View metadata, citation and similar papers at core.ac.uk

Published on 12 February 2014. Downloaded by TIB und Universitaetshibliothek Hannover on 19/11/2015 13:12:23.

Dalton
Transactions

brought to you by

provided by Institutionelles Repositorium der Leibniz Universitat Hannover

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

A mass spectrometric and quantum chemical

Cite this: Dalton Trans., 2014, 43,

study of the vaporisation of lead monoxide in a

5401 flow of gaseous arsenic and antimony trioxides+

K. Kunkel,* E. Milke and M. Binnewies

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>Og", PbzAsO,4",
PbAs,O4", PbAsO,*, PbSb,O4", 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
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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: Sb,M0304,, Sb,M,04, SbyMOg, Sb,MO, (Where M = Mo or
W), Mo;TeO;4, M0,TeOg, MoTe,0O, and MoTeOlS.l'2 We con-
tinue our investigation of gaseous ternary oxides with a system
consisting of a volatile metalloid oxide X,0; (where X = As
or Sb) 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,O, and Pb,0, were found to be the
main compounds. Very low concentrations of Pb;O3;, PbsOs
and Pb,O, 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 gaseous As;Og and
AsO species, which were previously known to exist in the gas
phase, other stable species including As,Os, As;O4, As,O3,
As304, As,O3 and AsO, were detected in the gas phase.6 The
studies of the Sb-O system showed incongruent evaporation of
Sb,0; trioxide and revealed errors in previous studies on the
congruent evaporation of Sb,0;.*° Analogous to the As-O
system, the gas phase over antimony trioxide primarily con-
sisted of Sb,O¢ 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 DOI: 10.1039/
€3dt53202]

This journal is © The Royal Society of Chemistry 2014

identified by the determination of the appearance energy. Presumably, the PbzAs,Og and PbSb,O4
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

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,05 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,0; and PbO-Sb,0;. The structures of the
gaseous ternary oxides PbAs,0,, Pb3As,0Os and PbSb,0, are
also reported and discussed.

PbASzO4
PbSb,04

2. Results and discussion

2.1. Mass spectrometric study

The As,0;, Sb,03; and PbO oxides have very different volatili-
ties. The melting points of the oxides are 585 K, 929 K and

Dalton Trans., 2014, 43, 5401-5408 | 5401


https://core.ac.uk/display/52919918?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
www.rsc.org/dalton
http://dx.doi.org/10.1039/c3dt53202j
http://pubs.rsc.org/en/journals/journal/DT
http://pubs.rsc.org/en/journals/journal/DT?issueid=DT043014

Published on 12 February 2014. Downloaded by TIB und Universitaetsbibliothek Hannover on 19/11/2015 13:12:23.

Paper

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)

15

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

or lg(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,0; 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
X40¢" ions, and the second highest relative intensities

Table 1 Relative intensities of ionic species over PbO-X,0O3 systems
and the pure oxides X,O3 (X = As or Sb) and PbO at 70 eV

Relative intensity

X,0;-PbO X,0;
PbO
X = As X=5Sb X =As X =Sb

Ton 900 K 1100 K 423 K 673 K 1002 K
Pb,0," (M) — 6.0 — — 100
Pb3X,0," (M) 3.6 — — — —
Pb;X0," 2.8 - — — —
Pb;0;" (M) — — — — 10.5
Pb;0," — — — — 6.0
szo%* — 2.9 — — 59.7
Pb,O — — — — 15.1
PbX,0," (M) 37.5 7.9 — — —
PbXO," 37.3 1.6 — — —
X406 (M) 100 100 100 100 —
X,05" 0.8 - 0.7 0.6 —
X," 22.7 — 0.8 — —
X;0,4" 74.8 20.3 66.2 24.2 —
X;" 1.8 — 1.6 — —
PbO" (M) — 2.7 — — 44.2
Pb* 18.7 11.6 — — 45.1
X,05" 1.6 — 0.7 0.3 —
X,0," 5.7 — 0.7 2.7 —
X, 14.0 - 4.4 — —
XO* 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,0O,', Pb,O," 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,O' (M'), PbAs,0," (M') and
PbSb,0," (M") (where M" is the parent ion), which indicated
the existence of gaseous Pb3As,0s, PbAs,0, and PbSb,0,. The
Pb,As,05" ion was not detected. The appearance energy was
obtained only for the PbAs,04" 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,") =9.7 + 0.5 eV.

