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Abstract

The gas-phase reactivity of YS+, ZrS+, and NbS+ towards oxygen-transferring reagents such as H2O, CO, CO2, and COS is investigated using
guided-ion beam (GIB) and Fourier-transform ion cyclotron resonance (FTICR) mass spectrometry. A lower limit ofD0(M+–S) > 4.50± 0.04 eV
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or the sulfur binding energy is derived from the exothermic formation of MSin the reaction of all three atomic metal ions, M,
ith CS2. Upper limits for D0(M+–S) are determined by collision-induced dissociation of MS+ with Xe. The O-transfer experiments c

ied out in the GIB instrument lead to several estimates forD0(M+–S), which are further refined by equilibrium constantsKeq derived
rom the reaction MS+ + H2O→ MO+ + H2S and its reverse. Overall assessment of the results from ion–molecule reactions, c
nduced dissociation, and equilibrium measurements yields the 0 K bond energies ofD0(Y+–S) = 5.49± 0.18 eV,D0(Zr+–S) = 5.69± 0.10 eV,

0(Nb+–S) = 5.20± 0.21 eV, D0(Y+–CS) = 1.42± 0.08 eV, D0(Zr+–CS) = 2.67± 0.11 eV, andD0(Nb+–CS) = 2.51± 0.11 eV, and heats of fo
ation for �fH0(YOS+) = 6.59± 0.37 eV, �fH0(ZrOS+) = 8.45± 0.33 eV, �fH0(NbOS+) = 9.05± 0.27 eV, �fH0(YS2

+) = 6.96± 0.70 eV, and
fH0(ZrS2

+) = 9.34± 0.73 eV.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Transition-metal sulfides have wide utility in catalytic
nd electronic applications because of their high sulfur bond
nergies, their oxophilicity, as well as their intrinsic electronic
nd structural properties. Sulfidation of pure yttrium occurs
t a rate of∼6.5× 10−10 g2 cm4 s when exposed to a H2/H2S
ixture (PS2 = 10−3 Pa) at 800◦C and leads to formation of

isible scales on the yttrium surface. Analysis of the scales
dentifies them as consisting of Y2O2S because of the presence
f oxygen-containing species in the H2/H2S mixture [1].
2O2S is a wide-gap semiconductor and is used in cathode ray
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tubes because it phosphoresces when doped with europiu[2].
Mikami and Oshiyama[3,4] theoretically investigated Y2O2S
in order to elucidate the electronic structure of a variet
intrinsic point defects found in this material. Control of
intrinsic defects for a variety of charge states is essential fo
efficient exploitation of these semiconductor materials[4]. The
electronic structure and infrared spectrum of ZrS2 have bee
determined theoretically at the DFT/B3LYP level of theory
compared to experimental data from reaction of laser-ab
Zr with discharged sulfur atoms in an argon matrix[5]. Allali et
al. [6] found differences in sulfurization of niobium precurs
on different supports. The authors report that Nb precu
on a carbon support are easily sulfurized by flow of a N2/H2S
(15%) mixture under atmospheric pressure at 400◦C for
4 h, whereas harsher treatment with CS2 at 400◦C for 13 h
is required for sulfurization of Nb in an alumina suppor
catalyst. NbS2 is used as a hydrodesulfurization (HDS) a
hydrodenitrogenation catalyst for hydrotreatment reaction
the purification of petroleum[7]. Further, it has been shown th
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doping of hydrotreated NiMo catalysts with 5 wt% niobium
and activation with CS2 affords Nb centers in a NbS2 binding
situation[8]. The HDS and hydrogenation (HYD) activity of
such NiMoNb catalysts was found to be superior compared to
plain NiMo catalysts. NbS2 is also an effective humidity sensor
[9]. Application of NbS2 in cathode materials of secondary
batteries is possible because of the layered structure of NbS2,
which facilitates intercalation into the van der Waals gap
between these layers[10]. Further, EuNb2S5 synthesized by
Istomin et al.[11] exhibits a superconducting phase at 3 K.

In the present study, we have investigated the interaction
of sulfur with cations of the early metals of the second tran-
sition row, i.e., yttrium, zirconium, and niobium. The 0 K
bond dissociation energies,D0(M+–S), are derived using the
guided-ion beam (GIB) and Fourier-transform ion cyclotron
resonance (FTICR) mass spectrometric techniques. Quantum-
chemical methods are employed to complement the thermody-
namic data with information on electronic ground and low-lying
excited states, bond lengths, and vibrational frequencies of MS+

(M = Y–Nb).

2. Methods

GIB and FTICR mass spectrometry are used for the evalu-
ation of thermodynamic data by means of threshold measure-
ments of endothermic reactions and assessment of rate coef-
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Xe. Them/z ratio of the YO+ species is also recorded to probe
contributions of isobaric YO2+ ions to the YS+ beam. The cross-
section obtained atm/z = 105 (YO+) is below the detection limit
of the instrument (0.01× 10−16 cm2) and thus it is concluded
that the amount of YO2+ in the beam is negligible if present
at all. For M = Zr and Nb, no MO+ signal was detected in the
preliminary mass scan.

Following extraction from the source, the ions are accelerated
and focused into a magnetic sector, mass-selected, decelerated
to a desired kinetic energy, and focused into an octopole ion trap
[12]. This device guides the ions through a static gas cell kept at
a low pressure (∼0.007–0.013 Pa) of the reactant gas. It was ver-
ified that all product cross-sections reported result from single
ion–molecule collisions by examining the pressure dependence
of the product intensities. After exiting the gas cell, product
and unreacted beam ions drift to the end of the octopole where
they are directed into a quadrupole mass filter for mass anal-
ysis and then detected. Conversion of the raw ion intensities
into reaction cross-sections and the calibration of the absolute
energy scale are treated as described previously[12]. The accu-
racy of the absolute cross-sections is estimated to be±20%. The
beams have Gaussian kinetic energy distributions with average
full widths at half maximum (FWHM) of ca. 0.25 eV in the lab-
oratory frame. The uncertainty of the absolute energy scale is
±0.05 eV (laboratory).

Quantitative analysis of the energy dependence of these
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cients for exothermic processes, respectively. FTICR is
sed to determine equilibrium constants in cases where n
ctivation barriers nor Gibbs free energies are too large.

.1. GIB

Detailed descriptions of the guided-ion beam apparatus
n this study and the experimental procedures are given
here[12,13]. Briefly, Ar+ ions created in a dc discharge sou

13] are accelerated towards a metal cathode thereby sp
ng off M+ ions (M = Y, Zr, and Nb). The metal ions drift in

eter-long flow tube operated with a 9:1 mixture of helium
rgon at a pressure of∼90 Pa. The ions undergo∼105 collisions
ith the buffer gas before exiting the flow tube, and there
re expected to equilibrate to room temperature[14]. Becaus
elium and argon do not always effectively quench excited s
f atomic transition-metal ions[15], methane is introduced c
5 cm downstream from the discharge at pressures be
.07 and 0.8 Pa. Operation at these pressures allows th

o undergo 102–103 collisions with methane in the flow tub
hich is sufficient to remove virtually all excited states of
etal ions under study[16].
MX+ ions (X = O and S) are generated by addition of2

nd COS, respectively, to the flow 75 cm downstream from
ource. Given the limited mass resolution of the GIB exp
ent, YS+ with a mass ofm/z = 121 is very close to (COS)2

+

m/z = 120) which is produced in large abundance at high C
ressures. Optimization of the COS pressure and mass se

ead to a reasonable intensity for the YS+ beam; under thes
onditions, the cross-section of the COS+ fragment indicative
f (COS)2+ is smaller than 0.02× 10−16 cm2 upon CID with
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ross-sections is achieved using Eq.(1) and methods outline
lsewhere[17].

(E) = σ0

∑ gi(E + Ei − E0)n

E
(1)

In Eq. (1), E is the relative kinetic energy of the reacta
0 the threshold for reaction at 0 K,σ0 a scaling paramete
ndn is a fitting parameter. The summation is over the rovi

ional states of the reactants having energiesEi and population
i (

∑
gi = 1). Before comparison with the data, this equa

s convoluted over the translational energy distributions of
eactants. This determination of the reaction thresholds inv
xplicit consideration of the distributions of vibrational, ro
ional, and translational energies of both reactants. Becau
ources of reactant energy are considered, the thermoche
btained corresponds to 0 K values in all cases.

