. QC) = —668.5 k] mol !,
A¢HS,, (PbSb,0,,QC) = —653.4 k] mol !, and

AgH Y, (Pb3As,04,QC) = —1107.8 kJ mol ™.

2.3. Experimental determination of the standard enthalpies
of formation of AHj,

The equilibrium constant K, , is related to the reaction
enthalpy, reaction entropy and temperature by the van't Hoff
equation. The experimental reaction enthalpies AHj for pro-
cesses 1, 2" and 3 are calculated with eqn (8) and presented in
Table 13. The values of the reaction entropies AgSY¥ are calcu-
lated using quantum chemical values of entropy for ternary
oxides and the experimental entropies S5 of PbO(s), PbO(g),
As,06(g), and Sb,04(g) obtained from eqn (7) and the ¢+
function.?®

AHY (exp.) = —RT In K, 1 + TAgS). (8)
T
0 0
AgHY = AeHY + L CprdT (9)

The enthalpies of formation (AgHj) of the ternary oxides
(Table 14) were obtained using the determined enthalpies of
reactions A HY (Table 13) and enthalpies of formation AHY. of
PbO(g), PbO(s), As,0¢(g) and Sb,0¢(g) oxides at experimental

Table 9 E)cperimentalZa and calculated thermodynamic characteristics of lead, arsenic and antimony oxides (def2-TZVP/RI-BP86, scaling factor =
1.053)

o _ —3 (] 2

pr=a+bx107" % T+cx10" = T (exp.//QC)

S%s (J mol " K™7) ST000 (] mol ™ K7)

Molecule (exp./QC) (exp./QC) a b c
PbO(g) 240.0//240.1 282.7//282.2 36.18//35.14 1.05//2.00 —0.36//-0.34
As,0¢(g) 409.3//409.0 659.6//659.0 212.81/218.22 18.57//12.86 —3.98//—4.52
Sb,404(g) 444.2//454.0 699.8//709.1 217.64//220.99 14.11//10.39 —3.47//-3.83

This joumnal is © The Royal Society of Chemistry 2014
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Table 10 Calculated thermodynamic characteristics of lead—arsenic
and lead-antimony oxides (def2-TZVP/RI-BP86, scaling factor = 1.053)

Chr=a+hx107"xT+¢x

10° %772
Molecule S%0e//S% () mol ™ K1) a b c
PbAs,0, 407.9//563.47 148.99 7.92 -2.79
PbSb,0, 424.2//614.7% 151.03 6.12 —2.48
Pb;As,04(1) 514.0/773.97 218.22 12.86 —4.52

AT=900K.? T=1110 K.

Table 11 Comparison of the calculated and experimental values for the
standard enthalpies of the equilibrium reactions of the lead oxides
(def2-TZVP/RI-BP8S6, scaling factor = 1.053)

Angos [kJ mOI_l] Angos (k1 mGl_l]

Reaction QC Exp.®
2PbO(g) = Pb,0,(g) —258.3 —250.6 + 6°
—265.4+17°
3PbO(g) = Pb,0,(g) —470.4 —419.5 + 25°
—529.2 + 25°
4PbO(g) = Pb,04(g) —-816.7 —835.0 £ 157
—845.7 + 42°

“Mass spectrometric experiment.

temperatures, which were obtained from eqn (9) and the
experimental cpﬂ.T function®® (AHgo(PbO(s)) = —187.2 k] mol ™,
AHO00(AS406(2)) = —1070.3 k] mol™", AH(ASO(g)) = 75.6 K]
mol™,  AFHY(PhO(g)) = 99.4 and AHY(Sh04(g)) =
—1039.2 kJ mol™). Then, the calculated enthalpies of for-
mation A of the ternary oxides were converted into the stan-
dard enthalpies of formation AgHY, using eqn (9) and the
calculated a, b and c coefficients of the CE‘T function (Table 10).
The deviations of the experimental values are discussed in the
next section. The experimental enthalpies AHe and AiHYog
and the quantum chemical values of Ao of the ternary
oxides are presented in Table 14 for comparison.

2.4. Error estimation by the determination of the
experimental standard enthalpies of formation

In the present section we estimate errors in the determination
of the standard enthalpy of formation. The proportional
factors ¢, and ¢, were determined within the errors of a factor
of 8 and 7 respectively. The errors of proportional factors lead
to the errors of equilibrium constant K,; and give the

View Article Online
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Table 13 Experimental equilibrium constant and enthalpies of reaction

AHY

Reaction InK,r (k] mol™)

1’ PbO(s) + 1/2 As,04(g) = —5.4 +1.4° 149.1 £ 19.5°
PbAs,0,(g)

2° 3 PbO(s) + 1/2 As,06(g) = -7.9+1.2° 132.3 + 18.0°
Pb;As,06(g)

3 PbO(g) + 1/2 Sb,04(g) = 7.7 +1.4° —-112.8 + 18.5
PbSb,04(g)

IT=900K.*T=1110K.

deviation of In K, r + 1.1 for reactions 1', 2’ and +1.0 for reac-
tion 3. The error of the sum of ions ¥.I; (eqn (6)) could reach
20%. That contributes to the errors of In K, » the values +0.3,
+0.1 and +0.4 for reactions 1, 2" and 3 respectively.

The error in determination of enthalpy of reaction AHY.
includes both the error of equilibrium constant and the error
of entropy of reaction according to eqn (8). The error of
entropy of reaction 3 is lower than errors of entropy of reac-
tions 1’ and 2, because the entropies of reactions A,.5%(1') and
A,S%2) include both experimental and quantum chemical cal-
culated entropies and A,S%(3) is a quantum chemical value.
We estimate the errors of A8%(1") and A,S92') to be 10 ]
mol™ K" and the error of A5%(3) to be +5 ] mol™ K.

Then the total errors of enthalpy of reactions 1', 2" and 3 are
equal to +19.5, +18.0 and +18.5 kJ mol™" respectively. The
errors of standard enthalpy of formation AH%s have corres-
ponding deviations and are given in Table 14. The differences
between the calculated and experimental enthalpies of for-
mation are not very large. The biggest difference of AgHjgg(exp)
— AHY(QC) is for the PbsAs,0p molecule and is equal to
17.5 k] mol™.

3. Experimental
3.1. Samples

Yellow lead monoxide (grade puriss. p.a), arsenic trioxide
(grade puriss. p.a) and antimony trioxide (grade puriss. p.a)
were used in the present study.

3.2, Mass spectrometry

Mass spectrometric measurements were carried out using a
modified Finnigan type mass spectrometer. The vapours
effusing from the Knudsen cell were ionised with 70 eV

Table 12 Calculated standard enthalpies, entropies of reaction and equilibrium constants for the equilibrium processes in which the lead-arsenic
and lead-antimony oxides participate (def2-TZVP/RI-BP86, scaling factor = 1.053)

AH7 (k] mol™) AS?(Jmol ' KT In K,,
Reaction 298//T 298//T 298//T
1 PbO(g) + 1/2 As,04(g) = PbAs,04(g) —140.7//-138.4" —36.7//-32.7% 52.4/14.6"
2 3 PbO(g) + 1/2 As,04(g) = Pb,As,04(g) —720.6//-703.17 —410.7//-378.9° 241.5//48.47
3 PbO(g) + 1/2 $b,0,(g) = PbSb,04(g) ~115.9//-112.7° ~42.9//-37.8" 41.6/7.7°

AT=900K.?T=1110 K.
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Table 14 Experimental enthalpies of formation for lead —arsenic and lead—antimony oxides

AgHy (K] mol ™) AgHjgg (K] mol ™) AH55(QC) AgHjgg(exp.) = AHi,4(QC)
Compound Exp. Exp. kJ mol™* kJ mol™*
PbAs,04 —573.2 +19.57 —659.5 + 19.5 —668.5 9.0
Pb;As,0¢ —964.4 + 18.0° —1090.3 + 18.0 -1107.8 17.5
PbSb,0, —549.9 + 18.5” —669.9 £ 18.5 —653.4 —-16.5

“T=900 K. T=1110 K.

electrons and accelerated to 3000 V. Ion currents were detected
by an electron multiplier at 1.6-2.0 kV. Two systems were
experimentally investigated in the gas phase: X,0;-PbO, where
X = As or Sb. A quartz double Knudsen cell (described else-
where®) with an effusion orifice 1 mm in diameter was
employed in the investigation of these systems. Temperature
was measured with a Pt-Pt/Rh thermocouple. X,0; oxides were
continuously evaporated (As,05 at 423 K and Sb,0; at 673 K)
and flowed through solid lead oxide, which was heated to
900 K and 1110 K, respectively. The reaction products leaving
the Knudsen cell were analysed by mass spectrometry. The
same method with a double Knudsen cell was previously
applied in the study of the Sbh,0,-WO, system.' Appearance
energies (AEs) of the ions of the ternary oxides were obtained
by varying the electron energy to determine the onset of the
ions.

3.3. Quantum chemical calculations

Quantum chemical calculations were performed using the
TURBOMOLE program package.*® All of the structures of the
molecules were fully optimised using density functional theory
(DFT) with the BP86 functional and the def2-TZVP triple split
valence basis set with a polarisation function and small core
ECP functions. RI-treatment was also applied. All compu-
tational details have been described in our previous studies.™?

4. Conclusions

The existence of three novel ternary lead-arsenic and lead-
antimony oxides (PbAs,0,, Pb3As,0¢ and PbSb,0,) in the gas
phase was proven by means of mass spectrometry. The gas
phase of both systems primarily contained X,0¢ and PbX,0,
oxides (X = As or Sb). The PbAs,0,4 and PbSb,0, oxides are iso-
structural, have two-coordinate atoms of Pb and three-co-
ordinated atoms of X. Similar structures have been observed
for the Sb,MoO, and Sh, WO oxides.!® The PbsAs,0f oxide
has a cage-like structure with high symmetry Dy, and contains
four-coordinate atoms of Pb (Fig. 1). The Pb,X,0; oxides were
not detected. The oxidation state of Pb is 2+ and that of X is 3+
as in PbO and X,04 oxides. The maximum number of metallic
atoms found in these gaseous ternary compounds was five,
similar to the results of our previous studies on antimony-
molybdenum and antimony-tungsten ternary oxides."

This journal is @ The Royal Society of Chemistry 2014
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It is known that SnPO,, which is isoelectronic with PbAsO,,
is a stable species."” AsO® also existed in the gas phase. The
PbAsO," and AsO” ions have large intensities in our mass spec-
trum, which allowed us to suspect the presence of PbAsO, in
the gas phase. However, the determination of the appearance
energy of PbAsO, " did not confirm our assumptions.

The PbO-As,0; system has different compounds in the
solid state and the gas phase. As was mentioned above, two
solid compounds PbAs,0,4 and Pb,As,05 were rcportcd.13 Our
study did not confirm the presence of Pb,As,05 in the gas
phase, but Pb3As, g which is not known in the solid state was
detected in the gas phase.

The enthalpies of formation of the ternary oxides in the gas
phase were determined using mass spectrometry and were
compared with quantum chemical calculations. The experi-
mental and calculated standard enthalpies of formation are in
very good agreement.

The partial pressures of the ternary lead-arsenic species
are about 3 to 4 order of magnitude higher than the partial
pressures of pure lead monoxide at the same temperature. The
fraction of lead-containing species is enhanced in the presence
of As;0g by a factor of 5000.
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Table 15. Total energies of the molecular 1ons in the geometries of the neutral molecule.

Molecular 10n Eiot (A1)
PbO” -267.940878
Pb,0," -536.381295
As,O4 -9396.109026
Sb,0¢" -1413.122828
AsO” -2311.074637
PbAs,0,” -4966.247324
PbAsO, " -2579.542825
Pbs3As,06(1) -5503.083897
PbSb,0,4” -974.753730
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1. Introduction

Bulk lead-molybdenum oxides PbMoO4, PbpMo0Os5 and
PbsMoOg are prospective materials and widely used as acousto-
optic and luminescent materials [1,2]. PbMo0O4 with scheelite
structure shows photocatalytic activity under UV irradiation [3].
Therefore the studying of the formation lead-molybdenum oxides
in the gas phase can be very important.

According to the phase diagram [4] of the PbO-MoO3 sys-
tem, there are three known solid compounds: PbMoOy4, Pb, MoOs
and PbsMoOg. The crystal structures of solid lead-molybdenum
oxides have been determined too [5-7]. All crystal structures of
PbO-Mo0; system have distorted tetrahedral MoO42~ elements
as well as in bulk MoOs. The structure of lead-molybdenum com-
pounds can be represented as a tetragonal modification of lead
oxide (a-PbO), in which some of Pb atoms replaced by MoO42~
tetrahedra. The bulk PbO in two modifications with open-packed
rocksalt-like structures and bulk MoOs are described elsewhere
[8,9].