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

Pb,X,0,,3" — Pb,X0,,1" + [XO,] (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
PbSbO," 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,0O5(s) at 1160 K. In our experiment, the relative
intensities of AsO" and PbAsO," in the mass spectra of the
As,0;-PbO gaseous mixture were quite high. The appearance
energies for these two ions were determined to be AE(PbAsO,") =
10.0 + 0.5 €V and AE(AsO") = 15.7 + 0.5 eV. 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:

CZI,'T

0iS;

pi= (5)

This journal is © The Royal Society of Chemistry 2014
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Table 2 Molecules and their ions in the gas phase of the PbO— As,0s
system

Partial pressure, p (bar)

Molecule  Attributed ions (900 K)

As,Oq As,06", As405", As, ", As;0,", As;" 3.1 x107°
PbAs,0, PbAs,0,", PbAsO," 2.5%x107°
Pb;As,0s  Pb3As,0", PbyAsO, " 2.1x107°

Table 3 Molecules and their ions in the gas phase of the PbO- Sb,03
system

Partial pressure, p (bar)

Molecule Attributed ions (1100 K)

PbO PbO* 1.0x 1077
Sb,0¢ Sb,06", Sb;0,%, SbO", Sb* 2.8x107°
PbSb,0, Sb,Pb0O,", SbPbO," 3.6x1077

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

pi:CZIiT (6)

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

The mass spectrometric measurements of pure oxides
As,0; and Sb,0; 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 c, values, the relative intensities ».I;, 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.> 591>

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

View Article Online

Paper

2.2. Density functional theory computations

The def2-TZVP/RI-BP86 method allows a good correlation
between the calculated 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,0O,, Pb;O;, Pb,0,, and X,O¢
(where X = As or Sb) were quantum chemically investigated.
Total energies, thermal energies, 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
theoretically studied
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

antimony oxide have also been

elsewhere.'82°

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,Os and
Sb,Os 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, Sb,Og, Pb,O, and Pb,O, are presented
in Table 6. The experimental frequencies and our calculated
frequencies for As,Os, Sb,Os, Pb,O,4, 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 Eiherm
Molecule  group  Structure Eo (aiu.) (k] mol™")
PbO Cor O @ —267.940878  10.99
Pb,0, Do : —536.690429  26.83
Pb;0;, D —805.068223  44.09
Pb,0, Ty ~1073.497158  60.50
As,04 Ty —9396.461653  89.58
Sb,Og T, ~1413.450842  85.86

©

AsO o ‘——{ 2311386123 12.42

Dalton Trans., 2014, 43, 5401-5408 | 5403
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Table 5 Experimental and calculated geometric parameters of gaseous
molecules

1(M-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°
As,O0q Exp.”? 1.80 + 0.02 100 + 1.5° 126 + 3°

Calc. 1.817 100.2° 125.8°
Sb,0¢ Exp.”? 2.00 +0.02 980 129.0 + 2.5

Cale. 1.986 98.6° 128.3°

Table 6 Observed and calculated vibrational frequencies for gaseous
As406, SbsOg, PbsO4, Pb,O, and PbO (scaling factor = 1)

Vibrational frequencies (cm™")

As,0¢ Exp.** 255.0 372.9 495.6 833.2
Calc. 239.3 350.3 470.0 779.1
Sb,O¢ Exp.”® 172.2 292.4 415.6 785.0
Calc. 165.2 270.7 401.5 741.4
Pb,O, Exp.*! — 372 164
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)

Molecule Eeor (a.01.) ESe™ (I mol™)
PbAs,0, C. —4966.580578 58.57

PbAsO, Cq —2579.790596 28.36
Pb,As,04(1) Dan ~5503.395177 9.3
Pb,As,04(11) Cav ~5503.369471 90.72
Pb;As,04(in) C. ~5503.364595 91.88

PbSb,0, C. —975.065646 56.49

PbAS02

View Article Online
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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,, PbsAs,0s, PbSb,0, and the hypotheti-
cal molecule PbAsO, are presented in Table 7, and the struc-
tures are shown in Fig. 1. For Pb;As,0¢, several structural
isomers were found, and the optimised geometries and total
energies of the isomers were also calculated and are presented
in Table 7 (Eio(1) < Eor(11) < Eo¢(m)) and in Fig. 1.