.2. FTICR

A Spectrospin CMS-47X FTICR mass spectrometer wit
xternal ion source[18] is used to investigate the reactions
he transition-metal sulfide and oxide cations (MS+ and MO+)
ith H2O and H2S, respectively. M+ ions are generated via las
esorption/laser ionization by focusing the beam of a Nd:Y

aser (Spectron Systems,λ = 1064 nm) onto a metal target. T
ons are extracted from the source and transferred into the
yzer cell by a system of electrostatic potentials and len
fter deceleration, the ions are trapped in the field of a su
onducting magnet (maximum field strength 7.05 T). The m
bundant isotope (89Y, 90Zr, and93Nb, respectively) is mas
elected using front-end resolution enhancement with tai
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sweeps (FERETS)[19], a computer assisted protocol that com-
bines frequency sweeps and single frequency ion-ejection pulses
to optimize ion isolation. Generation of the MO+ and MS+ ions is
achieved by reaction of M+ with pulsed-in O2 and COS, respec-
tively. For the purpose of thermalization, the ions are collided
with pulsed-in methane (maximum pressure ca. 4× 10−3 Pa, ca.
2000 collisions) prior to reaction. The kinetics of all reactions are
carefully studied as a function of thermalizing collisions in order
to ensure that the ions undergoing subsequent ion–molecule
reactions are not kinetically and/or electronically excited. The
reactants are admitted to the cell via leak valves at stationary
pressures between 1 and 13× 10−6 Pa (as measured by a Balz-
ers IMG070 ion gauge). The first-order kinetics of the reacting
ions provide the rate constantskexp, determined by linear regres-
sion, which are compared to the gas-kinetic collision rates[20],
kc, and expressed in terms of reaction efficiencies,φ = kexp/kc.

2.3. Calculations

The bond lengths and the ground state/excited state split-
tings of MS+ (M = Y, Zr, and Nb) are calculated with density
functional theory (DFT). The DFT calculations are carried out
using the Amsterdam density functional (ADF, Version 2.0.1)
suite of programs[21] with the inner-shell electrons ([Ne] for
S and [Ar] for M) treated in the frozen-core approximation
[ bina-
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Table 1
Heats of formation and bond dissociation energies for ionic species at 0 K

Ionic species �fH◦ [eV]a Bond D0 [eV]

Y+ 10.58 (0.05)b

Zr+ 13.16 (0.26)c

Nb+ 14.45 (0.08)c

YC+ 15.04 (0.13) Y+ C 2.91± 0.12d

ZrC+ 15.81 (0.28) Zr+ C 4.72± 0.11d

NbC+ 16.66 (0.17) Nb+ C 5.16± 0.15d

YO+ 5.86 (0.19) Y+ O 7.28± 0.18d

ZrO+ 7.96 (0.28) Zr+ O 7.76± 0.11d

NbO+ 9.88 (0.14) Nb+ O 7.13± 0.11d

YS+ 7.93 (0.19) Y+ S 5.49± 0.18e

ZrS+ 10.31 (0.28) Zr+ S 5.69± 0.10e

NbS+ 12.10 (0.22) Nb+ S 5.20± 0.21e

YCO+ 9.09 (0.12) Y+ CO 0.31± 0.11f

ZrCO+ 11.18 (0.28) Zr+ CO 0.80± 0.10g

NbCO+ 12.28 (0.09) Nb+ CO 0.99± 0.05h

YCS+ 12.01 (0.10) Y+ CS 1.42± 0.08e

ZrCS+ 13.34 (0.29) Zr+ CS 2.67± 0.11e

NbCS+ 14.79 (0.14) Nb+ CS 2.51± 0.11e

YO2
+ 6.66 (0.25) OY+ O 1.76± 0.16i

ZrO2
+ 6.67 (0.29) OZr+ O 3.85± 0.07g

NbO2
+ 6.73 (0.22) ONb+ O 5.71± 0.17h

YOS+ 6.59 (0.37) SY+ O 3.93± 0.32e

OY+ S 2.14± 0.42e

ZrOS+ 8.45 (0.33) SZr+ O 4.42± 0.18e

OZr+ S 2.36± 0.44e

NbOS+ 9.05 (0.27) SNb+ O 5.61± 0.16e

ONb+ S 3.68± 0.31e

YS2
+ 6.96 (0.70) SY+ S 3.82± 0.68e

ZrS2
+ 9.34 (0.73) SZr+ S 3.82± 0.68e

NbS2
+ <10.45 (0.23) SNb+ S >4.50± 0.04e

a If not stated otherwise, these values are calculated from the corresponding
thermochemical data given inTables 1 and 2.

b Ref. [52].
c Ref. [53].
d Ref. [33].
e This work.
f Ref. [54].
g Ref. [55].
h Ref. [56].
i Ref. [57].

3.1. Reaction of M+ with COS

The reaction of M+ with COS is studied with FTICR only.
The primary products observed are MS+ and MO+ (reactions(3)
and(4)). MS2

+ (M = Y, Zr, and Nb) is also observed as a sec-
ondary product formed at longer reaction times. For zirconium,
formation of ZrOS+ is observed at long reaction times, which is
attributed to reactions with impurities such as O2 or H2O.

M+ + COS → MS+ + CO (3)

M+ + COS → MO+ + CS (4)

The measured rate constantskexp for MS+ formation (reac-
tion (3)) are (4.3± 0.8)× 10−10, (5.2± 1.0)× 10−10, and
(4.7± 0.69)× 10−10 cm3 s−1 molecule−1 for M = Y, Zr, and Nb,
respectively. The rates are corrected for MO+ formation amount-
ing to 25, 45, and 15% for M = Y, Zr, and Nb, respectively.
22]. The valence orbitals are expanded as linear com
ions of Slater-type basis functions. Triple-zeta basis set
sed for yttrium, zirconium, niobium, and sulfur. All molecu
nd atomic energies are calculated using the local spin de
pproximation (LDA) with Slater’s exchange functional and
osko–Wilk–Nusair parametrization (VWN)[23] augmented b
ecke’s[24] and Perdew’s[25] (BP) gradient corrections fo

he exchange and correlation potentials, respectively[26]. This
ethod will be referred to as ADF/BP. Particular advantage

he ADF program are that it provides control over the symm
f the wave function created during geometry optimizations
ermits the calculations of the excited states.

. Experimental results

In the following, mass spectrometric data from two co
lementary instruments are presented to explore the gas-
eactivity of YS+, ZrS+, and NbS+. First, the two exotherm
eactions of M+ (M = Y, Zr, and Nb) with COS and CS2 are stud
ed followed by collision-induced dissociation of MS+ (M = Y,
r, and Nb) with Xe. Next, the reaction of MS+ (M = Y, Zr,
nd Nb) with the oxygen compounds CO, CO2, and COS a
ell as MO+ with CS2 are analyzed, further refining the th
ochemistry of MS+. Finally, results from indirect equilibrium
easurements of reaction(2) and its reverse (2′) in the FTICR
re presented as an independent means for determinat
0(M+–S).

S+ + H2O � MO+ + H2S (2)

he thermochemical data used in this study are summariz
ables 1 and 2.
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Table 2
Heats of formation and bond dissociation energies for neutral species at 0 Ka

Neutral species �fH◦ [eV] Bond D0 [eV]

C 7.371 (0.005)
S 2.847 (0.003)
O 2.558 (0.001) OO 5.116 (0.001)
CO −1.180 (0.002) C O 11.109 (0.005)
CS 2.85 (0.04)b C S 7.37 (0.04)
SO 0.052 (0.013) SO 5.353 (0.013)
S2 1.330 (0.003) SS 4.364 (0.005)
CS2 1.200 (0.008)c SC S 4.50 (0.04)

COS −1.473 (0.003)c OC S 3.140 (0.005)
SC O 6.88 (0.04)

CO2 −4.075 (0.001) OCO 5.453 (0.002)

SO2 −3.075 (0.004) OSO 5.974 (0.014)
S O2 5.922 (0.005)

H2O −2.476 (0.001) H2 O 5.034 (0.001)
H2S −0.182 (0.008) H2 S 3.029 (0.009)

a Footnote ‘c’ fromTable 1unless noted otherwise.
b Ref. [58].
c Ref. [59]. Corrected to 0 K using theH◦–H◦ (298.15 K) values taken from

the reference given in footnote ‘b’ ofTable 1.