It is known that the evaporation of lead molybdate PbMoQO4(s)
and lead tungstate PbWOQy(s) leads to the formation of gaseous
ternary oxides. Nikolaev observed three gaseous oxides, PbMOQy,
PbM,07 and PbyMOs, where M=Mo, W, in a stoichiometric
PbO-MO3 system, with the help of mass spectrometry. Appear-
ance energies were obtained for PbMoO4 and PbMo;07 oXides
[10]. In the present work, we investigate the formation of gaseous
ternary lead-molybdenum oxides in PbO-rich and MoOs-rich
systems. We present the experimental and quantum chemical cal-
culated thermodynamic and structural characteristics of the four
ternary lead-molybdenum oxides, PbMo0Os, PbMo, 07, PbM030;o
and Pb>MoOs.

Several species related to lead-molybdenum gaseous ternary
oxides, such as GeMo0Oy4, GeWQ4, GeW;07, SnMo0Qg4, SnpMoOs,
SNWO4, SnW>07 and Snp W05 were also investigated thermody-
namically [11-14].

2. Results and discussion
2.1. Mass spectrometric study

For the investigation of the gas phase PbO-MoOQs3 system, several
mass spectrometric experiments were conducted. The PbO-MoOs3
system (1:1, PbMoQ4) has been investigated previously [10]. In this
study, we explore MoOs5-rich and PbO-rich systems. Three samples
were prepared by solid state reaction and subjected to a mass spec-
trometric investigation. Mixtures of PbO and MoO3; with a molar
ratio of 2:3 (sample 1), 1:1 (sample 2) and 3:1 (sample 3) were
heated in sealed silica ampules in vacuo at 793K for ten days. The
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obtained samples were characterised using X-ray diffraction (XRD)
techniques. Comparison of the XRD patterns of the synthesised
samples with literature data revealed sample 1 to be a mixture of
PbMo0O,4 and MoQOs, sample 2 to be pure PbMoO,4 and sample 3 to be
a mixture of PbyMoOs and PbsMoOg, corresponding to the phase
diagram.

The vaporisation of samples 1 and 3 using a Knudsen cell
was studied at 1163 and 1173 K, respectively. Sample 2 (crystal
PbMo0,) was investigated in a flow of MoOs in a double Knudsen
cell (MoOs was evaporated at 873 K, passing the sample at 1173 K).
The relative intensities of the ions in the mass spectra are presented
in Table 1a. For comparison, the mass spectrum of PbMoQ4, which
was studied by Nikolaev et al., is also presented in Table 1a. For the
convenientoverview of all the mass spectrometric experiments, we
present the relative intensities of all the ionic species in relation to
the intensity of the PbO* ion (Table 1b). The main ionic species are
shown in Table 1b, with the intensity of PbO* designated as 100 in
every system.

Four parent ions were detected (PbMosO05*, PbMo,05*,
PbMo0O4* and Pb,;MoO5*) during the mass spectrometric study
of the gas phase PbO-MoO5; system. The appearance ener-
gies were obtained for the ions PbMoO4* and PbMo,0;".
Extrapolation of the linear portion of the ionisation efficiency
curves to an intensity of zero gave the following value for
the appearance energy (AE): AE(PbMoO4*)=9.6+0.5eV and
AE(PbMo,05")=10.3 £ 0.5 eV. Unfortunately, the intensities of the
PbMo304* and Pb;MoOs* ions were too small to determine the
appearance energy. We concluded that PbMo3049* and Pb, MoOQOs5*
were the parent ions because there were no heavier ions in the
mass spectra from which they could have been split. The obtained
experimental enthalpies of formation based on this conclusion will
be compared with quantum chemical calculated enthalpies of for-
mation.

The dependence of the recorded ion currents on the partial pres-
sure of the particular ion is described by the following equation:

LT
L (4)

0,--5

pi=c-

where p;=the partial pressure of component i, ¢=the propor-
tionality factor, Elf=the intensity of all of the ions formed by
the ionisation and fragmentation of a gaseous molecule of i,
T=temperature, o; =the ionisation cross section and §;=the elec-
tron multiplier efficiency. The approximated Eq. (5) can be used in
most cases (the procedure of simplification is described elsewhere

[15]):

pi=c-> LT (5)

The proportionality factor ¢ was determined by a calibration
experiment and found to be 1.4 x 10~13. The deviation of factor c is
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Table 1a

Relative intensities of the ionic species in the PbO-Mo0Oj3 system (70eV).
lon Relative intensity

PbMoO4 (1173 K)+MoO3 PbMoO4 + Mo03 (1163 K) PbMo0O4 (1353 K) PbaMoOs +PbO (1173 K)
(873 K) (sample 2) (sample 1) [10] (sample 3)

PbMO}O[U+ 3.0 - - -
PbyMoOs* - - 20 9.8
PbzMo04* - - - 1.0
1'\./']040]24r 9.2 8.5 - -
Mo4011* 17 1.0 - _
PbMo,07* 46.5 62.2 25 -
Pb;05* - - 0.9 5.1
Pb;0* - - - 1.0
Mo30g* 100 18.5 12 -
Mo30g* 17.6 33 - -
PbMoO4* 18.1 51.5 39 14.0
Moz0g* 19.1 9.1 - -
Mo30s5* 75 29 - -
Moz04* 49 1.6 - -
PbO* 14.1 222 36 100
Pb* 15.6 100 100 39.7
MoO3* 43 - - -
MoO,* 10.8 4.3 - -
MoO* 59 1.1 - -
Mo* 14 - - -

Table 1b

Relative intensities of the main ionic species in the PbO-MoQj3 systems (overview).
lon Relative intensity

PbMo04 (1173 K)+ MoO3 PbMo0y4 + MoO3 PbMoO4 PbyMoOs +PbsMoOg
(873K) (1163K) (1353K)[10] (1173K)

PbMO}O[U+ 213 - - -
Pb;MoOs* - - 5.6 9.8
PbMo,07* 3208 280.2 69.4 -
Mo30g* 709.2 83.3 33 -
PbMoO4* 1284 2320 108.3 14.0
PbO* 100 100 100 100

in the range [1.4 x 10-13 x 5; 1.4 x 10-13/5]. The mass spectromet-
ric measurement of pure PbO oxide was used for the calibration.
Eqs.(6)and (7), describing the partial pressure of PbO as a function
of temperature, and Eq. (5) were applied for the calibration [16,17]:

for PbOlg(p/bar) = —32032/T + 1915 (850...1100K) (6)
or
lg(p/Pa) = —13345/T + 11.9 (900...1150K) (7)

Using the c¢ value and the relative intensities ZI,- and apply-
ing Eq. (5), the partial pressures of the gaseous molecules in the

Table 2
Molecules and their ions in the gas phase over the mixture of PbMo0O4 and MoO3,
1163 K, sample 1.

Molecule Attributed ions Partial pressure, p (bar)
PbMoO4 PbMoO4* 1.7x10°7
PbMo,07 PbMo,07* 2.0x 107
MO}OQ MO}Og*, M0303+. M()}Ofr 7.0 x ]0’8
PbO PbhO* 7.1%x10°8
Table 3

Molecules and their ions in the gas phase over PbMo0Qy (1173 K) under MoOs flow
(873K), sample 2.

Molecule Attributed ions Partial pressure, p (bar)
PbMoO4 PbMoO4* 1.7 %1077
PbMo,07 PbMo,07* 45 %1077
PbMo301g PbMo3010* 22x10°%
PbO PhO* 13x10°7
M0309 M0309+, MO;Og*, M0307* 4.0x 1077

equilibrium system PbO-MoOj3 can be calculated (Tables 2-4). For
the calculation of the partial pressure of Mo30g over PbMoOQy, it
was assumed that molybdenum oxide was constantly evaporating
at temperature 873 Kand passed through lead molybdate, PbMoOg,
at temperature 1173 K (Table 3).

Equilibrium conditions inside Knudsen cells have been inves-
figated in many gaseous systems using mass spectrometry,
particularly in molybdenum oxide and lead oxide systems
[16,18-20]. Therefore, we assumed that the systems under con-
sideration were in equilibrium conditions inside the Knudsen cell.
Additionally, in our experiment the ratio of the sublimation area to
the effusion orifice was greater than 500.

Using the partial pressures from Tables 2-4, we determined
the equilibrium constants of formation of the lead-molybdenum
ternary oxides, which will be given later in this paper.

2.2. Density functional theory computations

The method RI-BP86/def2-TZVP, which was used for calcula-
tions, allows good correlation between the calculated values and
the experimental data for many oxides. We successfully used this

Table 4
Molecules and theirions in the gas phase over the mixture of Pb; MoOs and Pbs MoOg,
1173 K, sample 3,

Molecule Attributed ions Partial pressure, p (bar)
PbMoO4 PbMo0O4* 13 %107
Pb;MoOs Pb;MoOs5*, Pb;MoO4* 97 x10-8
PbO PbO* 89108
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Table 5
Symmetries, total energies and thermal energies of the molecules (RI-BP86/def2-
TZVP).

Table 8
Calculated thermodynamic characteristics of the lead-molybdenum oxides (RI-
BP86/def2-TZVP).

Molecule Point group Etot(DFT) (a.u.) EE’;“S”“(DFT) (k] mol-1)
PbO Coov —267.940878 10.80
Pb,0; Cov —536.690429 26.42
Pb303 D3 —805.068223 4348
Pb404 Ta —-1073.497158 60.50
Mo0Os Cay —294.201556 33.81
Mo30g Cay —882.913202 118.52
Mo4013 Dan —1177.237313 160.27
PbMoO4 Coy —562.654314 51.28
PbMo207 C2 —856.990451 93.16
PbMo301o Cay —-1151.311179 135.38
Pb;MoOs Cs —831.045453 68.50
Table 6

Observed and calculated vibrational frequencies for gaseous AssOg, Sb4Og, PbsO.,
Pby03 and PbO (scaling factor=1).

Vibrational frequencies (cm=1)

MoOs3
Exp [25] 920
Calc 945.2
Mo30q
Exp [25] 838.0 9747 -
Calc 839.8 992.4 1000.4
Mo4012
Exp [25] 870.0 -
Calc 887.3 993.6
Pb404
Exp [26] - 372 464
Calc 1133 3533 451.8
Pb202
Exp [26] - 463 558
Calc 86.6 4552 5427
PbO
Exp [26] 714
Cale 7240

method previously to study oxide systems containing molybde-
num, lead and other oxides [21-23]. The total energies, thermal
energies and point groups of molybdenum, lead and ternary lead-
molybdenum oxides are presented in Table 5.

We have conducted the population analysis based on occupation
numbers (PABOONSs) [24] at the DFT level. Shared electron numbers
(SEN) for pairs of atoms which characterise electron population
between atoms and related to the bond energies were obtained.
The SEN also named as bond order and can be compared to ana-
lyse bond strengths. Fig. 1 presents SEN values for MoOs, Mo30o,
Mo04017, PbO, szOz. Pb}O}, Pb404, PbMOO4, PbM0207, PbMO}O]g
and Pby;MoOs. The formation of bonds during a reaction can be
crucial for the understanding of the oxide formation. Thus we see
that bonds Mo—0 in Mo404; are weaker than in Moz Og. Obviously
that PbyO4 is the most stable lead oxide, according to SEN values of
Pb—0 bonds in PbO, Pb; 05, Pb303 and Pb404. The PbMo3 04 has the
weakest Mo—O bonds in comparison with other lead-molybdenum
oxides. It means that the highest ternary oxide PbMo30q, which
was detected in the gas phase, is not so stable as PbMoQ,4, PbMo, 07,
and Pb, MoOs. The most probably higher oxides with five and more
metallic atoms are even more unstable. Fig. 2 presents charge dis-
tribution in the molecules. As we see atomic charges of Pb atoms

Table 7

Molecule 5955 (Jmol=1K-1) Ay =a+bx 1023 T+cx108.72
a b c
PbMoO4 363.2 123.25 7.59 —2.44
PbMo, 05 500.1 213.09 15.21 —-4.23
PbMo301p 635.0 301.90 23.64 —5.94
PbzMo0Os 472.8 171.83 8.57 —2.90

are lower than atomic charges of Mo atoms. Therefore it can be
concluded that Mo—0O bond is more ionic than Pb—0 bond.

The experimental and calculated vibrational spectra of the
gaseous molybdenum and lead oxides MoO3, Mo3Og, M04013, PbO,
Pb;0; and PbsO4 were compared to determine the scaling fac-
tor and are presented in Table 6. The experimental frequencies
and our calculated frequencies for these gaseous molecules are
in good agreement. The calculated frequencies of MoO3, Mo30o,
Mo401> and PbO exceed the experimental values, and the exper-
imental frequencies of Pb»,0, and Pbs04 exceed the calculated
values insignificantly (1-3%). Therefore, the vibrational wave num-
bers were not calibrated (scaling factor=1). The calculated and
experimental entropies of the molybdenum and lead oxides were
in good agreement (Table 7). Therefore, we did not scale thermo-
dynamic values for the further quantum chemical investigation of
the ternary oxides. But inaccuracy of the obtained entropies will be
estimated in Section 2.4. The entropies and the a, b and c coefficients
of the heat capacity function C;[)).T are given in Table 7.