Transitions between the isomers of Pb;As,O¢ at the experi-
mental temperature of 900 K can be characterised by
Gibbs free energy: A;Gogo(i—1) = —51.9 kJ mol™" and
A;Gogo(m—1) = —66.1 kJ mol™". According to the values of
A;Gyoo, the ratio of the partial pressures of the isomers can
be calculated at a temperature of 900 K: p(Pb3As;O4(1)):
P(Pb3As,04(1)) : p(Pb3As,O6(mr)) = 6843:7:1. Because the
partial pressures of Pb;As,O¢(11) and PbsAs,O4(1n) are insignifi-
cant in the gas phase, we will not consider them further.

The total energies of the cations X,0¢', PbO', PbX,0,",
PbAsO," and Pb;As,0¢" (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
good agreement with theoretical IE values for all molecules
except PbAsO,. This agreement confirms that the PbAs,0," ion
was formed by ionisation of ternary oxides rather than by frag-
mentation processes. If PbAs,0," is a fragment of Pb;As,O¢",
the AE(PbAs,0,") is expected to be much higher. Our
measured AE values for PbAsO," and AsO" greatly exceeded the

PbASzO4

PbSb,0,

Pb3AS20(,(I)

Pb3A8206(H)

Pb3As,O4(III)

Fig. 1 Structures of the ternary oxides PbAs,0O,4, PbAsO,, PbzAs,Og, PbSb,0,4 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 QC Exp.
PbO 9.65 9.4 = 0.3 (EL, AE)*®

9.0 + 0.5 (EI, AE)®
Pb,0, 8.41 8.8 + 0.5 (EI, AE)®
As,0q 9.60 10.05 + 0.05 (PE, IE)*’
Sb,04 8.92 9.31 + 0.05 (PE, IE)*’
AsO 8.48 9.0 + 0.3 (EI, AE)
PbAs,0, 9.07 9.7 + 0.5 (ED)*
PbAsO, 6.74 10.0 + 0.5 (E1)*
Pb3As,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, S9, can be approximated as a func-
tion of temperature:

T
dr
53 = Spog + J o
T 298 ros PT T )

wherec), =a+bx107° x T +¢x 10° x T*

The a, b and ¢ coefficients of the heat capacity function ¢, r
were calculated mathematically by fitting ten values of $% in
the temperature range of 298-1100 K. Calculated entropies for
gaseous PbO, As,04, and Sb,0, 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 S5o5 and
%00 are in good agreement. The experimental and calculated
values of coefficient b of the ¢, function differ from each
other but yield correct entropy values. Therefore, the calcu-
lated coefficients a, b and ¢ 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-
erature and our calculated values are compared in Table 11.

View Article Online
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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 KkJ
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 Ao of
the ternary oxides have been obtained with the help of the
reaction enthalpies AHYg of the processes from Table 12 and
the experimental values of AiH3os(PbO) = 70.3 kJ mol**®
AfH3o5(As,06) = —1196.1 k] mol™'*® and AfH35(SbsOp) =
—1215.5 k] mol ™" *® and are as follows:

AtH3(PbAs,04,QC) = —668.5 k] mol ™,
A¢HYo4(PbSb, 04, QC) = —653.4 k] mol ', and

A¢HY 5 (Pb3As, 05, QC) = —1107.8 kJ mol *.

2.3. Experimental determination of the standard enthalpies
of formation of AHYog

The equilibrium constant K, r is related to the reaction
enthalpy, reaction entropy and temperature by the van’t Hoff
equation. The experimental reaction enthalpies A HY 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 S} of PbO(s), PbO(g),
As,04(g), and Sb,04(g) obtained from eqn (7) and the ¢y,
function.”®

AHY. (exp.) = -RT In K1 + TARSY. (8)
-

AfHor = Ang + [ CP?,TdT (9)
JT

The enthalpies of formation (A¢H37) of the ternary oxides
(Table 14) were obtained using the determined enthalpies of
reactions A HY (Table 13) and enthalpies of formation AgH?. of
PbO(g), PbO(s), As;04(g) and Sb,0(g) oxides at experimental

Table 9 Experimental?® and calculated thermodynamic characteristics of lead, arsenic and antimony oxides (def2-TZVP/RI-BP86, scaling factor =

1.053)
cpr=a+bx107°x T+cx10°x T (exp./QC)
8905 (J mol ' K1) $%000 (J mol™ K™)
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,04(g) 409.3//409.0 659.6//659.0 212.81//218.22 18.57//12.86 —3.98//-4.52
Sb,06(g) 444.2//454.0 699.8//709.1 217.64//220.99 14.11//10.39 ~3.47//-3.83