Efficiencies,φ(MS+), as defined above, amount to 0.38± 0.07,
0.46± 0.08, and 0.36± 0.06 for reaction of COS with Y+, Zr+,
and Nb+, respectively. Comparison toφ(MS+) with M = Sc, Ti,
and V of 0.35± 0.07, 0.37± 0.07, and 0.21± 0.04, respectively
[27], reveals that the second-row transition-metal cations excee
their lower congeners in reactivity. Assignment of the MO+

product to reaction(4) is somewhat ambiguous because the early
transition-metals cations are very reactive towards backgroun
contaminants such as water and oxygen. Further, MO+ may also
form as a secondary product upon reaction of MS+ with the
background contaminants. Careful examination of the FTICR
data reveals that MO+ forms as a primary product for all three
metals. The rate constantskexp for MO+ formation (reaction
(4)) are determined as (1.4± 0.3)× 10−10, (4.2± 0.8)× 10−10,
and (0.06± 0.03)× 10−10 cm3 s−1 molecule−1 for M = Y, Zr,
and Nb, respectively. The exothermicity of reactions(3) and
(4) indicates lower limits ofD0(M+–S) > 3.140± 0.005 eV and
D0(M+–O) > 6.88± 0.04 eV for M = Y, Zr, and Nb, respectively
(Tables 1 and 2). The latter limits forD0(M+–O) agree with
known thermochemistry (Table 1).

3.2. Reaction of M+ with CS2

The reaction of M+ with CS2 is measured using the GIB
and yields two major products, MS+ and MCS+, and as a
m + t
c r
p aller
t ion
o pen
d with
C
o oxy

gen in the reaction chamber (not shown).

M+ + CS2 → MS+ + CS (5)

M+ + CS2 → MCS+ + S (6)

M+ + CS2 → MC+ + S2 (7)

As can be seen fromFig. 1, Y+, Zr+, and Nb+ react
exothermically with CS2 raising the lower limit toD0(M+–S)
> 4.50± 0.04 eV for M = Y, Zr, and Nb.

The MS+ (M = Y, Zr, and Nb) cross-sections exhibit
E−p energy dependences withp = 0.32± 0.04, 0.36± 0.02,
and 0.29± 0.08, respectively, in the low-energy region
(0.02–0.3 eV), changing top = 0.88± 0.12, 1.08± 0.20, and
1.14± 0.08 at energies above 0.3 eV. Below 0.02 eV the YS+ and
ZrS+ cross-sections appear to converge to the LGS model (σLGS,
dashed lines inFig. 1). Above ca. 4.5 eV, all three MS+ cross-
sections decline more rapidly, probably because of the dissocia-
tion of the products (process(8)), which starts at 4.50± 0.04 eV
(Table 2).

M+ + CS2 → MS+ + CS → M+ + CS + S (8)

The energy dependences of ca.E−0.3 at low interaction ener-
gies are in contrast to the LGS model, which predicts an
E−0.5 behavior[28]. Similar deviations fromσLGS have been
observed, for example, by Schultz and Armentrout in the charge-
t
H r-
w rance
c con-
t t
o el
f icts an
E argu-
m
t t
l ion-
i
t
o f
M el
o tive
C r-
g eters
t uced
d vers
e an-
t led
t rom
e

nter-
o luded
a ig-
n bout
0 e
a ented
b lead to
inor product, MC, as shown in reactions(5)–(7). Produc
ross-sections are depicted inFig. 1. CS2

+ is seen as a mino
roduct for M = Nb with an endothermic cross-section sm

han 0.05× 10−16 cm2 at high energies (not shown). Format
f MS2

+ is observed for all three metals, but pressure de
ence studies reveal that it results from multiple collisions
S2. Minor amounts of YO+ (σ0 < 0.02× 10−16 cm2) were also
bserved and attributed to reaction with residual water and
d

d

-

-

ransfer (CT) reactions of N4+ with Kr and Xe and N2+ with
2 [13,29]. For the N2

+/H2 system one explanation put fo
ard is that the occurrence of charge transfer in the ent
hannel allows the magnitude of the cross-section to be
rolled by the polarizability of N2, which is larger than tha
f H2 [29]. In addition, Tosi et al.[30] developed a mod

or quasi-resonant charge-transfer processes, which pred
−1/3 dependence for CT cross-sections. However, these
ents cannot explain the deviations fromσLGS observed in

his study, because process(5) is unlikely to involve CT a
ow energies considering the large difference between the
zation energies of CS2 (IE = 10.0685± 0.0020 eV)[31] and
he metal cations (IE < 6.83 eV)[32]. Sievers et al.[33] also
bserved deviations fromσLGS for the exothermic formation o
O+ in the M+/O2 systems (M = Y, Zr, and Nb). Their mod
f explanation involves the influence of the strongly attrac
oulombic potential of the M2+ + O2

− asymptote at low ene
ies, which allows the reactants with large impact param

o react at increased energies by crossing from the ion-ind
ipole potential to the Coulombic potential. However, Sie
t al. find this model to be only in qualitative, but not in qu

itative agreement with the experimental conditions, which
o their conclusion that potential–energy curves evolving f
xcited states of M+ may also contribute.

Experimental artifacts caused by the uncertainty in the ce
f-mass energy in the low-energy region can also be exc
s origin of the observedE−0.3 dependence. For energies s
ificantly below one FWHM of the beam spread (here a
.09± 0.03 eV CM; see error ranges inFig. 1a and b), th
ssumption that the ion-energy distribution can be repres
y a truncated Gaussian becomes questionable. This can
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Fig. 1. Product cross-sections for the reaction M+ ((a) Y+; (b) Zr+; (c) Nb+) with CS2 to form MS+ (�), MCS+ (�), and MC+ (�) as function of center of mass
energy (lower axis) and laboratory energy (upper axis). The arrow marksD0(S–CS) = 4.50 eV. The dashed lines representσLGS. Error bars derived from beam spread
(here about 0.09± 0.03 eV CM).

calculated average energies that are smaller than the true average
energies produced in the laboratory. The net result of this pro-
cess is that the cross-sections calculated at the lowest energies
are shifted to lower energies by a small amount, such that the
apparent cross-section begins to level off[34].

In order to obtain more information about reaction(5), M+

ions (M = Y, Zr, and Nb) are reacted with CS2 in the FTICR.
MS+ is formed as a primary product for all three metals. MO+

is detected for M = Y and Nb and can be attributed to reac-
tion with residual water and O2 in the reaction cell (see below).
MS2

+ is only formed as a secondary product in the Nb+/CS2
system implying a lower limit ofD0(SNb+–S) > 4.50± 0.04 eV
and an upper limit ofD0(SM+–S) < 4.50± 0.04 eV for M = Y
and Zr. Reaction rates for MS+ formation (reaction(5)) amount
to kFTICR = (10.58± 0.33)× 10−10, (9.14± 2.11)× 10−10, and
(8.15± 0.82)× 10−10 cm3 s−1 molecule−1 for M = Y, Zr, and
Nb, respectively. Reaction rates have been corrected for 25
and 5% MO+ formation for M = Y and Nb, respectively. In
comparison, the phenomenological rate constantkGIB derived

from the GIB cross-sections[35] at the lowest energies
measured are (11.5± 5.8)× 10−10, (11.0± 5.5)× 10−10, and
(7.0± 3.5)× 10−10 cm3 s−1 molecule−1 for M = Y, Zr, and Nb,
respectively. Thus, the rate constants from both measurements
are in good agreement confirming the observedE−0.3 depen-
dence. Interestingly, the deviation fromσLGS in the M+/O2 and
M+/CS2 systems is only observed in reactions of metal cations
from the second transition row, but not for the Sc+, Ti+, and
V+ congeners[27]. This observation might point to the fact that
the deviation is a result of the higher masses and larger radii
of the second transition-row metal cations involved. For a more
detailed discussion of this argument, see ref.[36].