The thermodynamic values of all of the compounds were
obtained using the FREEH module within a temperature range
from the standard temperature to the temperature of the mass
spectrometric experiments at 298-1200K. The entropy, S?. can be
approximated as a function of temperature:

T
dr
0 _ <0 0
St =S58 +/ Cpr T
208
where
Gr=a+bx107 T4+cx10°.T2 (8)

The a, b and ¢ coefficients of the heat capacity function Cgr

were calculated mathematically by fitting ten values of S? in the
temperature range from 298 to 1200 K. The experimental and cal-
culated values of coefficient b for the cOT function differed from
each other but yielded correct entropy values. Therefore, the cal-
culated coefficients a, b and c for the ternary oxides are acceptable
and can be used in the calculations. The calculated entropy values
and the values of the coefficients a, b and c for the ternary oxides
are presented in Table 8.

The total energies of the cations Mo30g*, PbO*, PbMoO,*,
PbMo,07*, PbM0o301p* and Pb;MoOs* were computed in a dou-
blet spin state in the geometry of a neutral molecule to determine
the vertical ionisation energies (IE) of the corresponding molecules
(Table 1, Supplementary). The first [E was determined as the differ-
ence between the total energy of the cation in a doublet state and
the energy of the neutral molecule. Known experimental IE and
AE values for lead and molybdenum oxides and the AE values for

Experimental [27] and calculated thermodynamic characteristics of the lead and molybdenum oxides (RI-BP86/def2-TZVP, scaling factor=1).

Molecule 9g (Jmol~1 K1) (exp.//DFT) S%300 Jmol -1 K-1) (exp.//DFT) CSVT =a+bx107-T +¢ = 10°. T2 (exp.//DFT)

a b c
PbO(g) 240.0//240.2 282.7//282.6 36.18//35.70 1.05//1.46 —0.36//-0.36
Mo30g(g) 526.7//525.5 837.3//820.0 274.48//253.44 4.23//22.60 —4.81//-5.51
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Fig. 1. Shared electron numbers, analysis based on occupation numbers (RI-BP86/def2-TZVP).

Table 9
Experimental AE and calculated vertical first ionisation energies (IE) (RI-BP86G/def2-
TZVDP).

Molecule IE (eV) AE (eV)
DFT Exp.
PbO 9.65 94 + 0.3 (EI)[28]
9.0 £ 0.5 (E1) [20]
Mo30q 10.80 12.0 £ 129]
PbMoO4 991 9.6 + 052
10.8 + 0.5 [10]
PbMo; 05 9.82 103 + 052
114 £ 05[10]
PbMo3010 10.24 -
Pby;MoOs 9.08 -
3 This work.

PbMo0O4* and PbMo,07" from the present study were compared
with the computed theoretical IE values (Table 9). The experimen-
tal AE values are in good agreement with the theoretical [E values
for all the molecules. This agreement confirms that the PbMoO4*
and PbMo,07* ions were formed by the ionisation of ternary oxides
rather than by fragmentation processes.

Table 10 presents the reactions for the formation of the ternary
lead-molybdenum oxides as well as the calculated enthalpies,
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entropies and equilibrium constants at standard and experimental
temperatures for these reactions.

The quantum chemical (QC) calculated standard enthalpies of
formation, Anggs, of the ternary oxides were obtained using the
reaction enthalpies, A.nggg, of processes 1-4 from Table 12 and
the experimental values of AfHSQB(PbO) =70.3k] mol ™! [27] and
Anggg(M%Og) =—1878.3k] mol ™! [27] and are as follows:

AfHY44(PbM004, QC) = —698.2k] mol™",
AgHYo5(PbM0,07, QC) = —1406.0k] mol ™',
Anggg(PbMOBOIUs QC) = —-2072.9k molf], and
AtHY5(Pb2M0Os, QC) = ~874.9k] mol ™.

Processes 1-2 and 5-6 will be considered for obtaining the
enthalpies of reaction in the following experimental section.

2.3. Experimental determination of the standard enthalpies of
formation, /_\.ng98

The equilibrium constant K,y is related to reaction enthalpy,
reaction entropy and temperature by the van't Hoff equation.
For the experimental determination of the standard enthalpy of
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Fig. 2. Atomic charges and dipole moments of the molecules (RI-BP86/def2-TZVP).
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Table 10
Calculated standard enthalpies, entropies of reaction and equilibrium constants for the equilibrium processes involving the lead-molybdenum oxides (RI-BP86/def2-TZVP).
Reaction AHY (k] mol~1)298//T AS? (Jmol~1K-1)298//T In K7 298//T

1 PbO(g)+1/3Mo30g(g) = PbMoOa(g) —142.4/{-141.22 —52.2//-50.52 51.2//8.5%
2 Pb0O(g)+2/3Mo30g(g) = PbMo,07(g) —224.1/{-218.0° -90.5//-81.1° 79.6//12.8*
3 PbO(g)+Mo309(g)=PbMo3010(g) —264.9//-254.32 -130.7/{-113.9¢ 91.2//12.6%
4 2PbO(g)+1/3Mo30g(g) =Pb;Mo0s5(g) —389.4//—377.4° —182.9//-164.4° 135.2//18.9°
5 PbMoOQ4(g) + PbMoz05(g) = PbMo3019(g) + PbO(g) 101.6//105.0" 12.0//17.7° —-39.5//-8.6"
6 PbO(g)+MoPb04(g) = PbaMo0s(g) —247.0//-236.2° —-130.6//-113.9° 84.0//10.5°
4 T=1163K.
b T=1173K.

Table 11

Experimental equilibrium constants and enthalpies of reaction.

Reaction InKpr AH? (kJmol-1)
1 PbhO(g) + 1/3Mo30q(g) = PbMo04(g) 6.6 + 0.8 1223 4757
2 PhO(g) +2/3Mo30q(g) = PbMo207(g) 125+ 1.32 ~2151 +12.72
5 PbMoO4(g)+ PbMo;07(g) = PbMo301(g) + PhO(g) _33+04° 527 +3.7
6 PbO(g) + MoPb04(g) = PbaMo0s(g) 144 + 1.9° —273.8 £ 183"
4 T=1163K.
b T=1173K.
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Table 12
Experimental enthalpies of formation for the lead-molybdenum oxides.

Compound A¢HY? (kJmol 1) AsHYg, (k] mol-1) AH55(DFT) (K mol 1) AtH9gg(exp) — AtHIg(DFT) (KJ-mol 1)
Exp Exp

PbMo0O4 —571.0 £ 7.5° —6763=x75 —698.2 219

PbMo; 07 —1213.9 + 12.7¢ —1397.2 + 127 —1406.0 8.8

PbMo301q —1811.8 £3.7° —2076.3 =37 —2072.9 —3.4

PbzMo0Os 7394 + 183" —888.0+ 183 —874.9 —13.1

2 T=1163K

b T=1173K.

formation of the four ternary oxides 1, 2, 5 and 6, equilibrium
processes were considered. The equilibrium constants K, 7 of these
processes were calculated using the partial pressures of the oxides
from Tables 2-4. The experimental reaction enthalpies A.-H‘T)
for processes 1, 2, 5 and 6 were calculated with Eq. (9) and are
presented in Table 11. The values of the reaction entropies, AgSY,
were calculated quantum chemically (Table 10).

AHYexp.)=~R-T-In K, r +T - AgSA(QC) (9)
AfHY = AHY + [CB,TdT (10)
First, AfHY, 5 (PbMoOy, exp) and A¢HY, ., (PbMo, 07, exp) were

obtained using the determined enthalpies of reaction AfH?]sa
for processes 1 and 2 (Table 11), the enthalpies of formation
AHY, 5 (PbO(g)) and A¢HY, ;5(Mo309(g)) obtained from Eq. (10),

and the experimental cg’T function [27] (AfHY, 5, (PbO(g)) =

—101.4k mol~', and A¢H?,4(Mo304(g)) = —1650.2 k] mol ).
The AfH? ,5(PbMosOyp, exp) and  AgH?,,,(Ph;MoOs, exp)
were obtained using the determined enthalpies of reaction
AfH(l’173 for processes 5 and 6 (Table 11) and the enthalpies
of formation AHY,;(PbO(g)), AHY;5(PbM0O4, exp) and
A¢HY), . (PbMo;07, exp) obtained from Eq. (10) (AgHY ,5(PbO
(2))=101.71J mol™", AHY,,,(PbMoO4, exp) = —569.7 k] mol~"
and AgHY,,(PbMo,07, exp) = —1211.6k] mol™").

Then, the calculated enthalpies of formation, AfH%.’, of the
ternary oxides were converted into the standard enthalpies of
formation, Anggg. using Eq. (10) and the calculated a, b and ¢
coefficients for the cg_T function (Table 8). Deviations from the
experimental values are discussed in the next section. The experi-
mental enthalpies AfH-? and Anggg are presented in Table 12, and
the quantum chemical values of Anggs for the ternary oxides are
given for comparison.

2.4. Error estimation by the determination of the experimental
standard enthalpies of formation

In the present section, we estimate the error in the determina-
tion of the standard enthalpy of formation. As was mentioned above
the value of factor cis in the range [1.4 x 10~13 x 5; 1.4 x 10~ 13/5].
The errors in the proportional factors led to errors in the equilib-
rium constant K, v and gave a deviation of InK, 1 +0.6,%+1.1, 0.0 and
+1.6 for reactions 1, 2, 5 and 6, respectively. The error of the sum of
ions ZI,- (Eq.(5))was estimated as 10% in the present experiments.
This contributes to errors in InKp r of £0.2, £0.2, £0.4 and £0.3 for
reactions 1, 2, 5 and 6, respectively. The total deviation of InKj 7 is
given in Table 11.

The error of determination for the enthalpy of reaction, A;HZ,
includes both error in the equilibrium constant and inaccuracies of
calculated entropies of reaction according to Eq. (9). The entropies
of reaction, A.-S%’, are quantum chemical values. Since we did not
scale thermodynamic values in quantum chemical calculations,
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we estimate the deviation of enthalpy of reactions /_\..-S% by using
scaling factors 1+£0.03 in that section. The differences ofA.-S‘T) as
are not big and equals to +1.0, £3.0, £1.0 and +5.0Jmol~! K- for
reactions 1, 2, 5 and 6, respectively.

Then, the total error of the enthalpy of reaction is equal to
+7.5, £12.7, £3.7 and +18.3k] mol-! for reactions 1, 2, 5 and 6,
respectively (Table 11). The errors in the standard enthalpy of for-
mation, Anggg, and their corresponding deviations are given in
Table 12. The agreement between the calculated and experimen-
tal enthalpies of formation is quite good. The biggest difference in
AfHSyg(exp) — AfH%4(QC) was observed for PbMoOs and is equal
to 21.9k)mol-1.

3. Experimental
3.1. Samples

Yellow lead monoxide (grade puris. p.a) and molybdenum tri-
oxide (extra pure grade) were used in the present study.

3.2. Mass spectrometry

Mass spectrometric measurements were carried out using a
modified Finnigan type mass spectrometer. The vapours effus-
ing from the Knudsen cell were ionised with 70eV electrons and
accelerated to 3000V. The ion currents were detected by an elec-
tron multiplier at 1.6-2.0kV. Three systems were experimentally
investigated in the gas phase. A quartz glass double Knudsen cell
(described elsewhere [30]) with an effusion orifice 1 mm in diam-
eter was employed in the investigation of these systems. The
temperature was measured with a Pt/Rh-Pt thermocouple. In the
first experiment, the mixture of PbMoQ4 and MoO3 was evapo-
rated at 1163 K. In the second experiment, MoQO3 was continuously
evaporated at 873 Kand flowed through crystalline PbMoQOy, which
was heated to 1173 K. In the third experiment, the mixture of
Phy;MoOs5 and PhsMoOg was evaporated at a temperature of 1173 K.
The reaction products leaving the Knudsen cell were analysed by
mass spectrometry. The appearance energies (AEs) of the ions of
the ternary oxides were obtained by varying the electron energy to
determine the onset of the ions.

3.3. Quantum chemical calculations

Quantum chemical calculations were performed using the
TURBOMOLE program package [31]. All of the structures of the
molecules were fully optimised using density functional theory
(DFT) with the BP86 functional and the def2-TZVP triple split
valence basis set with a polarisation function and small core
ECP functions. RI-treatment was also applied. All computational
details have been described in our previous work [21-23]. Atomic
coordinates of all computed molecules presented in Table 2, Sup-
plementary.
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4. Conclusions

The formation of novel ternary oxide PbMo30jp in the gas
phase was observed by means of mass-spectrometry (the gaseous
PbMo0O4, PbMo0307 and Pb;MoOs were known before [10]). Addi-
tionally, we carried out a thermodynamic study for four ternary
oxides PbMoQg4, PbMo,07, Pb;MoOs and PbMo301g.