This journal 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)

cpr=a+tbx107° x T+cx

10°x 172
Molecule 890s//89 (J mol ™ K™ a b c
PbAs,0, 407.9//563.4 148.99 792 —2.79
Pbsb,0, 424.2//614.7" 151.03 612  —2.48
PbyAs,04(1)  514.0//773.9° 21822  12.86  —4.52

“T=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-BP86, scaling factor = 1.053)

AHjog (k] mol ™) AH3os (k] mol ™)

Reaction QC Exp.
2PbO(g) = Pb,0,(g) -258.3 —250.6 + 6°
—265.4 +17°
3PbO(g) = Pb;05(g) —470.4 —419.5 + 25°
—529.2 + 25°
4PbO(g) = Pb,04(g) -816.7 —835.0 + 15°
—845.7 + 42°

“Mass spectrometric experiment.

temperatures, which were obtained from eqn (9) and the
experimental ¢, r function®® (AgH9oo(PbO(s)) = —187.2 kJ mol ™,
AHI00(As406(g)) = =1070.3 k] mol™", AgHop(AsO(g)) = 75.6 K]
mol™, AHY 10(PbO(g)) = 99.4 and AgHY110(SbsOg(g)) =
—-1039.2 k] mol™"). Then, the calculated enthalpies of for-
mation A¢H? of the ternary oxides were converted into the stan-
dard enthalpies of formation AgH3s using eqn (9) and the
calculated a, b and ¢ coefficients of the ¢, , function (Table 10).
The deviations of the experimental values are discussed in the
next section. The experimental enthalpies AeH7 and AgHJog
and the quantum chemical values of AgHJg 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 In Ky, 7 (kJ 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,04(g) = —-7.9+1.2° 132.3 + 18.0°
Pb3As,06(g)

3 PbO(g) + 1/2 Sb,06(g) = 7.7 +1.4° —-112.8 + 18.5°
PbSb,0,(g)

“T=900K.?T=1110 K.

deviation of In K, 7 + 1.1 for reactions 1’, 2’ and +1.0 for reac-
tion 3. The error of the sum of ions YI; (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 A HY
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,S%(1') and
AS%2") include both experimental and quantum chemical cal-
culated entropies and A.S)(3) is a quantum chemical value.
We estimate the errors of AS%(1) and A.SY2") to be =10 J
mol™ K™ and the error of A.$%(3) to be +5J mol™ K",

Then the total errors of enthalpy of reactions 1’, 2’ and 3 are
equal to +19.5, +18.0 and +18.5 k] mol " respectively. The
errors of standard enthalpy of formation AfHYog 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 AgHeg(exp)
— AgH305(QC) is for the PbsAs,04 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)

AHY. (k] mol™) AS%(J mol™ K™) In Ky, 7
Reaction 298//T 298//T 298//T
1 PbO(g) + 1/2 As;06(g) = PbAs,0,(g) ~140.7//-138.4° -36.7//-32.7° 52.4//14.6"
2 3 PbO(g) + 1/2 As,04(g) = Pb3As,04(g) ~720.6//-703.1° -410.7//-378.9° 241.5//48.4
3 PbO(g) + 1/2 Sb,06(g) = PbSb,04(g) -115.9/-112.7° -42.9//-37.8" 41.6//7.7"

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

View Article Online
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antimony oxides

AgHZ (I mol ™) AgH3og (I mol ™) AH395(QC) A¢Hjgg(exp.) — AgH305(QC)
Compound Exp. Exp. kJ mol ™" kJ mol ™"
PbAs,0, —573.2 £ 19.5¢ —659.5 £19.5 —668.5 9.0
Pb;As,06 —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=900K.?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,O; 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 Sb,0;~WOj; 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,0s 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, 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 Sb,WO, oxides."”* The PbsAs,0, oxide
has a cage-like structure with high symmetry D3}, and contains
four-coordinate atoms of Pb (Fig. 1). The Pb,X,05 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

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,0O; system has different compounds in the
solid state and the gas phase. As was mentioned above, two
solid compounds PbAs,04 and Pb,As,05 were reported.’* Our
study did not confirm the presence of Pb,As,Os in the gas
phase, but Pb;As,0 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,O¢ by a factor of 5000.
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