The formation of the metal-thiocarbonyls (reaction(6))
is endothermic for all three metals (Fig. 1). Analysis of
the MCS+ cross-sections using Eq.(1) yields thresholds for
YCS+, ZrCS+, and NbCS+ (Tables 3–5) that are converted
to D0(Y+–CS) = 1.42± 0.08 eV,D0(Zr+–CS) = 2.67± 0.11 eV,
and D0(Nb+–CS) = 2.51± 0.11 eV. These values are likely to
represent lower limits because of competition with the very effi-
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Table 3
Summary of parameters in Eq.(1) used for fitting the cross-sections and the derivedD0(Y+–S) in eV

Reaction E0 (eV)a σ0 (10−16 cm2) n D0(Y+–S) (eV)

CS2 + Y+ → YS+ + CS (5) <0 346b >4.50 (0.04)
CS2 + Y+ → YCS+ + S (6) 3.08 (0.02) 0.35 (0.01) 1.5 (0.2)
Xe + YS+ → Y+ + S + Xe (10) 6.35 (0.18) 1.02 (0.30) 1.8 (0.1) <6.35 (0.18)
CO + YS+ → Y+ + COS (11) 2.38 (0.17) 0.02 (0.01) 1.8 (0.2) 5.52 (0.17)
CO + YS+ → YO+ + CS (12) 3.02 (0.21) 0.14 (0.06) 1.6 (0.2) 6.56 (0.28)
CO + YS+ → Y+ + S + CO (13)c 7.14 (0.14) 0.33 (0.08) 0.7 (0.2) <7.14 (0.14)
CO + YS+ → YSO+ + C (14) 6.97 (0.22) 0.02 (0.01) 1.7 (0.2)
CO2 + YS+ → YO+ + COS (16)c 1.03 (0.11) 0.73 (0.17) 1.7 (0.2) 6.00 (0.21)
CO2 + YS+ → YSO+ + CO (17) 1.77 (0.24) 0.03 (0.01) 1.9 (0.2)
CO2 + YS+ → Y+ + S + CO2 (19) 6.43 (0.23) 0.37 (0.16) 1.4 (0.5) <6.43 (0.23)
COS + YS+ → YS2

+ + CO (24) <0 1b

(26)COS + YS+ → Y+ + S2 + CO 4.37 (0.13) 0.26 (0.05) 2.0 (0.2) 5.59 (0.13)

a TheE0 values are the average of several threshold fits with uncertainties of one standard deviation.
b Maximum cross-section atECM ≈ 0.03 eV.
c Fitting parameters for the endothermic feature after subtraction of the low energy part (see text).

Table 4
Summary of parameters in Eq.(1) used for fitting the cross-sections and the derivedD0(Zr+–S) in eV

Reaction E0 (eV)a σ0 (10−16 cm2) n D0(Zr+–S) (eV)

CS2 + Zr+ → ZrS+ + CS (5) <0 383b >4.50 (0.04)
CS2 + Zr+ → ZrCS+ + S (6) 1.83 (0.05) 1.03 (0.19) 2.7 (0.1)
CS2 + Zr+ → ZrC+ + S2 (7) 2.95 (0.14) 0.07 (0.01) 1.2 (0.2)
Xe + ZrS+ → Zr+ + S + Xe (10) 6.72 (0.22) 1.25 (0.52) 1.6 (0.2) <6.72 (0.22)
CO + ZrS+ → Zr+ + COS (11)c 2.72 (0.25) 0.03 (0.01) 1.8 (0.2) 5.86 (0.25)
CO + ZrS+ → ZrO+ + CS (12) 2.55 (0.24) 0.35 (0.14) 1.8 (0.2) 6.57 (0.27)
CO + ZrS+ → Zr+ + S + CO (13)d 6.93 (0.33) 1.29 (0.69) 1.6 (0.2) <6.93 (0.33)
CO + ZrS+ → ZrSO+ + C (14) 6.43 (0.24) 0.92 (0.51) 1.9 (0.3)
CO2 + ZrS+ → ZrO+ + COS (16) 1.34 (0.37) 0.41 (0.24) 1.9 (0.1) 6.79 (0.39)
CO2 + ZrS+ → ZrSO+ + CO (17)d 1.07 (0.10) 0.53 (0.25) 1.4 (0.2)
CO2 + ZrS+ → Zr+ + S + CO2 (19) 6.68 (0.22) 0.36 (0.12) 1.8 (0.1) <6.68 (0.22)
COS + ZrS+ → ZrS2

+ + CO (24) <0 188b

COS + ZrS+ → ZrO+ + CS2 (25) 1.34 (0.21) 0.06 (0.02) 1.6 (0.2) 6.72 (0.24)
COS + ZrS+ → Zr+ + S2 + CO (26) 5.25 (0.16) 0.28 (0.07) 2.0 (0.1) 6.47 (0.13)
COS + ZrS+ → ZrO+ + CS + S (27)d 5.65 (0.34) 1.37 (0.36) 1.1 (0.1) 6.53 (0.36)
CS2 + ZrO+ → ZrS2

+ + CO (28) <0 10b

CS2 + ZrO+ → ZrS+ + COS (29) <0 0.3b >5.38 (0.12)
CS2 + ZrO+ → ZrOS+ + CS (30) 1.19 (0.13) 1.28 (0.27) 1.2 (0.2)

a TheE0 values are the average of several threshold fits with uncertainties of one standard deviation.
b Maximum cross-section atECM ≈ 0.03 eV.
c Low-energy, endothermic feature is reproduced with given parameters but the parametern is held constant.
d Fitting parameters for the endothermic feature after subtraction of the low energy part (see text).

Table 5
Summary of parameters in Eq.(1) used for fitting the cross-sections and the derivedD0(Nb+–SNb+–S) in eV

Reaction E0 (eV)a σ0 (10−16 cm2) n D0(Nb+–S) (eV)

CS2 + Nb+ → NbS+ + CS (5) <0 195b >4.50 (0.04)
CS2 + Nb+ → NbCS+ + S (6) 1.99 (0.05) 1.01 (0.15) 2.2 (0.1)
CS2 + Nb+ → NbC+ + S2 (7) 2.59 (0.30) 0.08 (0.09) 1.5 (0.5)
Xe + NbS+ → Nb+ + S + Xe (10) 6.09 (0.16) 1.11 (0.36) 1.9 (0.2) <6.09 (0.16)
CO + NbS+ → NbO+ + CS (12) 2.58 (0.42) 0.09 (0.09) 2.2 (0.2) 5.97 (0.43)
CO + NbS+ → Nb+ + S + CO (13) 6.09 (0.26) 1.61 (0.66) 1.6 (0.2) <6.09 (0.26)
CO + NbS+ → NbSO+ + C (14) 5.55 (0.21) 0.50 (0.19) 1.7 (0.2)
CO2 + NbS+ → NbSO+ + CO (17) <0 53b

CO2 + NbS+ → NbO+ + CO + S (18) 3.71 (0.19) 2.47 (1.72) 1.2 (0.2) 5.39 (0.22)
CO2 + NbS+ → Nb+ + S + CO2 (19) 6.44 (0.29) 0.85 (0.38) 1.6 (0.2) <6.44 (0.29)
COS + NbS+ → NbS2

+ + CO (24) <0 69b

COS + NbS+ → Nb+ + S2 + CO (26) 4.74 (0.33) 0.37 (0.22) 2.0 (0.2) 5.96 (0.33)
COS + NbS+ → NbO+ + CS + S (27) 5.18 (0.52) 0.44 (0.30) 1.5 (0.2) 5.43 (0.53)

a TheE0 values are the average of several threshold fits with uncertainties of one standard deviation.
b Maximum cross-section atECM ≈ 0.03 eV.



I. Kretzschmar et al. / International Journal of Mass Spectrometry 249–250 (2006) 263–278 269

Fig. 2. Product cross-sections for the CID process of MS+, YS+ (�), ZrS+ (�),
and NbS+ (�), with xenon as a function of center of mass energy. The arrow
marks the approximate M+–S bond energies at 5.5 eV.

cient reaction(5). All three MCS+ cross-sections fall off sharply
above 4.5 eV when dissociation of the products becomes acces-
sible, according to process(9).