We demonstrated the presence of PbMo0O,4 and PbMo,05 in the
gas phase by appearance energy measurements. The presence of
gaseous Pb,MoOs and PbMo30¢p was assumed. The experimental
and quantum chemically calculated enthalpies of formation for all
the ternary oxides were in very good agreement. Therefore, it is
likely that Pb;MoOs5 and PbMo3;01g were present in the gas phase
as well.

The PbO-Mo0Q3 system, as well as other oxide systems which we
have studied previously, contains different compounds in the solid
state and the gas phase [21-23]. There are three solid compounds
PbMo0Oy, Pb;Mo00Os and PbsMoOg and four gaseous compounds
PbMoO,, PbMo,07, Pb; MoOs and PbMo3 04 in the PbO-Mo0O5 sys-
tem.

The lead-molybdenum oxides PbMoQ4, PbMo0507, PbMo30qg
and Pb,MoOs5; have ring structures of alternating metal and
oxXygen atoms, similar to the structures of the molybdenum-
tellurium oxides MoTeQOs5, Mo;TeOg, Mo3TeOqq and Te;MoO7 [21].
All gaseous molybdenum lead compounds have tetrahedral MoO4
structural elements as well as in condense state. Because of lone
pair on Pb2*, lead atoms can be twofold or threefold coordinated
in the gaseous compounds. All gaseous compounds of PbO-MoOs
system, Pb303 and Pbp0; have twofold coordination. Threefold
coordination of Pb was observed in gaseous Pbs0O4 and Pb3As;0g
[23].

The Mo—0 bonds in the ring structures with four metallic atoms
(PbMo3019 and Mo4012) are weaker than in structures with two or
three metallic atoms (PbMoO,4, PbMo, 07, Ph,MoOs and MosOg).
The ring structures with five and more metallic atoms were not
observed in PbO-MoOs3 system. According to population analysis
we concluded that Mo—O bonds are more ionic than Pb—O bonds.

In all the systems that were considered, the total partial pres-
sure of the ternary lead-molybdenum species was higher than the
partial pressures of PbO and Mo30g. The vapour over the system
with a molar ratio of PbO:MoQOs5 = 2:3 contained the ternary species
PbMo0O,4 and PbMo, 07, with a total partial pressure ~5 times higher
than the partial pressures of pure lead monoxide and molybdenum
oxide (Table 2). By increasing the partial pressure of Mo30g, the
partial pressures of PbMoQy4, PbMo,07 and PbO also increased, and
PbMo301¢ appeared (Table 3). In the PbO-rich system (molar ratio
of PbO:Mo003 =3:1), the total partial pressures of the ternary species
were ~2.5 times higher than the partial pressure of PhO.
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The formation of four hitherto unknown lead tellurium ox-
ides — PhTeO3, PbTe;05, Pb,TeO4 and Pb;Te,0Og — was ob-
served in the gas phase by means of a mass-spectrometric
Knudsen-cell method. Other ternary oxides of group 14-16
elements were not observed in the gas phase. The enthalpies
of formation for these oxides were obtained experimentally
by means of a mass-spectrometric Knudsen-cell method and
confirmed theoretically by using quantum chemical (QC) cal-

culations. Appearance potential measurements were con-
ducted for PbTeO3; and Pb,TeOQ4. The structures of the ter-
nary oxides that represent the minima on the potential-en-
ergy surfaces were found by using QC calculations. The be-
haviour of the related compounds PbTeO;, X,03, Pb,Te,Og
and X,40¢ in the gas phase has been discussed (for which X
= P, As, Sb, Bi).

1. Introduction

Evaporation of oxides of group 15 elements X,0; (for
which X = P, As, Sb, Bi) is widely studied. In the present
work., we study the formation of gaseous ternary oxides of
group 14-16 elements, which are isoelectronic to X400, and
X505 oxides. Scotlandit PbSO;, fairbankite PbTeO; and
molybdomenite PbSeO; are known as very rare minerals
and are isoelectronic to group 15 element oxides. X,05. The
crystalline structures of PbSOs;, PbSeO; and PbTeO; with
Pb?>*, Te** and Se** are reported elsewhere.l' ] Two other
bulk higher oxides with Pb>*, Se** and Te** are also
known: Pb;SeQs and Pb,Te;04.4°! Other bulk ternary ox-
ides of group 14-16 elements with oxidation states of 2+
and 4+, respectively. are not known.

The evaporation behaviour of X-0; is well known: the
gas phase contains primarily X404 molecules with a well-
known cage structure and molecular symmetry 7. In the
saturated vapour over phosphorus. arsenic and antimony
trioxides, no other species besides P,Og4, As;O4 and Sb,Oy,
respectively.l 81 were detected. In the saturated vapour of
bismuth oxide, small concentrations of other Bi/O species,
including Bi,Os, were found.” The gaseous ternary oxides
As3SbOg, As,Sb,04 and AsSb;0g. congeners of X0, have
been observed by Drowart et al.l'l

To understand the formation of ternary oxides, we need
to understand the behaviour of individual oxides in the gas

[a] Institut fiir Anorganische Chemie,
Callinstrasse 9. 30167 Hannover, Germany
E-mail: katja.kunkel@aca.uni-hannover.de
http://www.aci.uni-hannover.de/
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WWW under http://dx.doi.org/10.1002/ejic.201402734.
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phase. The main gaseous components of the vapour of
sulfur, selenium and tellurium dioxides are monomers SO,
SeO, and TeO,. The vapour above SOy, contains only
monomeric species SO»(g): the vapour above SeO,(s) con-
tains small amounts of dimer Se,0y4: and the vapour of
TeOs(s) contains (TeOs,), (x = 2-4), (TeO), (x = 1-4) and
Te, "'=131 The gas phase over solid lead monoxide consists
of mainly PbO, Pb>O, and Pb,O4 molecules and a small
amount of the oligomers Pb;03, PbsOs and PbgOg.['*151 By
evaporation of the lead oxide, PbO partly dissociates to
form Pb(g) and O,. Analogously, SnO evaporates to form
gaseous SnO, Sn,0,, Sn;0; and Sn,0,.1'%1 By the vaporis-
ation of the mixture Ge+GeO,. GeO was detected as the
main compound; Ge,0, and Ge;05 are also presented in
the gas phase'” Thus the amount of oligomers increases
from GeO to SnO and PbO.

In the present work we combined mass-spectrometric ex-
perimental and quantum chemical calculations and ob-
tained experimental and theoretical reaction enthalpies

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur/IC

www.eurjic.org

FULL PAPER

European Journal
of Inorganic Chemistry

AHY% and standard formation enthalpies A;H%s of the
ternary oxides. The mass-spectrometric study of the ternary
oxides is limited by the narrow temperature range. In such
a case it is not possible to obtain the reaction enthalpy by
means of the second law of thermodynamics for which the
temperature dependence of equilibrium constants has to be
determined. Therefore we applied the third law of thermo-
dynamics. The difficulty of that approach is the determi-
nation of the reaction entropy A.S% We used quantum
chemical calculations to obtain the reaction entropy.

2. Results and Discussion

2.1 Mass-Spectrometric Study

The formation of gaseous ternary oxides was observed
only in the PbO-TeO, system. The PbO-TeO, system in-
clined toward glass formation, therefore a mixture of two
solid oxides, PbO and TeO, (1:1), was heated in a Knudsen
cell at 1063 K. The gaseous products of chemical interac-
tion of the oxides were analysed after leaving the Knudsen
cell. The relative intensities of the ionic species in the PbO—
TeO, system are given in Table 1.

Table 1. Intensities of the ionic species over a molten mixture of
PbO-TeO, (1:1 mol). 70 eV, 1063 K.

lon Relative intensity
szTf:z()f,Jr 3.3
Pb,TeO," 34.4
Pb,TeO5" 2.1
PbTe,05" 6.8
Pb,0O,* 10.4
Pb,O* 3.3
PbTeO5* 43.1
PbTeO,* 9.4
PbTeO* 16.9
Te,* 20.2
PbO™ 17.9
Pb* 10.8
TeO," 100
TeO* 66.4
Te* 26.4

The following oxide systems have been also studied by
means of mass spectrometry using simple and double
Knudsen cells (described elsewhere):['¥! PbO-SeQ, (at 900/
390 K), SnO-TeO, (at 1033 K), SnO-SeO, (at 1040/390 K).
GeO,+Ge-TeO; (at 950 K) and GeO,+Ge-SeO, (at 950/
360 K). Ternary oxides have not been observed in the gas
phase in these systems. For the study of the PbO-S0O, sys-
tem, PbSO;(s) was evaporated in the Knudsen cell at 450 K.
In this experiment only individual oxides were detected.

The fragmentation pathways of the ionised species in the
system PbO-TeO; are not simple. As previously mentioned,
PbO and TeO, not only vaporise to form monomers and
oligomers but also dissociate into Pb, (TeO), (x = 1-4) and
Te,. The Pb" ion is formed by the fragmentation and ioni-
sation processes.['’] Muenow et al. attributed the TeO>" ion
to TeO,(g): the TeO™ ion was attributed to both TeO,(g)
and TeO(g), and the Te™ ion to TeO(g).'? Lakshmi

Eur. J Inorg. Chem. 2015, 124-133

Narasimhan et al. reported the partial pressures of the
gaseous components in the vaporisation of TeQ,.l'3191 They
obtained the same order of the partial pressure of TeO-(g)
and TeO(g) [p(TeO)/p(TeO,) = 0.6-0.7] at temperatures of
885 to 940 K. Thus, the gas phase in the PbO-TeO, system,
which contained significant concentrations of TeO,. TeO.
Te,, PbO, Pb and ternary oxides, is complex. In addition to
ternary oxides with Te** and Pb>*, some ternary oxides can
contain Te>". There are six ions in the mass spectrum that
are suspected to be parent ions: PbTeO;". Pb,TeO,".
PbTe 05", Pb,Te,04", PhyTeO5™ and PbTeO,™.

To distinguish between a parent ion and a fragment ion,
we carried out appearance-potential measurements. Unfor-
tunately, appearance potentials were only obtained for two
ions with high intensities, Pb,TeO,* and PbTeO;*, while
the intensities of Pb,Te,Og". PbTe,0Os*, Pb,TeO;" and
PbTeO,* were too small. The appearance potentials were
derived by linear extrapolation of the ionisation efficiency
curves to be the following: AP(PbTeO;") = (8.9+0.5) eV
and AP(Pb-TeO,4) = (8.3 £0.5) eV. These values agree well
with the ionisation energies obtained by quantum chemical
calculations (see section 2.2). Therefore, it can be concluded
that Pb,TeO," and PbTeO3" are parent ions. formed by the
ionisation of Pb,TeOy(g) and PbTeO5(g). The biggest indi-
cator that Pb,Te;O," is also a parent ion is the mass spec-
trum, where ions which heavier than the Pb,Te,O¢" ion
were not observed. Additionally, the formula Pb,Te,Og is
isoelectronic with well-known molecules such as As;Og or
SbyOg. The other ions, PbTe>05", Pb,TeO3" and PbTeO,*.
can be both parent and fragmented ion species. First. we
suppose that PbTe,05", Pb,TeO;™ and PbTeO,* ions are
formed by the ionisation of the hypothetical molecules
PbTe,0s. Pb,TeO5 and PbTeO,. By using quantum chemi-
cal calculations, we can calculate theoretical thermo-
dynamic values to characterise the hypothetical molecules
and compare them with experimental data obtained from
the mass spectra.

There is a dependence of the recorded ion current on the
partial pressure and temperature, which can be approxi-
mated by Equation (1)

pi = cEl; T (1)

in which p; is the partial pressure, T is the equilibrium tem-
perature, £/; is the intensity of the ions formed by ionisation
and fragmentation and ¢ is the proportionality factor.