M+ + CS2 → MCS+ + S → M+ + CS + S (9)

For M = Zr and Nb, a third product channel, MC+, is observed in
the reaction of M+ with CS2 (reaction(7)). YC+ was not moni-
tored because it was not detected in the mass scan taken prior
the measurement. The thresholds ofE0(ZrC+) = 2.95± 0.14 eV
and E0(NbC+) = 2.59± 0.30 eV are in reasonable agree-
ment with the thresholds ofE0(ZrC+) = 2.79± 0.12 eV and
E0(NbC+) = 2.35± 0.16 eV calculated using the bond energies
given inTables 1 and 2, verifying that S2 rather than 2S is the
neutral product in reaction(7). The slightly higher experimental
thresholds can be rationalized by competition with efficient pro-
duction of MS+ and MCS+. Similar to the MCS+ cross-sections,
MC+ production also drops sharply near 4.5 eV suggesting for-
mation of MC+ occurs via a common SMCS+ insertion interme-
diate.

3.3. Reaction of MS+ with Xe

MS+ ions are formed in the flow tube via addition of small
amounts of COS to the M+ beam. Their purity is probed by
CID with xenon (reaction(10)). Upon collision with xenon,
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formed and attributed to reactions(11)–(14). Inefficient MC+ ion
formation (not shown) is detected at higher energies for M = Nb
with a maximum cross-section ofσmax= 0.46× 10−16 cm2 and
is attributed to reaction(15). For M = Y and Zr, the MC+ channel
was not monitored because it was not observed in the mass scans
routinely performed prior to threshold measurements.

MS+ + CO → M+ + COS (11)

MS+ + CO → MO+ + CS (12)

MS+ + CO → M+ + CO + S (13)

MS+ + CO → MOS+ + C (14)

MS+ + CO → MC+ + SO (15)

At first glance, the reactivity of MS+ towards CO seems to be
similar for all three metals with formations of M+ and MO+

competing at low energies and MOS+ formation commencing at
elevated energies. Note the overall cross-section of the YS+/CO
system is one order of magnitude lower than for ZrS+/CO and
NbS+/CO. This can possibly be rationalized by the closed-shell
character of the YS+ (1�+) species compared to the open shell
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tronegativity calculated according to Mulliken[38] (2.97 eV
v
m
a M
a oduct
c in the
M ises
m V
a f Nb
b
e on
( -
s ies
D
i on-
t to
r tes
t eV
i
f s
(
a n
( id-
u esh-
o
E d
t the
b
c
n ay
b
e

S dissociates into M and S (Fig. 2). Analysis of the reg
larly shaped cross-sections with Eq.(1) yields threshold
f E0(M+) = 6.35± 0.18 eV, 6.72± 0.22, and 6.09± 0.16 eV
Tables 3–5), which represent rigorous upper limits[17a,37]to
0(M+–S) for M = Y, Zr, and Nb, respectively.

S+ + Xe → M+ + S + Xe (10)

.4. Reaction of MS+ with CO

The cross-sections for reaction of MS+ with CO are depicte
n Fig. 3. The three major products, M+, MO+, and MOS+, are
to

ersus 3.32 and 3.28 eV) of the YS+ ion. For M = Y and Zr, for-
ation of the metal-oxide cations prevails over the M+ product
t higher energies, whereas for M = Nb, the dissociation into+

nd S dominates. Closer inspection reveals that several pr
hannels have composite cross-sections most apparent
+ channel. The Y+ cross-section starts near 3 eV and r
ore rapidly above 6.5 eV. Zr+ formation also sets in near 3 e
nd experiences a slope change near 6.5 eV. Formation o+

egins at a much higher apparent threshold of∼5.5 eV. High-
nergy formation of M+ can be attributed to simple CID (reacti
13)) with CO as the collision gas[27a]. However, the cross
ections for Y+ and Zr+ clearly extend below the bond energ
0(Y+–S) = 5.49± 0.18 eV andD0(Zr+–S) = 5.69± 0.10 eV as

ndicated by arrows inFig. 3. Thus, low-energy processes c
ribute to the Y+ and Zr+ channels and can be attributed
eaction(11). It is likely that a similar process also contribu
o the Nb+ threshold; however, the cross-section below 5.5
s very small and difficult to fit with Eq.(1). If the low-energy
eature for M = Y and Zr is modeled using Eq.(1), the threshold
Tables 3 and 4) can be converted toD0(Y+–S) = 5.52± 0.17 eV
nd D0(Zr+–S) = 5.86± 0.25 eV. If the model for reactio
11) is subtracted from the M+ cross-section data, the res
al CID cross-section can be modeled leading to thr
lds of E0(Y+) = 7.14± 0.14 eV,E0(Zr+) = 6.93± 0.33 eV, and
0(Nb+) = 6.09± 0.16 eV. These Y+ and Zr+ thresholds excee

hose from CID with Xe, which is in good agreement with
ehavior seen in earlier CID studies of MS+ with CO [27]. In
ontrast, the threshold obtained from fitting of the Nb+ chan-
el is very similar to the CID threshold with xenon, which m
e because there are contributions from reaction(11) at low
nergies.
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Fig. 3. Product cross-sections for the reaction of MS+ ((a) YS+; (b) ZrS+; (c) NbS+) with CO to form M+ (�), MO+ (©), and MOS+ (♦) as a function of center
of mass energy (lower axis) and laboratory energy (upper axis). The arrows mark the dissociation energies of YS+, ZrS+, and NbS+ at 5.49, 5.69, and 5.20 eV,
respectively. Note that the scale for M = Y is one order of magnitude lower than for the other metals.

The second product formed in the reaction of MS+ with CO
is MO+ according to process(12). Fitting of the cross-sections
with Eq. (1) yields thresholds (Tables 3–5) that can be com-
bined withD0(MO+), D0(CS), andD0(CO) (Tables 1 and 2) to
yield D0(Y+–S) = 6.56± 0.28 eV, D0(Zr+–S) = 6.57± 0.27 eV,
and D0(Nb+–S) = 5.97± 0.43 eV. All these bond energies are
comparable to the upper limits obtained from CID with Xe,
which may suggest the presence of barriers en route to MO+

formation, as found for the analogous reactions for M = Sc, Ti,
and V[27].

Formation of MOS+ is observed at high energies for
all three metals in the MS+/CO system and can be
attributed to oxygen-atom transfer. Analysis of the cross-
sections with Eq.(1) results in thresholds (Tables 3–5) that
are converted into bond energies usingTables 1 and 2:
D0(SY+–O) = 4.14± 0.22 eV, D0(SZr+–O) = 4.68± 0.24 eV,
and D0(SNb+–O) = 5.56± 0.42 eV. The MOS+ cross-sections
fall of sharply above 11.109 eV =D0(CO), where dissociation
to MS+ + O + Cbecomes accessible.

3.5. Reaction of MS+ with CO2

M+, MO+, and MOS+ are the three major product channels
observed in the reaction of MS+ with CO2 as depicted inFig. 4.
These can be attributed to reactions(16)–(19).

MS+ + CO2 → MO+ + COS (16)

MS+ + CO2 → MOS+ + CO (17)

MS+ + CO2 → MO+ + CO + S (18)

MS+ + CO2 → M+ + S + CO2 (19)

Comparison of the MS+/CO2 cross-sections with those
of the MS+/CO system reveals that now formation of
MO+ and MOS+ dominates over M+ formation in the
energy range observed. This observation is consistent with
the higher number of CO bonds and the lower CO
bond energy in CO2, D0(OC–O) = 5.453± 0.002 eV versus
D0(C–O) = 11.109± 0.005 eV (Table 2). Note again the sig-
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Fig. 4. Product cross-sections for the reaction of MS+ ((a) YS+; (b) ZrS+; (c) NbS+) with CO2 to form MO+ (©), MOS+ (♦), and M+ (�), and as a function of
center of mass energy (lower axis) and laboratory energy (upper axis). The arrows mark the dissociation energies of YS+, ZrS+, and NbS+ at 5.49, 5.69, and 5.20 eV,
respectively. Note that the scale for M = Y is one order of magnitude lower than for the other metals.

nificantly lower cross-sections for YS+/CO2 compared to
those for the ZrS+/CO2 and NbS+/CO2 systems. The YO+

cross-section consists of a pronounced exothermic, low-energy
feature (σ(YO+) = 2× 10−16 cm2 at Ecm≈ 0.03 eV) and an
endothermic feature. ZrO+ exhibits only a very small exother-
mic tail (σ(ZrO+) = 0.5× 10−16 cm2 at Ecm≈ 0.03 eV) and
a pronounced endothermic feature, whereas NbO+ exhibits
only an endothermic cross-section. If the exothermic fea-
tures for M = Y and Zr are modeled using a power
law and subtracted from the MO+ cross-sections, anal-
ysis of the residual cross-sections with Eq.(1) results
in E0(YO+) = 1.03± 0.11 eV, E0(ZrO+) = 1.34± 0.37 eV, and
E0(NbO+) = 3.71± 0.19 eV. This large difference in thresholds
suggests that MO+ formation occurs via process(16) for reac-
tion of YS+ and ZrS+, whereas process(18) can be assigned
for reaction of NbS+. These assignments lead to bond energies
of D0(Y+–S) = 6.00± 0.21 eV,D0(Zr+–S) = 6.79± 0.39 eV, and
D0(Nb+–S) = 5.39± 0.22 eV. Clearly, contributions to the YO+

and ZrO+ cross-sections from reaction(18) are likely at higher

energies and this could influence the interpretation of the data.
Comparable composite cross-sections have been observed in the
MS+/CO2 systems with M = Sc, Ti, and V[27].

The question remaining concerns the assignment of the
exothermic feature in the YO+ cross-section. Notably, the YO+

cross-section inFig. 4a is the only MO+ cross-section of the
early transition metals (M = Sc, Ti, V, Y, Zr, and Nb) that
exhibits a pronounced exothermic feature (σ0 = 2× 10−16 cm2

atEcm = 0.03 eV). In general, there are four possible origins for
the exothermic YO+ feature. The exothermic behavior could
result from: (i) products formed by the reaction of the interfer-
ing (COS)2+ dimer (see above) with CO2, e.g., the van der Waals
complex (COS···CO2)+, (ii) the presence of excited YS+ (3�)
in the beam, which is predicted to be 2.12 eV above the1�+

ground state at the ADF/BP86 level of theory (see below), (iii)
the reaction of YS+ with impurities such as O2 and H2O, or (iv)
the exothermicity of the reaction of YS+ with CO2 to yield YO+

and COS. Arguments (i) and (ii) can be excluded from further
considerations for the following reasons. First, CID with xenon
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reveals that the amount of (COS)2
+ dimer in the beam is very low

(see above), even though the weak bond in the (COS)2
+ dimer

of 0.75± 0.04 eV allows efficient bond cleavage[39]. Second,
the bond energy of the heterogeneous (COS···CO2)+ dimer is
expected to be lower than that of the symmetric (COS)2

+ dimer.
The dissociation energies found for the symmetric dimers are
always larger than those of the corresponding heterogeneous
dimers[40]. For example:D0[(COS)2+] = 0.75± 0.04 eV[39],
D0[(CS2)2+] = 0.76± 0.04 eV [41], and D0[(COS···CS2)+] =
0.25± 0.04 eV. This would result in an endothermic cross-
section for the replacement of COS by CO2. The presence of
large amounts of excited YS+ ions in the beam is unlikely,
because not all of the product cross-sections for the YS+ reactant
show evidence for a contribution from such excited states.

After exclusion of (i) and (ii), the validity of (iii) and (iv) can
be probed with FTICR. In order to probe the occurrence of (iii)
reactions(20)and(21)are measured with FTICR.

YS+ + O2 → YO+ + SO (20)

YS+ + H2O → YO+ + H2S (21)

From the pseudo-first order kinetics of reactions(20)
and (21) rate constants ofkFTICR,(20)= (4.2± 1.4) eV×
10−10 cm3 s−1 molecule−1 andkFTICR,(21)= (5.6± 1.1)× 10−10

cm3 s−1 molecule−1 are obtained. Comparison of these rate
constants with the collision ratesk = 5.87× 10−10 and
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ground-state or excited YO+ ions (see below). The reaction
rates forkFTICR,(22) andkFTICR,(23) yield Keq= 0.83± 0.33 and
hence�RG(298 K) = 0.005± 0.002 eV upon application of the
Gibbs–Helmholtz equation,�RG(298 K) =−RT ln Keq. Con-
sidering ��RG(298 K/0 K) = 0.013± 0.001 eV derived from
calculations at the B3LYP/3-21G level of theory, we arrive
at �RH0 = 0.018± 0.002 eV [36]. This �RH0 value yields
D0(Y+–S) = 5.22± 0.16 eV. Because of the background reac-
tions with H2O and O2, the rate constant for process(22) is an
upper limit, and theD0 value is thus a lower limit, in agreement
with the bond energy ofD0(Y+–S) = 5.49± 0.18 eV (Table 1).

In the GIB experiments, oxygen-atom transfer leading to
MOS+ formation is observed in the reaction of MS+ with
CO2. The YOS+ cross-section has an apparent threshold near
2 eV and starts to level off near 5.5 eV when dissociation of
CO2 into CO and O becomes accessible (Table 2). Fitting
of the cross-section results inE0(YOS+) = 1.77± 0.24 eV
and D0(SY+–O) = 3.68± 0.24 eV. Formation of ZrOS+

exhibits a small exothermic tail (σ(ZrOS+) = 4× 10−16 cm2

at Ecm≈ 0.03 eV) and starts to rise near 1 eV. It is possible
that the exothermic tail can be attributed to reaction of ZrS+

with residual H2O (D0(H2–O) = 5.034± 0.001 eV) and/or
O2 (D0(O–O) = 5.116± 0.001 eV), which would suggest that
D0(SZr+–O) > 5.0 eV. Subtraction of the exothermic feature
and application of Eq.(1) yields E0(ZrOS+) = 1.07± 0.10 eV,
which is converted toD (SZr+–O) = 4.38± 0.10 eV using
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3.27× 10−10 cm3 s−1 molecule−1 for O2 and H2O, respec

ively, gives efficiencies ofφO2(YO+) = 0.72± 0.23 and
H2O(YO+) = 0.24± 0.05. Thus, both reactions may occ
hen as little as 1% O2 or H2O are present in the GIB ce

esulting in an exothermic feature in the YO+ cross-section.
Next, reaction(22)is probed with FTICR. The observed re

ivity corresponds to a rate constant ofkFTICR,(22)= (0.73± 0.25)
10−10 cm3 s−1 molecule−1. However, correction of this ra

onstant for the presence of ca. 10% O2 and 40% H2O in the
ackground of the instrument (pback= 2.0× 10−7 Pa), using th
ate constants of reactions(20) and(21) given above, reduce
FTICR,(22) to virtually zero.

S+ + CO2 → YO+ + COS (22)

O+ + COS → YS+ + CO2 (23)

hen YO+ ions are trapped with COS in the FTICR, Y+

s observed as the major primary product (process(23)). The
seudo-first order kinetics at short reaction times yield a rate
tant ofkFTICR,(23)= (0.88± 0.17)× 10−10 cm3 s−1 molecule−1

nd efficiency ofφCOS(YS+) = 0.08± 0.02. (Measurements
COS= 0.98, 2.85, and 7.25× 10−6 Pa yieldedkFTICR,(23)= 0.95,
.82, and 0.87× 10−10 cm3 s−1 molecule−1, respectively.) A

onger reaction times, the kinetics of reaction(23)are obscure
y two processes. On the one hand, YO+ ions are regen
rated by reaction of the YS+ ions with water and oxyge
resent in the FTICR background (see above). On the
and, YO+ ions are depleted by the reaction with backgro
ater to yield YO2H2

+. Both factors render the completion
eaction(23) impossible. Thus, it remains uncertain whet
he observed reactivity of YO+ towards COS stems fro
-

r

0
he values inTables 1 and 2. This is most conservative
iewed as a lower limit because of the subtraction
ssary to evaluate this feature. For M = Nb, the Nb+

ross-section has a pronounced exothermic fea
(NbOS+) = 54× 10−16 cm2, which leads to a lower lim
f D0(SNb+–O) > 5.453± 0.002 eV =D0(O–CO). The valu

s in good agreement withD0(SNb+–O) derived from th
bS+/CO reaction system, but decreases the range of u

ainty as discussed below.
The least efficient process observed in the MS+/CO2 sys-

em corresponds to the generation of M+. The M+ channel is
ttributed to CID with CO2 as collision gas. Eq.(1)yields thresh
lds of E0(Y+) = 6.43± 0.23 eV,E0(Zr+) = 6.68± 0.22 eV, and
0(Nb+) = 6.44± 0.29 eV. All three thresholds are within exp

mental error of those obtained for CID with Xe (Tables 3–5).