The proportionality factor ¢ was determined by a cali-
bration experiment and found to be 1.8 X 10'°. The devia-
tion of factor ¢ is in the range [1.8 X 10°19x5; 1.8 X 101
5]. The mass-spectrometric measurement of pure PbO oxide
was used for the calibration. Equation (2) or Equation (3).
which describe the partial pressure of PbO as a function of
temperature, were applied for the calibration.

lg(p [bar]) = —32032/T + 1915 (850-1100 K)1'41 2)
lg(p [Pa]) = 13345/ + 11.89 (900-1150 K)2 3)

By using the ¢ value, the relative intensities £/, and by
applying Equation (1), the partial pressures of the gaseous
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molecules in the PbO-TeO, equilibrium system can be cal-
culated. Table 2 presents the gas molecules, the ions attrib-
uted to them (parent ions and their fragments) and the par-
tial pressures of these molecules. The PbO™ ion was consid-
ered to be a molecular ion because the ratio of intensities
I(PbO*)/I(Pb,O,") in the mass spectra of ternary oxides
was close to this ratio in calibration experiments. Addition-
ally, it was considered that PbTe,Os". Pb,TeO;* and
PbTeO," are the parent ions of the hypothetical molecules
PbTe,0s5. Pb,TeO3 and PbTeO,. If this hypothesis is not
correct, then the obtained partial pressures of the hypo-
thetical molecules must be added to the partial pressures of’
the existing molecules Pb,Te;04, Pb,TeO4 and PbTeOs;.
The TeO" ion corresponded to both TeO>" and TeO" ions.
The ratio p(TeO)/p(TeO,) was taken to be equal to 0.7, as
in the study by Lakshmi Narasimhan et al.l"]

Table 2. Molecules and their ions in the gas phase of a PbO-TeO,
mixture.

Molecule  Attributed ions  Partial pressure, p [bar] (1063 K)
PbO PbO* 2410
TeO, TeO,*, TeO™* 1.5x10°3
TeO TeO*, Te* 1.1x107°
Te, Te,* 2.7x10°
Pb,Te,0s  PbyTerO6" 3.8x107
PbTe,0501  PbTe,O5* 7.3%x107
Pb,TeO, Pb,TeO,* 4.7x10°¢
PbTeO; PbTeO5* 5.8x10°°
PbTeO,l*  PbTeO,* 1.3x10°¢
Pb,TeOsEl  Pb,TeO5* 29x107
Pb,0O, Pb,0O,*, Pb,0O* 1.810°¢

[a] Hypothetical molecule.

We neglected the intensity of the PbTeO" ion since that
ion can be a fragment of several ternary oxides. We suppose
that PbTeO™ is formed mostly by splitting of Pb,TeO,4" and
PbTeO;" molecules because these molecular ions have high
intensities. We will take into account the neglect of the
PbTeO™ ion by error estimation.

By using the partial pressures from Table 2, the equilib-
rium constants of the formation of the ternary oxides could
be calculated and are given later.

2.2 Density Functional Theory Computation

2.2.1. Lead, Tellurium and Ternary Lead Tellurium Oxides

The def2-TZVP/RI-BP86 method is very suitable for cal-
culations of ternary oxide systems and gives a good corre-
lation between the experimental and theoretical values. We
have previously used this method for calculations of
molybdenum, tungsten. tellurium, arsenic. antimony and
lead oxides, as well as some ternary oxides formed from
them.?*> 24 The following lead and tellurium oxides and
their ternary oxides (including hypothetical molecules) were
calculated with full optimisation of their geometries: PbO,
Pb,0O,, Pbs0O;, Pb0O4, TeO. TeO,, Te,O4 PbTeOs,
Pb,TeO,. PbTe,0s, Pb,Te 04 PbTeO, and Pb,TeO;. The
TeO molecule has a minimum in its potential-energy surface

Eur. J. Inorg. Chem. 2015, 124-133
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in the triplet state, as does the related molecule O,. The
total energies, thermal energies and point groups of the cal-
culated molecules are presented in Tables 3 and 4.

Table 3. Symmetries, total energies and thermal energies of the lead
and tellurium oxides (def2-TZVP/RI-BP86).

Point B ESE"
Molecule group Structure [a.u.] [kJ mol™]
PbO Cooy ot —268.29556 10.80
TeO, Coy v —418.646847  20.54
TeO Con o——@ —343.394307  13.58
PbO, Dy @ —536.690429  26.42
TeaO4 C; == —837.371218  48.78
Pb;O; Dy ‘::}. ~805.068232  43.48
PbsO4 Coy @ —1073.496828  59.72

For PbTeO;, Pb,TeO4 and Pb,Te;Of, two structural
isomers were found. The difference in the total energies of
the two isomers for all the ternary oxides is not large:
E o [PbTeO5(C5,)] — Eo[PbTeO5(Cy)] = -20.9 kImol!,
Eioi[PbsTeO4( )] — Eior[PbaTeO4(C)] = —8.2 kJmol ! and
E,oi[Pb,Tes04(C5,)] — Eol[PbTe;04(C))] = —8.4 kImol .
The Gibbs free-energy values of the isomer transitions at
our experimental temperature (A;Gge3) for the reactions
PbTeO5(C,) = PbTeO5(Cy). Pb;TeO4(C)) = PbyTeOy(Cy)
and Pb;Te>O4(C;) = Pb,yTe O4(C5,) are equal to 0.9, 4.6
and 14.5 kJmol™', respectively.

According to the values of A;Gx the theoretical ratio
of the partial pressures of the isomers can be calculated
at 1063 K:  p[PbTeOs(C5,))/p[PbTeO5(C))] = 109,
P[Pb, TeO4(C))/p[Pb,TeO4(Cy)] = 5:3 and p[Pb,Te,O4(Ci))/
P[Pb,Te;04(C5,)] = 5:1. These ratios were used in the experi-
mental determination of the enthalpies of formation of
PbTeO_v,. szTCO;; and Pb?_Te?_OG.

We have conducted the population analysis based on
occupation numbers (PABOONs)P! at the DFT level.
Shared electron numbers (SEN) for pairs of atoms that
characterise electron population between atoms and related
to the bond energies were obtained. The SEN also deter-
mined the bond order and can be compared to analyse
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Table 4. Symmetries, total energies and thermal energies of the ter-
nary oxides (def2-TZVP/RI-BP86).

Point Ew Efsm
Molecule group Structure [a.u.] [kJ m:)l"l]
PbTeOs  Cs, ‘ ’ ) —687. 050513 37.72
G
PbTeOs  Ci —687.042570  37.82
PbTe0s € QI}/J —1105.781409  65.90
Pb,TeOy € —055.448539  54.80
PbyTeOy (4 = = —055.445417  54.86
PbyTes0s  Coy —1374.185073  82.82
PbTex0s G —1374.181886  83.13
PbTeO,  Ca —611.773248 2721
Pb,TeOs 41.36

',:::) 880.148555

bond strengths. Figure | presents SEN values for the
ternary oxides including hypothetical PbTeO, and Pb,TeOs.
The formation of bonds during a reaction can be crucial in
understanding the oxide formation. Figure 2 presents
charge distribution in the molecules. As we can see, atomic
charges of Pb atoms are lower than atomic charges of Te
atoms. Therefore it can be concluded that the Te-O bond
is more ionic than the Pb—O bond.

The known literature experimental data and calculated
vibration spectra of the gaseous tellurium and lead oxides
TeO,. PbO, Pb,0O, and Pb,0, were compared to determine
the scaling factor and are presented in Table 5. The experi-
mental frequencies and our calculated frequencies for these
gaseous molecules are in good agreement. The calculated
frequencies of PbO exceed the experimental values, and the
experimental frequencies of TeO,. Pb->O> and Pb,;0,4 exceed
the calculated values insignificantly (1-3%). Therefore, the
vibrational wavenumbers were not calibrated (scaling fac-

Eur. J. Inorg. Chem. 2015, 124133
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Figure 1. Shared electron numbers. Analysis based on occupation
numbers (RI-BP86/def2-TZVP).

tor: 1). Experimental and unscaled calculated entropies of
the tellurium and lead oxides are in good agreement
(Table 6). Therefore. we have not scaled the calculated
thermodynamic data of the ternary oxides as well.
Thermodynamic values for all the compounds were ob-

tained with help of the FREEH module in a range from
standard temperature to the temperature of the mass-spec-
trometric experiment (298—1060 K). The entropy $% can be
approximated as a function of temperature as in Equa-
tion (4).

T 3
S% = S%s + I‘ﬁTﬂ

298 T

4

in which gz =a+ b X 103 X T+ ¢ X 10° X T2

The coefficients a, b and ¢ were calculated mathemati-
cally by fitting ten points of S% and using Equation (4). The
calculated entropies and coefficients of the ¢) ¢ function
were compared with the experimental literature values to
demonstrate the adequacy of the chosen calculation method
(def2-TZVP/RI-BP86) (Table 6). The agreement between
the experiment and quantum chemical calculations is quite
good. Applying the calculated ¢ r function gave quantum
chemical values of S% that are close to the experimental
values of S%. Therefore, calculated coefficients ¢, b and ¢
tfor the ternary oxides are also acceptable and can be used.
Calculated entropies and coefficients «, b and ¢ for ternary
oxides are presented in Table 7.
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Figure 2. Atomic charges and dipole moments of the molecules
(RI-BP86/def2-TZVP).

Table 5. Observed and calculated vibrational frequencies for
gaseous AssOg, SbsOs, PbyOy4, PbO, and PbO (scaling factor: 1).

Vibrational frequencies [em™]

TeO, exp.?l 279 833 -
caled. 276.4 833.8 -
Pb,0, exp27 ~ 290 464
caled. 113.3 3533 451.8
Pb,O, exp.?] - 463 558
caled. 86.6 435.2 542.7
PbO exp.?7] 714 - -
caled. 724.0 = =

The total energies of the cations TeO»", PbO™*, PbTeO5",
PbTe,05". Pb,TeO,". Pb,Te,04". PbTeO," and Pb,TeO;*
were computed in the doublet spin state using the geometry
of the neutral molecule to determine the vertical ionisation
energies (IEs) of the corresponding molecules (Table SI in
the Supporting Information). Hypothetical molecules were
also considered. The first IE was determined as the differ-
ence between the total energy of the cation in the doublet
state and the energy of the neutral molecule. The experi-
mental appearance energies (AEs) of PbTeO; and Pb,TeO,
were compared with the computed theoretical IEs (Table 8).

Eur. J. Inorg. Chem. 2015, 124-133

Table 6. Experimental™®® and calculated thermodynamic character-
istics of gaseous lead and tellurium oxides (def2-TZVP/RI-BP86).

Molecule S%s Ar=a+ b103T + 10572
[Jmol ' K] (exp/IQC)
(exp./IQC) a b G
PbO 240.0//240.2 36.2//35.7 1.1/1.5  -04//-04
TeO, 2715.00273.7 54.8//53.2 241142  -1.2//-0.9
Te,0O4 376.7//378.7 131.8//124.5 0.7//7.4 -1.7//-2.1
TeO 240.7//233 .4 35.3//35.3 1.3/71.8  -0.4//-04

Table 7. Calculated thermodynamic characteristics of gaseous lead
and tellurium oxides (def2-TZVP/RI-BP86).

Molecule S%s Ar=a+b103T + 10572
[Jmol 'K a b c
PbTeO4(Csy) 340.1 10331 410  —1.63
PbTeO4(C,) 360.7 103.04 429  —1.60
PbTe,05 462.5 174.05 7.48 -2.70
Pb,TeO, (C,) 434.7 15244 472 -2.17
Pb,TeO, (C)) 446 8 15194 516 2.1
Pb,Te,0% (Cay) 521.7 2298 835 318
Pb,Te,06 (Cy) 543.8 223.03 832 329
PbTeO, 327.9 80.62 2.19 -1.07
Pb,TeO5 422.6 120.65 3.54 —1.36

These values are in good agreement, thereby confirming
that the PbTeOs™ and Pb,TeO," ions were formed by the
ionisation of the ternary oxides rather than a fragmentation
process.

Table 8. Calculated vertical first ionisation potentials (IP) (def2-
TZVP/RI-BP86) and experimental appearance energy (AE).

Molecule IE [eV] AE [eV]
QC exp.
PbO 9.65 9.2 +0.214
9.0 0,531
TeO, 10.81 11.0 £0.502
TeO 9.54 9.5 £0.512
PbTeO5(C5,) 9.56 8.9+ 0.5
PbTeO5(C) 9.07
PbTe,05 9.02 -
Pb,TeO, (Cy) 8.63 8.3 0.5
Pb,TeOy4 (Cy) 8.57
Pb2T6206 (Cz,-) 8.41 —
Pb,Te O (C)) 8.0l =
PbTeO, ((5,) 6.97 —
Pb,TeO; (C)) 6.36 =

[a] This work.

Table 9 presents the formation reactions of the ternary
lead tellurium oxides and the calculated enthalpies,
entropies and equilibrium constants at standard and experi-
mental temperatures for these reactions.

The calculated standard enthalpies of formation. AH%g.
of the ternary oxides can be obtained using the reaction
enthalpies A H%y of processes 1-6 from Table 9 and the
experimental values of A:H3g(PbO) = 70.3. A;H35(TeO5)
=—61.3 and AH%g(TeO) = 74.5.12

AcHs[PbTeO5(C5,).QC] = ~270.9 kI mol-!
AcHSog[PbTeO5(C,).QC] = ~249.9 kI mol-!
AcHSs[PbTe,05(C,).QC] = ~547.7 kI mol !
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Table 9. Calculated standard enthalpies and entropies of the gaseous reaction and equilibrium constants for the equilibrium processes of

lead tellurium oxides (def2-TZVP/RI-BP86).