.6. Reaction of MS+ with COS

The reaction of MS+ with COS leads to exothermic fo
ation of MS2

+ as the predominant product at low energ
Fig. 5). Endothermic formation of M+ and MO+ is observed a
igher energies, and inefficient formation of MOS+ is detected

or M = Zr and Nb at high energies with maximum cross-sect
max< 0.25× 10−16 cm2 (not shown).

S+ + COS → MS2
+ + CO (24)

S+ + COS → MO+ + CS2 (25)

S+ + COS → M+ + S2 + CO (26)

S+ + COS → MO+ + CS + S (27)
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Fig. 5. Product cross-sections for the reaction of MS+ ((a) YS+; (b) ZrS+; (c) NbS+) with COS to form MS2+ (�), M+ (�), and MO+ (©) as a function of center
of mass energy (lower axis) and laboratory energy (upper axis). The arrows mark the dissociation energies of YS+, ZrS+, and NbS+ at 5.49, 5.69, and 5.20 eV,
respectively.

The cross-sections for MS2
+ formation (reaction(24)) decrease

with increasing energy and are therefore exothermic with
σ(YS2

+) = 1× 10−16 cm2, σ(ZrS2
+) = 188× 10−16 cm2, and

σ(NbS2
+) = 69× 10−16 cm2 at Ecm∼ 0.03 eV. The exothermic

feature is least pronounced for M = Y, as is the case for the
isovalent ScS+/COS system, which can be rationalized by the
differences in electronic structure of the MS+ cations[27a].
Exothermic sulfur transfer from COS implies a lower limit of
D0(SM+–S) > 3.140± 0.005 eV for M = Y, Zr, and Nb. Together
with the upper limit ofD0(SM+–S) < 4.50± 0.04 eV derived for
M = Y and Zr from failure to observe sequential S-transfer with
CS2 we obtainD0(SM+–S) = 3.84± 0.70 eV for M = Y and Zr.
An endothermic feature is present in all MS2

+ cross-sections
with a threshold near 1 eV, which may be attributed to forma-
tion of MS2

+ with a different geometric structure or electronic
state as has been observed for other MS+/COS systems with
M = Sc, Ti, and V[27].

The other two products formed according to reactions
(25)–(27), MO+ and M+, generally have comparable magni-

tudes, although M+ prevails at high energies. This is presumably
because formation of MO+ requires breaking the CO bond of
D0(SC–O) = 6.88± 0.04 eV, which is stronger in COS compared
with CO2. The MO+ cross-sections start at apparent thresholds
of about 1, 3, and 5 eV for M = Y, Zr, and Nb, respectively.
Analysis of the YO+ cross-section is difficult because of its
low intensity and very slow rise. Application of Eq.(1) to the
ZrO+ and NbO+ channels yieldsE0(ZrO+) = 1.34± 0.21 eV and
E0(NbO+) = 5.18± 0.52 eV. The very different thresholds indi-
cate that the ZrO+ cross-section must be attributed to reaction
(25), where the threshold yieldsD0(Zr+–S) = 6.72± 0.24 eV,
whereas process(27) is assigned toE0(NbO+) = 5.18± 0.52 eV,
leading to D0(Nb+–S) = 5.43± 0.53 eV. In analogy to the
TiS+/COS system[27a], process(27)is likely to contribute to the
ZrO+ intensity above about 5 eV. Subtraction of the cross-section
for process(25) with the parameters given inTable 4leads to a
cross-section for process(27) with E0(ZrO+) = 5.65± 0.34 eV,
which leads toD0(Zr+–S) = 6.53± 0.36 eV. This value must
be viewed cautiously because the subtraction of the low
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Fig. 6. Product cross-sections for the reaction of ZrO+ with CS2 to form ZrS2
+

(�), ZrOS+ (♦), and ZrS+ (�) as a function of center of mass energy (lower
axis) and laboratory energy (upper axis).

energy feature assumes that the high energy behavior is
known.

Analysis of the M+ cross-sections with Eq.(1) results
in thresholds of E0(Y+) = 4.37± 0.13 eV, E0(Zr+) = 5.25±
0.16 eV, andE0(Nb+) = 4.74± 0.33 eV, clearly below the corre-
sponding thresholds from CID with Xe. This indicates reaction
(26) is the source for the M+ formation at threshold, as also
observed for MS+/COS with M = Sc, Ti, and V[27]. Using
process(26) and the thermochemical data inTables 1 and 2,
the thresholds are converted toD0(Y+–S) = 5.59± 0.13 eV,
D0(Zr+–S) = 6.47± 0.13 eV, andD0(Nb+–S) = 5.96± 0.33 eV.
The formation of M+ via direct CID with COS as the collision
gas, yielding COS + S neutral products, is likely to contribute to
the M+ cross-sections at elevated energies.

3.7. Reaction of MO+ with CS2 (M = Zr and Nb)

Reaction of ZrO+ ions with CS2 in the GIB results in forma-
tion of ZrS2

+, ZrS+, and ZrOS+ (Fig. 6), which are attributed to
reactions(28)–(30).

ZrO+ + CS2 → ZrS2
+ + CO (28)

ZrO+ + CS2 → ZrS+ + COS (29)

ZrO+ + CS2 → ZrOS+ + CS (30)

F
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the threshold with Eq.(1) yields E0(ZrOS+) = 1.19± 0.13 eV,
which results inD0(OZr+–S) = 3.31± 0.14 eV.

In order to further probe the formation of ZrS+ accord-
ing to reaction(29), ZrO+ ions were trapped with CS2 in the
FTICR cell. However, formation of ZrS2+ according to reac-
tion (28) is the only primary product formed with an efficiency
of φ(MS2

+) = 5± 1%, in agreement with the GIB efficiency.
ZrO2H+ and ZrSOH+ are observed as minor products formed
by reaction with background water. Double resonance on ZrS+

(m/z = 125) did not affect the formation of ZrS2
+. Thus, ZrS+

can be excluded as an intermediate in reaction(28). The failure
to detect ZrS+ in the FTICR experiments can be attributed to
the very low efficiency (kGIB/kc = 0.1%) of reaction(29)and the
rapid reaction with residual water (see below).

Reaction of NbO+ with CS2 was studied with FTICR.
The major product channels observed are NbOS+ (15%) and
NbS2

+ (85%) with reaction efficiencies ofφ(NbS2
+) = 0.29 and

φ(NbOS+) = 0.06. No NbS+ is observed, which may be attributed
to slow product formation (as is seen for M = Zr) as well as effi-
cient reaction of NbS+ with residual water and O2 to NbSO+ (see
below). Double resonance experiments on NbS+ and NbOS+

reveal that neither of them is a precursor for NbS2
+ formation.

Direct formation of NbS2+ via process(28)with M = Nb yields
a lower limit forD0(SNb+–S) > 2.71± 0.15 eV (Tables 1 and 2).
Observing exothermic formation of NbOS+ implies a
lower limit for D (ONb+–S) > 4.50± 0.04 eV =D (S–CS)
(
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ormation of ZrS2+ (reaction (28)) is exothermic with
(ZrS2

+) = (10± 2)× 10−16 cm2 at 0.03 eV (kGIB/kc = 3.3±
.7%) and leads to a lower limit ofD0(SZr+–S) > 2.95± 0.17 eV

n good agreement withD0(SZr+–S) > 3.140± 0.005 eV
erived from ZrS2+ formation in the ZrS+/COS sys

em. The exothermic cross-section for the ZrS+ channel
(ZrS+) = 0.3× 10−16 cm2 at 0.03 eV, increases the low

imit of D0(Zr+–S) > 4.50± 0.04 eV to a lower limit o
0(Zr+–S) > 5.38± 0.12 eV. The only endothermic proce
bserved is formation of ZrOS+ (process(30)). Analysis of
0 0
Table 2).