Reaction A HY [kImol'] ASY [Tmol' K1 InK, 7
208//1063 K 298//1063 K 208//1063 K
1.1 PbO + TeO, = PbTeO5((5,) -279.9//-261.8 —173.9//-154.9 92.0//11.0
1.2 PbO + TeO, = PbTeO4(C)) -258.9//-240.9 —153.2//-138.3 86.1//10.6
2 PbO + 2TeO, = PbTe,05 —495.4/1-456.0 —325.1//-289.4 160.9//16.8
3.1 2PbO + TeO, = Ph,Te0,(C,) 545.1//-508.7 319.5//-288.9 181.6//22.8
3.2 2PbO + TeO, = Pb,TeO4(C)) —536.8//-500.5 -307.3//-276.8 179.7//23.3
4.1 2PbO + 2TeO, = Pb,Te,04(Cs,) _775.6//~717.8 —506.2//-454.8 252.2//26.5
4.2 2PbO + 2TeO, = Pb,Te,04(C)) ~766.9//-709.3 —484.1//-433.2 251.3//28.2
5 PbO + TeO = PbTeO,((5,) -216.1//-201.2 —142.4//-138.4 70.1//6.1
6 2PbO + TeO = Pb,TeO5(C)) —424.5//-397.5 —287.9//-278.2 136.7//11.5

AcH%s[PbyTeO4(C,).QC] = ~465.8 kImol !
AcH%s[Pb,TeO,4(C,).QC] = ~457.6 kI mol !
AcH%5[PbyTe>x04( C5,).QC] = ~757.6 kI mol !
AcHs[Pb,Te,04(C).QC] = ~748.9 kI mol !
AH%5(PbTe0,.QC) = ~71.2 kI mol !
AcH%s(Pb,Te05.QC) = -209.4 kJ mol-!

2.2.2. Other Ternary Oxides of Group 14-16 Elements

Other ternary oxides ABO; (in which A = Ge, Sn, Pb: B
= 8§, Se, Te) of group 14-16 elements that were not detected
in the gas phase by means of mass-spectrometric experi-
ments were also quantum chemically studied. The total
energies, thermal energies and entropies of these molecules
are presented in Table S2 of the Supporting Information.
ABOj; oxides can exist in two isomeric forms: in C and Cs,
symmetries similar to PbTeOj; (see Table 4). The difference
in total energies AFE,, of these isomeric forms does not
exceed 21 kJmol ! for PbSO;. PbSeO;. PbTeO;. SnSOs.
SnSeO; and SnTeO;. and their C;, isomers (except of
SnSO;) have lower energies. For GeSO;. GeSeO; and
GeTeO5 the differences in AE,,; are higher and C; configu-
ration is more favourable.

The formation of ABO; ternary oxides (isoelectronic to
X505) is presented in Table 10 for the sake of comparison.
For most of oxides (except of PbTeO;). formation of the
C, isomer is more favourable at 298-1000 K. According to
thermodynamic values presented in Table 10, we have con-
cluded that the formation of lead tellurium ternary oxides
is more favourable than formation of other ternary oxides
of group 14-16 elements. because the values of In K}, 1009 for
the PbTeO; formation reaction are bigger than for the for-
mation reactions of other ABO; oxides. The stability of the

gaseous ternary oxides increases in the series: Pb > Sn >
Ge and Te > Se > S. Although the theoretically calculated
equilibrium constant K, jpo0 of the formation reaction of
SnTeOs(C,) is quite high (Table 10), SnTeO; was not de-
tected at 1033 K. The reason for that is low pressure of
monoxide SnO. Let us consider the following reaction:

PbO + SnTeO4(C.) = PbTeOs(Cs,) + SnO.
The equilibrium constant K, jpop of this reaction can be
calculated by using reactions from Table 10 and it is equal

p(Sn0O) p(PbTeOs3) _
p[SnTeO4(C,)] " p(PbO)

By using the preceding equation and partial pressures
p(PbTeO3) and p(PbO) measured at 1063 K. we concluded
that partial pressures p(SnTeO;) and p(SnO) are values on
the same order. SnO was not detected in our experiment at
1033 K. It is probable that the partial pressure of SnTeO;
is also too low to detect that ternary oxide. The K, 1900 for
other reactions from Table 10 is even lower, therefore ter-
nary oxides could not be detected at temperatures about
1000 K.

2.2.3. X,04 and X,0; Molecules (X = P, As, Sh, Bi)

In this section. we consider oxides that are related to lead
tellurium ternary oxides. X,0, and X,0; are isoelectronic
(in which X = P. As, Sb, Bi) with Pb,Te,O4 and PbTeOs,
respectively. We compare the behaviour of these groups of
compounds in the gas phase. Table 11 presents the calcu-
lated structures and energetic and thermodynamic charac-
teristics of X400, and X-50;3. By using these data, the en-
thalpies, entropies and equilibrium constants of the two re-
actions, 1/2X40(,(Td) = XgOg(Dgh) and X4O()(TL]) =
X406(D5y). were calculated. The thermodynamic character-

to 3, that is,

Table 10. Comparison of the formation reactions of gaseous ternary oxides of group 14-16 elements (def2-TZVP/RI-BP&6).

Reaction A HS%s [kImol 1] AS%ys [Tmol 'K 1] In K, 205//In K, 1000
PbO + SO, = PbSO4(C)) -139.5 -155.9 37.6//-2.3
PbO + SeO; = PbSeO5(Cs,) -217.0 -172.7 66.8//5.0
PbO + TeO, = PbTeO5(C5,) -279.9 -158.8 92.0//12.5
SnO + SO, = SnSO5(Cy) -129.4 -156.5 33.4//-3.6
SnO + SeO, = SnSeO5(C)) -192.5 -155.2 59.0//14.3
SnO + TeO, = SnTeO5(Cy) -252.4 -154.9 83.3//11.4
GeO + SO, = GeSO4(Cy) —81.3 -157.3 13.9/1-9.5
GeO + SeO, = GeSeO4(Cy) -147.6 -1.3 40.8//0.3
GeO + TeO, = GeTeO5(C)) -207.9 -156.0 65.1/15.9
Eur. J. Inorg. Chem. 2015, 124-133 129 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Weinheim
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istics of these reactions were compared with those of analo-
gous reactions with PbTeO5(C5,). PbTeO5(Cy), Pb,Te,04-
(C5,) and Pb,Te,O4(C;) (Tables 12 and 13).

Table 11. Point groups, total energies. structures, thermal energies
and entropies of X,05 and X404 oxides, in which X = P, As, Sb,
Bi (def2-TZVP/RI-BP86).

Point Eror B 0 5308
Molecule group Structure [au] [k mol™] [Jmol™ K]

P203 Day —908.660019 44.03 281.3
As:03 Dan é —4698.159549  39.81 303.2
Sby0O3 Dy —706.653441 38.08 318.9
Bi;03 Dsp C —055.463908 36.81 336.3
P4Os Ty —-1817.490177  98.37 356.6
As405 Tq S -9396.461653  87.58 416.5
SbsOg Tq l‘ T —-1413.450842  84.18 461.8
BiyOs Ty A -1311.057395  81.28 506.0
P40¢ Doy, —1817.452905  98.13 386.5
As405 Doy —9396.425238  87.75 446.0
SbyOg Do —1413.408816  84.14 492.8
BiyOs Do, —-1311.015205  81.26 5355

According to the calculated thermodynamic data pre-
sented in Table 12. it is clear that the dimerisation of X,503
is much more favourable than the dimerisation of PbTeO;
at standard and high temperatures. Therefore, the presence
of PbTeO; and very small concentrations of X,0; in the
gas phase at high temperatures can be expected. as was con-
firmed experimentally.

The thermodynamics of the isomerisation processes of
isoelectronic X404 and Pb,Te,Of are also different. The
structure of X,0q is tetrahedral (7)) at standard and high
temperatures. The structure of Pb,Te,O4(C5,), which is
analogous to the structure of X,O4(7}). is not the most
stable. Pb,Te,0¢(C)) also exists in the gas phase, and it is
more stable than Pb,Te,04((5,) at temperatures above
1000 K.

2.3. Experimental Determination of the Standard
Enthalpies of Formation AqH%

The equilibrium constant K}, y is related to the reaction
enthalpy, reaction entropy and temperature by the
van 't Hoft equation. The experimental natural logarithms
of the equilibrium constant and enthalpies A _HY for pro-
cesses 1-6 were calculated using Equation (5). The values
of the reaction entropies A SHQC) are taken from the
quantum chemical calculations (Table 9). The enthalpy of
reactions A HY,s; were obtained using Equation (6) and
were converted to A, H%g using the calculated (‘g,r functions
for the components of the reactions taken from Tables 6
and 7. The standard reaction enthalpies A H%g as well as
the reaction enthalpy A, H7ye; and the natural logarithm of
the equilibrium constant InK, jgs3 are presented in
Table 14.

A HHexp.) = —RTInK, H{exp.) + TASHQC) (5)
T

ArH(")V" = ATH[%' + f(grdT (6)
e

The experimental standard enthalpies of formation
AcH%;g of the ternary oxides were obtained by using the
reaction enthalpies A.H%g from Table 14 and the experi-
mental values ArH%s(PbO) = 70.3, AtH%s(TeO,) = —61.3
and Anggg(TEO) = 74.5.128]

We now discuss the possibility of the hypothetical mo-
lecules existing in the gas phase. First, we consider reactions
2 and 4 of Table 14, in which the hypothetical molecules
PbTe,05 and Pb,Te,0, participate. The calculated and ex-
perimental enthalpies and equilibrium constant of reactions
2 and 4 are in very good agreement (Tables 9 and 14). The
experimental and calculated enthalpies of formation of
Pb,Te,Oy and PbTe,O5 are also in good agreement
(Table 15). If PbTe,O5 does not exist. then PbTe,Os" is a
fragment ion of Pb,Te,Oq, and the partial pressure
p(PbTe>0s) has to be added to the partial pressure
p(PbyTe;04). In that case, the agreement between the exper-
imental and calculated values of A,H%g. A,H%: and

Table 12. Comparison of the dimerisation of isoelectronic molecules (def2-TZVP/RI-BP8o6).

Asggg [J TnOli] Kil] In Kl,_zgg”ll’l Kp.]D[][]

Reaction AcHS%s [kImol™!)
P,04(Dy;) = 1/2P,04(T,) 2194
As,04(Dyy) = 12A5,04(T,) 1845
SbyOx(Day) = 1/25b,04(T.) ~186.2
Bi,O5(Dyy) = 1/2Bi,04(T,) _167.5
PbTeO4(Cs,) = 1/2Pb,Tes0g(Cay) 107.9

-103.0 76.2//14.3
-94.9 63.1//11.3
—88.0 64.6//12.3
—83.3 57.2/110.6
—79.3 34.0//3.0

Table 13. Comparison of the isomerisation reactions (def2-TZVP/RI-BP86).

A.Sggg [J mol ! Kil] In K[)_zggﬁln Kp.'lOUD

Reaction AH 895 [kImol ]
Pb,Te,0(C;) = Pb,Te,04(Car) 8.7
P4O6(D2y) = P4Og(T) -97.6
AS406(D2p) = As4O6(T) -95.8
$b,04(Day) = SbyO&(T) 1103
Bi,0¢(Dyy) = BiyOy(T,) 1108

-22.1 0.8//-1.6
-30.0 35.8/18.1
-29.6 35.1/18.0
-31.0 40.8//9.5
-29.5 41.2//10.6
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Table 14. Experimental equilibrium constants and enthalpies of gaseous reaction.

Reaction InK, 1063 ALH 9563 [KImol '] A H3%s [kImol ]
11 PbO + TeO, = PbTeOx(Cs,) 11.4 2697 2780
12 PbO + TeO, = PbTeOx(C,) 115 248 8 ~258.0
2 PbO + 2TeO, = PbTe, Qs 21.0 —493.0 -514.8
31)  2PbO + TeO, = Pb,TeO,(C,) 23.7 517.0 535.6
30 2PbO + TeO, = PbyTeO,(C)) 24.3 ~508.7 5274
&1)  2PbO + 2TeO, = PbyTe,0g(Cay) 31.4 7612 7925
41I) 2PbO + 2TeO, = Pb,Te,06(Cl) 33.1 _752.8 _783.8
5 PbO + TeO = PbTeO,k! 10.8 -242.5 -248.5
6 2PbO + TeO = Pb,TeO; 22.3 -492.4 -502.7

[a] Hypothetical molecule.

In K}, 1063 of processes 4.1 and 4.2 becomes worse. Therefore,
we take this as evidence that PbTe,Os5 is present in the vap-
our.

Table 15. Comparison of the calculated and experimental standard
enthalpies of formation of ternary lead tellurium oxides.

Compound AcHog AHZ(QC)  AcHg(exp) — AH905(QC)
[kJ mol] [kJ mol] [kJ mol]

PbTeOy(Cy) 2699+ 185 2709 1.0
PbTeOs(C) 2489+ 18.5 -2499 1.0

PbTe,Os5 -567.1+34.3 -547.7 -19.4
PbyTeO4(C,) - 4563+342 4658 95
PhTeO,(C,)  —4M8.1+342 4576 9.5
PbyTe,OCoy)  —T708£506  —757.6 169
PhTerOC) 7621506 7489 _16.9

The experimental thermodynamic values for reactions 5
and 6 of Table 14, in which the hypothetical PbTeO, and
Pb,TeO; are found, do not agree with each other. The
experimental value of In K}, 1963 noticeably exceeds the theo-
retical value, that is, the partial pressures of hypothetical
PbTeO, and Pb,TeO; are too high in the experiment. This
deviation leads to a large discrepancy between the experi-
mental and theoretical enthalpies of formation of hypo-
thetical PbTeO, and Pb,TeOs, that is, the theoretical values
exceed the experimental ones (32 and 78 kJmol !, respec-
tively). Thus. the partial pressure of PbTeO, and Pb,TeO;
must be low. Therefore, we assume that PbTeO,™ and
Pb,TeO;™ are fragments, and the partial pressures of
PbTeO, and Pb,TeO; from Table 2 must be added to the
partial pressures of PbTeO; and Pb,TeO,. respectively.

The case in which PbTeO,™ and Pb,TeO;* ions are
formed both by the ionisation and fragmentation is also
possible. Then the partial pressures of PbTeO, and Pb,TeO;
molecules have to be approximately 10-¥ and approximately
10~ bar, respectively. according to the estimation made
with the help of theoretical values of In K}, ;- of reactions 5
and 6 (Table9). Therefore we neglect the existence of
PbTeO, and Pb,TeO; molecules in the present system.

Under these assumptions, the experimental thermo-
dynamic values were calculated for reactions 1.1, 1.2, 3.1
and 3.2 in Table 9. and the results agreed well with the theo-
retical values. The experimental and calculated enthalpies
of formation of PbTeO; and Pb,TeO, are also in good
agreement (Table 15).

The differences between the calculated and experimental
enthalpies of formation are not very large. The greatest dif-
ference of ApH%g(exp) — ApH%95(QC) does not exceed
20 kJmol™". The deviations of the experimental values are
discussed below.

2.4. Error Estimation by the Experimental Determination
of the Standard Enthalpies of Formation

Here we will estimate the error presented in the determi-
nation of the standard enthalpies of formation. The error
in determining the enthalpy of reaction A,.H% includes both
the error in the equilibrium constant and the inaccuracy of
the calculated entropy of the reaction according to Equa-
tion (5). The value of factor ¢, which is in the range
[1.8> 10 19 5; 1.8 X 10 '%5]. and the error of the sum of

Table 16. Errors in the determination of the equilibrium constants, the enthalpies and entropies of gaseous reaction E(In K, 7). E(A.S%)

and E(A.HY).

P

Reaction E(n K, 7) E(ASY) E(AHY)
from factor ¢ from XI, [Jmol 1K1 [kImol 1]

1.1 PbO + TeO, = PbTeO+(Cs,) 1.6 +0.3 +1.1 +18.5
12 PbO + TeO, = PbTeO(C.) 1.6 +0.3 +1.1 +18.5
2 PbO + 2TeO> = PbTe,05 +3.2 +0.4 +24 +34.3
3.1 2PbO + TeOs = PbyTeOy4(Cy) +3.2 +0.4 +2.2 +34.2
3.1 2PbO + TeO, = Pb,TeOy4(Cy) +3.2 +0.4 +2.2 +34.2
41 2PbO + 2TeO, = Pb,Te,0f( Cay) +4.38 +0.5 +35 +30.6
42 2PbO + 2TeO, = Pb,Te,0(C)) +43 0.5 +35 +30.6
5 PbO + TeO = PbTeOQ, *1.6 +0.2 *1.0 +16.9
6 2PbO + TeO = Pb,TeO5 +3.2 +0.3 +2.0 +33.1
[a] Hypothetical molecule.
Eur. J. Inorg. Chem. 2015, 124133 131 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the ions X/; [Equation (1)]. which is estimated to be 10%,
lead to the deviation of In K, ;- (Table 16). The entropies of
reactions, A.S%. are quantum chemical values. Since we did
not scale thermodynamic values in quantum chemical cal-
culations. we estimated the deviation of enthalpy of reac-
tions A,.S% by using scaling factors of 1 0.03. According
to that, the deviations in the entropies of reactions E(A.S9)
are not very large (Table 16). The errors in the equilibrium
constants, the enthalpy of reactions and the entropy of re-
actions are presented in Table 15. The errors in the standard
enthalpies of formation Apff%g have corresponding devia-
tions and are given in Table 15.

As mentioned above, we neglected the intensity of the
PbTeO" ion and suppose that this ion is formed by the frag-
mentation of different ternary oxides. The obtained experi-
mental enthalpies of formation change insignificantly if
PbTeO* corresponds to one ternary oxide entirely: in 2.5,
12.6. 3.4 and 8.5kJmol!. respectively. for PbTeOs,
PbTe,05, Pb,TeO4 and Pb,Te,O4. Actually. the error is
even smaller if we distribute PbTeO™ between ternary ox-
ides and keep in mind that molecular ions PbTeO;* and
Pb,TeO," have high intensities.

4. Conclusion

Ternary oxides of group 14-16 elements were investi-
gated. The gaseous ternary oxides were detected only in the
PbO-TeO, system. which corresponds to our conclusions
about the stability of ternary oxides ABO; (in which A =
Ge, Sn, Pb; B = S, Se, Te) made with the help of quantum
chemical calculations. The stability of gaseous ternary oxide
increases in the series: Pb > Sn > Ge and Te > Se > S. The
existence of four hitherto unknown ternary lead tellurium
oxides — PbTeO;, PbTe,Os, Pb,TeO, and Pb,Te,Of — in the
gas phase was proven by means of a mass-spectrometric
Knudsen-cell method and confirmed by quantum chemical
calculations. Each of the three compounds — PbTeO;,
Pb,TeO,4 and Pb,Te,04 — exist in two isomeric configura-
tions. The tellurium and lead atoms in all the ternary oxides
have oxidation states of 4+ and 2+, respectively. All the
ternary oxides have three-coordinate Te**. just as in all
oligomers of tellurium oxide. The Pb>* is two-coordinate
(like in Pb,O, and Pb30O;3) or three-coordinate (like in
Pb,O,).

According to population analysis we concluded that Te—
O bonds are more ionic than Pb-O bonds in ternary lead
tellurium oxides.

The thermodynamics of the dimerisation of isoelectronic
PbTeO; and X,0; and the isomerisation of isoelectronic
Pb,Te,04 and X,0, were studied with the help of quantum
chemical calculations. Although the structures of the iso-
electronic molecules are similar, their behaviour in the gas
phase is different. Pb,Te,Og has two stable isomers with 3,
and C; symmetries, and X,;0, compounds have only one
stable 1somer with 7,; symmetry. Both Pb,;Te,O4 and
PbTeO; exist in the gas phase and can be detected. Accord-
ing to the quantum chemical calculations, the dimerisation

Eur. J. Inorg. Chem. 2015, 124-133
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of X503 is very favourable, unlike the dimerisation of
PbTeO;. PbTeO; is a dominant ternary oxide in the gas
phase unlike X505, which could be detected in small con-
centrations only by evaporation of bismuth oxide.l]

The gas phase of the system contains a significant con-
centration of binary oxides TeO,, TeO, PbO and elemental
gaseous Pb and Te,. Therefore, the possibility of the forma-
tion of gaseous ternary oxides with Te’™ was considered.
The presence of the ionic species Pb,TeO3* and PbTeO,"
in the mass spectra indicated that possibility. By analysing
the results of the mass-spectrometric experiment and by
using quantum chemical calculations, we have concluded
that Pb,TeO;" and PbTeO,* are fragment ions and that
there are no gaseous ternary oxides that contain Te>*.

The enthalpies of formation of the ternary oxides
PbTeO;, PbTe,0s. Pb,TeO,4 and Pb,Te Oy in the gas phase
were determined by using a mass-spectrometric Knudsen-
cell method and were compared with the quantum chemical
calculations. The experimental and calculated standard
enthalpies of formation are in very good agreement.

Experimental Section

Sample Preparation: Yellow lead monoxide (grade puriss. p.a.). tin
monoxide (grade purum), metallic germanium, germanium dioxide
(grade puriss. p.a.). selenium dioxide (grade puriss. p.a.) and
tellurium dioxide (grade purum) were used in the present study.
PbSO; was obtained by means of a double replacement reaction
by using Na,SO; (grade puris. p.a.) and Pb(NO;), (grade puriss.
p.a.).

Mass Spectrometry: Mass spectrometric measurements were car-
ried out with a modified Finnigan-type 212 mass spectrometer. The
vapours that effused from the Knudsen cells were ionised with
70 eV electrons and accelerated to 3000 V. Ion currents were de-
tected by means of an electron multiplier at 1.6-2.0 kV. A quartz
glass simple and double Knudsen cells with an effusion orifice
I mm in diameter was employed in the investigation of these sys-
tems. The temperature was measured with a Pt/Rh-Pt thermocou-
ple. The appearance energies (AEs) of the ions of the ternary oxides
were obtained by varying the electron energy to determine the onset
of the ions.

Quantum Chemical Calculations: Quantum chemical calculations
were performed by using the TURBOMOLE program package.[*”]
All of the structures of the molecules were fully optimised by using
density functional theory (DFT) with the BP86 functional and the
def2-TZVP triple-split valence basis set with a polarisation func-
tion and small-core effective core potential (ECP) functions. RI
treatment. which was also applied. allowed us to speed up compu-
tation by a factor of at least 10 without sacrificing accuracy. The
total electronic energy FE,, was calculated according to theoretical
methods and basis sets. Computations of the harmonic vibrational
frequencies were performed analytically using the TURBOMOLE
module aoforce. Thermodynamic values for all the compounds
were obtained with help of module FREEH in a range from stan-
dard temperature to the temperature of the mass-spectrometric ex-
periments (298—1060 K). Thermal energies include thermal correc-
tions and were calculated within the standard harmonic-oscillator
approximation for each molecule in the gas phase. The vibrational
frequencies were used unscaled.
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Supporting Information (see footnote on the first page of this arti-
cle): Quantum chemical calculations: total energies of the molecu-
lar ions in the geometries of the neutral molecule; symmetries,. total
energies. thermal energies and entropies of the ternary oxides of
group 14-16 elements.
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3.6 Formation and stability of antimony tellurium ternary oxides Sb,TeOs and Sb,Te,O-

in the gas phase. Quantum chemical and mass spectrometric studies.

szTCOs szTezo7

3.6.1 Summary
The present section concerns the gaseous ternary antimony tellurium oxides. The detailed
information about composition of the gas phase of individual antimony and tellurium oxides
was reported before. The gas phase over the mixture of solid oxides Sb,O; and TeO, contains
high concentrations of TeO, and Sb4Os similar like the gas phase of individual antimony and
tellurium oxides. Additionally two ternary oxides (Sb,TeOs and Sb,Te,O;) in small
concentration were detected. It is known one relative compound of Sb,TeOs oxide. The
gaseous PbTe,Os, which was studied previously is isoelectronic with Sb,TeOs and has very

similar structure.

3.6.2 Mass spectrometric study.
The formation of the ternary antimony tellurium oxides was observed in the gas phase with a
help of mass spectrometry. The mixture of two solid oxides Sb,Os and TeO, (1:1) was heated
in a Knudsen cell by the temperature of 933 K. The gaseous products of interaction of the
oxides were analysed after leaving the Knudsen cell. The relative intensities of ion species in
system Sb,O;-TeO, are given in Table 3.1. Unfortunately the appearance potentials could not
be obtained for ternary oxides, since the intensities of Sb,TeOs" and Sb,Te.O," were too small.
It is concluded that Sb,Te,O" is the parent ion because there were no heavier ions in the mass
spectra from which they could have been spitted. Presumably the Sb,TeOs" is parent ion too.
The obtained experimental enthalpies of formation based on this conclusion will be compared

with quantum chemical calculated enthalpies of formation.
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Table 3.1. Intensities of the ion species in the mixture Sb,O; — TeO, (1:1 mol), 70 eV, 933 K.

Ion Relative intensity
szTezOf 1.3
SbsOs" 35.9
szTeOS+ 3.5
Sb;0," 8.2
T6204Jr 7.5
Tezoz+ 4.1
Te," 32.2
TeO," 100
TeO" 61.3
Te" 16.0

The partial pressures of the gaseous compounds were calculated using approximated eq. 3.1,
which was also used for the investigation of other oxide systems (see above).

pi=cXhT G.1)
The proportionality factor ¢ was determined by a calibration experiment and was found to be
2.4-10" bar-K"'. The mass spectrometric measurement of pure antimony oxide was used for
the calibration. The procedure of calibration was described before.

Table 3.2 presents the parent ions, their fragments, which contributed to the gaseous
molecules, and the partial pressures of these molecules. The TeO" ions are both parent and
fragmented ions according to previous studies [73]. The ratio p(TeO)/p(Te0O,) is close to 0.7
in wide temperature range as was reported by Lakshmi Narasimhan et. al. [74]. Therefore the
contribution of TeO™ was distributed between partial pressures of TeO and TeO, according to
mentioned ratio. Using the partial pressures, we determined the equilibrium constants of the

formation of the antimony tellurium ternary oxides, which will be given later (Table 3.6).

Table 3.2. Molecules and their ions in the gas phase of the Sb,O;- TeO, system.

Molecule Attributed ions Partial pressure, p (bar)
(933 K)
Sb406 Sb406+, Sb304+ 1.0-10°
TeO, TeO,", TeO" 2.5:10°
TeO TeO", Te* 1.6-10°
Sb,TeOs szTCOsJr 8.1-107
szTCzO7 szTezO7+ 2.9-107
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3.6.3 Density functional theory computations.
Method def2-TZVP/RI-BP86 which is used for the theoretical investigation of other oxide
system, was used for the study of Sb,Os-TeO, system. The Table 3.3 presents calculated total
energies and thermal energies of gaseous components, which were detected experimentally.
The good agreement between experimental and theoretical values for individual oxides (SbsOg
and TeO,) was demonstrated before. Therefore the chosen method of quantum chemical
calculations was used for the Sb,TeOs and Sb,Te,O; oxides. The thermodynamic

characteristics of the ternary oxides presented in Table 3.4.

Table 3.3. Point group, total energies and thermal energies of the molecules (def2-

TZVP/RI-BP86).

POil’lt Etm E herm 298
Molecule group (a.u) (kJ-mol™)
TeO, Cyy -418.646847 20.54
Sb4Os T4 -1413.450842 84.18
Sb,TeOs G -1125.397790 66.52
Sb,Te,O, C -1544.122986 94.79

Table 3.4. Calculated thermodynamic characteristics of antimony tellurium oxides (def2-

TZVP/RI-BPS6).

Molecule 8208 7/ %33 cop’T: a+b103 T+ c 105 T2
(J-mol"-K™) a b c

Sb,TeOs 442.2 /1 630.9 172.51 9.12 -2.74

Sb,Te,O, 544.5 // 810.6 242.00 13.75 -3.75

Table 3.5 presents the reactions for the formation of the ternary antimony tellurium oxides as
well as the calculated enthalpies, entropies and equilibrium constants at standard and

experimental temperatures for these reactions.

Table 3.5. Calculated standard enthalpies, entropies of reaction and equilibrium constants for

the equilibrium processes in the TeO, - SbsO¢ system in the gas phase (def2-TZVP/RI-BP86).

AS%s;
AH7 (kJ-mol™") (J-mol'-K™) InK,, 033
Reaction 298 // 933 298 // 933 298 // 933

1 TeOx(g) + 1/2 SbyOy(g) = Sb,TeOs(g) -64.4//-59.3 -62.5//-53.5 185//1.2
2 2TeOy(g) +1/2 SbyOs(g) = Sb.Te:07(g) -264.8//-249.4 -233.9//-206.5 78.8//7.3
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The calculated standard enthalpies of formation AeH’9s of the ternary oxides have been
obtained with the help of the reaction enthalpies A.H s of the processes from Table 3.5 and
the experimental values of AgH%0s(SbsOg) = -1215.5 kI mol™ [75], and A s(TeO,) = -61.3
kJ-mol' [75] and are as follows:

AH05(Sb,TeO5,QC) = -733.4 kJ-mol™, and

A 295(SbyTe,07,QC) = -995.2 kJ-mol ™.

3.6.4 Experimental determination of the standard enthalpies of formation

The experimental reaction enthalpies A.H’r for processes 1 and 2 are calculated with eq.
3.2 and presented in Table 3.6. The values of the reaction entropies ArS’r are calculated using

quantum chemical values of entropies for ternary oxides.
AH'{exp.) = —RT"InK, r + T AgS°r (3.2)

A = AdPr+ [ &, rdT (3.3)
T

Table 3.6. Experimental equilibrium constants and enthalpies of gaseous reactions.

Reaction InK,, 033 AH'33

(kJ-mol™)
1 TeO,(g) + 1/2 SbsOs(g) = Sb.TeOs(g) 2.4 -68.6
2 2TeOy(g) + 1/2 SbyOs(g) = SbrTe,04(g) 12.1 -286.4

Table 3.7. Experimental enthalpies of formation for oxides.

AH'3; AH205 AH’ 208(€Xp)-
(kJ-mol™) (kJ-mol™) AeH’205(QC) AdH05(QC)
Compound exp exp kJ-mol! kJ-mol”
Sb,TeOs -636.7 -743.6 -733.4 -10.2
Sb,Te 04(g) -882.8 -1033.4 -995.2 -38.3

The enthalpies of formation (A#{°r) of the ternary oxides (Table 3.7) were obtained
using the determined enthalpies of reactions A.H°; (Table 3.5) and enthalpies of formation
A3 of TeOs(g) and SbsOs(g) oxides, which were obtained from eq. 3.3 and the
experimental ¢’,7 functions [75]: (AsH 33(TeOx(g)) = -28.3 kJ-mol™ and AgH’33(SbsOs(g)) =
-1079.7 kJ-mol™). Then, the calculated enthalpies of formation Ag 3 of the ternary oxides
were converted into the standard enthalpies of formation AgH’»s using eq. 3.3 and the

calculated a, b and ¢ coefficients of the ¢°, r function (Table 3.4). The experimental enthalpies
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A3 and AeH's and the quantum chemical values of A5 of the ternary oxides are

presented in Table 3.6 for comparison.

3.6.5 Conclusions

Two gaseous ternary antimony tellurium oxides (Sb,TeOs and Sb,Te,O,) were detected in the
gas phase. Atom of tellurium in both ternary oxides has oxidation state 4+ and atom of
antimony 3+. Both structures of ternary oxides have three-coordinated Te* and Sb*" like
oligomers of tellurium dioxide and antimony oxide. The structure of Sb,TeOs is similar with
the structure of relative isoelectronic PbTe,Os oxide, which was studied before.

The gas phase of the system contains significant concentration of binary oxides TeO»,
TeO and Sb,Os and small concentration of ternary oxides. Since the intensities of Sb,TeOs"
and Sb,Te,O;" were too small, it was not possible the determination of appearance energies of
these ions. But we suppose that Sb,TeOs and Sb,Te,O; oxides exist in the gas phase, because

experimental and theoretical enthalpies of formation are in good agreement.
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4 Discussion and results

In this thesis the formation and stability of the row of hitherto unknown ternary oxides in the
gas phase has been studied. 24 novel ternary gaseous oxides, which were detected by means
of mass spectrometry presented in Table 4.1.

All structures are formed of alternating metal/metalloid and oxygen atoms. The structures are
built as “rings”, “cages” and “open cage” structures. The ring structures presented by
MoTeOs, Mo,TeOs, Mo;TeO;;,, MoTe,O;, PbMoOs, PbMo0,0O;, PbMo0;O;p, Pb,MoOs,
PbTeOs(C;) and Pb,TeO4(C;) molecules. As we see all compounds of MoO;-TeO, and PbO-
MoO; systems are built as rings with four-coordinated Mo®’, three-coordinated Te*" and two-
coordinated Pb*". Two molecules of PbO-TeO, system (PbTeO;(C;) and Pb,TeO4(Cy)) are ring
structures with three-coordinated Te*" and two-coordinated Pb*". The PbO-TeO, system has
the structures with cage and open cage geometries too. In these structures Pb*" is three-
coordinated (like in PbsO.4) and has no lone pair unlike in ring structures with Pb atoms. The
Pb*" is four-coordinated in Pb;As,O¢ and all valence electrons of Pb are shared with oxygen
atoms. The cage structures are high symmetrical and presented by PbTeOs(Csy),
Pb,Te,04(Csy), PbsAs,Os and Sb,Mo03;012(Cs,) molecules. The As** and Sb** are three-
coordinated in ternary oxides, which are either in cage (like in As4Os and Sb4Os) or open cage
geometries. All other structures were corresponded to open cage structures: PbTe,Os,
Pb,TeO4(C;), Pb,Te,O6(Ci), PbAs,Os4, PbSb,Os, Sb.MoOs, Sb.M0,0s, Sb.Mo;015(Cy),
SbsMoQOy, SbyWOs, SbaW,09, SbyWOs, Sb,TeOs and Sb,Te,O; molecules. The number of

metallic/metalloid atoms in gaseous ternary oxides is from one to five atoms.

Table 4.1. Structures of the thernary oxides (n — quantity of metal/metalloid atoms).

Oxide n=2 n=3 n=4 n=>5
system

MoTeOs

MOO3 —
TeOz

MOT6207
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Oxide n=2 n=3 n=4 o
system

PbO —

Voo, PbMoO, PbMo,0, PbMo;0

i

Pb2M005

)

.<>j €y _
(CRININ -
PbTe,0s @
PbO - (CZV)
TeO, (Cs) Pb,Te,O¢
(Cs

)

1A

PbTeO;

@u

(C]) szTeO4

PbO —
ASzO3 B
and
PbO —
PbASzO4

Sb203 PbSb204 Pb3ASzO6
Sb,O; —

TGOQ

szTGOs
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Oxide n

Il
\S)
=]

Il
w
=}

Il
N
=

Il
W

system
Sb2M006
SbZWO6 Sb4M009
Sb2M0209 Sb.WO
szWzOg 4 ?
Sb,0; —
MoOs (C3)
and
Sb,O; —
WO;

Sb2M03012

The enthalpies of formation for all gaseous ternary oxides were obtained experimentally and
confirmed using quantum chemical calculations. Table 4.2 presents experimental and
calculated standard enthalpies of formation and entropies of ternary oxides. The existence of
most of gaseous ternary oxides which were studied in that work was proved by appearance
energies measurements. The experimental AE values are in very good agreement with
theoretical values. For the following ions AEs were measured: Mo,TeOs", Mo;TeO,;",
SbM0,0,", SbaMo0Os", Sb,M0;012", Sb,WOs", Sb,W,0,", PbAs,O4", PbMoO,s", PbMo0,O;,
PbTeO;" and Pb,TeO,". The intensities of several ions of ternary oxides were too small,
therefore their AEs measurements were not possible: MoTeOs, MoTe,O;", SboMoOy’,
SbsWO,", PbSb,0.", Pb3As,Os", PbMo03Oyo", Pb,Mo0Os", PbTe,0s", Pb,Te,0s", Sb,TeOs" and

Sb,Te,O;". However it was proved that these ions are parent species.
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Table 4.2. Experimental and calculated (def2-TZVP/RI-BP86) standard enthalpies of

formation and entropies of ternary oxides.

Ternary oxide A 05 A5 S5
kJ-mol! kJ-mol J-mol™-K"!
exp (QC) (0]9)
MoTeOs -730.2 -735.4 389.5
Mo,TeOs -1436.3 -1436.1 517.1
MoTe,0;, -999.7 -1002.7 504.8
Mo;TeOy; -2132.7 -2110.7 629.3
PbMoO, -676.3 -698.2 363.2
PbMo,0;, -1397.2 -1406.0 500.1
Pb,MoOs -888.0 -874.9 472.8
PbMo;0, -2076.3 -2072.9 635.0
PbTeO;(Cy) -248.9 -249.9 360.7
PbTeO;(Csy) -269.9 -270.9 340.1
PbTe,Os -567.1 -547.7 462.5
Pb,TeO4(Cy) -456.3 -465.8 434.7
Pb,TeO4(C,) -448.1 -457.6 446.8
Pb,Te,O4(C) -762.1 -757.6 543.8
Pb,Te,06(Cyy) -770.8 -748.9 521.7
PbAs,0, -659.5 -668.5 407.9
PbSb,0, -669.9 -653.4 4242
Pb;As,04 -1090.3 -1107.8 514.0
Sb,TeOs -743.6 -733.4 442.2
Sb,Te,0; -1033.4 -995.2 544.5
Sb,MoOs -1187.9 -1197.9 440.9
SbyWOs -1240.7 -1251.1 448.9
SbM0,0y -1905.9 -1907.8 566.4
Sb,W,0, -1994.3 -2012.1 593.0
SbsMoOy -1881.6 -1888.9 626.3
Sb,WO, -1926.8 -1945.5 569.2
SbuMo0;012(Cs) -2583.1 -2570.2 691.0
SbMo0301,(Cs) -2573.7 -2560.8 699.9
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