.8. Reaction of MX+ with H2Y (X = O and S; Y = S and O)

In order to independently determineD0(M+–S) for M = Y, Zr,
nd Nb, equilibrium measurements[42] of reaction(2) and its
everse (2′) were attempted in the FTICR. However, the es
ishment of equilibrium for reaction(2) is rendered difficul
ecause of the efficient reaction with H2O and O2 present in

he background of the instrument (see above). Therefore
inetic approach is employed for an indirect determinatio
he equilibrium constantKeq [43]. This method involves th
eparate determination of the rate constantsk2 and k2′ , along
ith Keq= k2/k2′ . 18O-labeled water is used as the reagen

eaction(2), in order to reduce the perturbation of the kine
y background H2O and O2. Product distributions and reacti
ates are summarized inTable 6.

The reaction rates obtained from the pseudo
rder kinetics for M = Y (Table 6) yield Keq= 108± 43

42,44], and hence �RG298=−0.12± 0.01 eV. Applying
�RG(298 K/0 K) = 0.017± 0.001 eV derived from calcul

ions at the B3LYP/3-21G level of theory[36], we arrive a
RH0 =−0.10± 0.01 eV. This value is in reasonable agr
ent with the �RH0 =−0.28 eV predicted by calculatio
f the YS+/H2O system at the MP4 level of theory[45].
he experimental�RH0 yields D0(Y+–S) = 5.28± 0.18 eV,
hich is within the error margins ofD0(Y+–S) = 5.52± 0.17
nd 5.59± 0.13 eV (Table 3) obtained from the thresholds
eactions(11)and(26).

MO+ formation according to process(2) is observed
ith a branching ratio of 80% in the FTICR for M =
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Table 6
Product distributions, rate constantskMX+ (X = O and S)a and reaction enthalpies�RH0 for reaction with H2O and H2S for M = Y, Zr, and Nb

MX Reaction MO+ (%) MOS+ (%) MOSH+ (%) kMO+ φ(MO+)b �RH0 (eV)c

YS+ (2)/(21) 100d – – 5.6 0.24 −0.10± 0.01
ZrS+ (2) 80 – 20 4.8 0.20 <−0.15± 0.01
NbS+ (2) 15 85 – 0.36 0.02 0.013± 0.055

MS+ (%) MOS+ (%) MOSH+ (%) kMS+ φ(MS+)

YO+ (2′) 100 – – 0.052 0.004
ZrO+ (2′) <10e – 100 <0.007 <0.0005
NbO+ (2′) 10 90 – 0.25 0.02

a Rate constantsk are given in 10−10 cm3 s−1 molecules−1.
b Reaction efficiencyφ(MX+) = kexp/kc.
c �RH0 is derived using�RG298=−RT ln Keq and��RG(298 K/0 K) = 0.017± 0.001 eV obtained at the B3LYP/3-21G level of theory.
d Adduct formation, YS(H2O)+, is observed with 10%.
e ZrS+ formation isnot observed, the value given here is derived from the S/N ratio observed after trapping of ZrO+ for 5 s inpH2S = 1.3 × 10−5 Pa.

with a reaction rate ofk2 = 4.8× 10−10 cm3 s−1 molecule−1.
However the reverse reaction (process (2′)) is not observed
because of pronounced formation of ZrOSH+ (100%).
Using the signal-to-noise ratio of the FTICR spectrum,
we determine an upper limit for ZrS+ production of
10% in process (2′), which leads to an upper limit for
k2′ < 0.007× 10−10 cm3 s−1 molecule−1. Combination ofk2 and
k2′ leads to an upper limit of�RH0 <−0.15± 0.01 eV resulting
in D0(Zr+–S) < 5.66± 0.11 eV. Formation of NbO+ and NbS+

in processes(2) and (2′) with M = Nb is observed in the FTICR
(Table 6), but the dominant product channel in both cases is for-
mation of NbOS+. Observation of the latter in exothermic reac-
tions leads to lower limits ofD0(SNb+–O) > 5.034± 0.001 eV
and D0(ONb+–S) > 3.029± 0.009 eV in good agreement
with D0(SNb+–O) = 5.56± 0.42 eV determined from thresh-
old analysis of process(14). Using the reaction rates
obtained for NbO+ and NbS+ formation (Table 6), we
deriveKeq= 1.4± 0.4 and hence�RH0 = 0.008± 0.003 eV and
D0(Nb+–S) = 5.13± 0.11 eV. At this point, a note of caution
about this approach to equilibrium thermochemistry is indi-
cated because the efficiently competing formation of NbOS+

may influence the reaction rates. If this competing reaction
occurs with a comparable rate for both directions in reaction
(2), the indirect approach used above results in values close
to the true thermochemical equilibrium. In the other extreme,
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ADF/BP level of theory (Table 7), we find low-spin1�+, 2�,
and3�− ground states for YS+, ZrS+, and NbS+, respectively.
These states result from the perfect pairing of Y+ (1S), Zr+ (4F),
and Nb+ (5D) [46] with S (3P) [32] yielding (1�)2(2�)2(1�)4,
(1�)2(2�)2(1�)4(1�)1, and (1�)2(2�)2(1�)4(1�)2 valence con-
figurations, respectively. The1�+ ground state for yttrium sul-
fide agrees with calculations at the B3LYP level of theory[47].
The next higher states of YS+ are the three triplet states at 2.12,
2.58, and 2.66 eV with3�, 3�/3�, and3�+ symmetry formed
by excitation of a single electron from the 1� orbital into the 3�
(3�) or 1� orbital (3�/3�) or from the 2� into the 3� orbital
(3�+). The two lowest quintet states,5� and5�+, of YS+ have
(1�)2(2�)2(1�)2(1�)1(3�)1 and (1�)2(2�)2(1�)2(1�)2 configu-
rations and are located at 4.88 and 5.83 eV, respectively. Not
surprisingly, the splitting between the ground state and the low-
est excited state is much narrower for ZrS+ and NbS+, which
both have electrons in the non-bonding�-manifold. The lowest
excited state is ZrS+ (2�+) at 0.30 eV followed by a (2�) state at
1.28 eV. The2�+ state is reached via excitation of the uncoupled
electron from the 1� to the 3� orbital, whereas the2� state is
accessed via excitation of the electron from the 1� orbital into an
unoccupied 2� orbital. The lowest quartet states are formed by
excitation of one electron from one of the doubly occupied 1�
orbitals into either the empty 3� or 1� orbitals requiring 2.14 eV
(4�/4�) and 2.26 eV (4�), respectively. For NbS+, the lowest
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owever, one component may undergo the competing
ion much more rapidly than the other, which would still le
o a quasi-stationary state, but not to a true equilibrium

conservative error estimation, the resulting extremes m
e considered accordingly. Using the data given inTable 6as

he extremes,Keq could vary between 0.14 and 10 for re
ion (2) with M = Nb, leading to�RH(0 K) = 0.013± 0.055 eV
nd henceD0(Nb+–S) = 5.13± 0.12 eV is the final value derive

rom the FTICR measurements.

. Theoretical results

To fully understand the experimental results, it is impor
o know the nature of the electronic states of the MS+ species
FT calculations were used to provide this information. At
-

t

xcited state is (�) at 0.64 eV followed by a (�/ �) state a
.44 eV. The3� involves excitation of an electron from an oc
ied 1� orbital to the 3� orbital, whereas the3� state is accesse
ia excitation of an electron from a singly occupied 1� orbital
nto an empty 2� orbital. The lowest quintet states (5� and5�/�
ymmetry) are formed by excitation of one electron from on
he doubly occupied 1� orbitals into either the 3� orbital or an
mpty 2� orbital requiring 2.25 and 2.53 eV, respectively.
hoose not to report theoretical bond energies because the
rogram used is not designed to assess accurate bond en

. Discussion

The discussion serves to evaluate and combine the v
or D0(M+–S), D0(M+–CS),�fH0(MOS+), and�fH0(MS2

+)
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Table 7
State splittings in eV and bond lengthsr in Å for MS+ (M = Y, Zr, and Nb) at the ADF/BP86 level of theory

YS+ ZrS+ NbS+

Erel State r Erel State r Erel State r

0.00 1�+ 2.241a 0.00 2� 2.174b 0.00 3�− 2.125c

2.12 3� 2.476 0.30 2�+ 2.156 0.64 3� 2.117
2.58 3�/3�d 2.439 1.28 2� 2.210 1.44 3�/3�d 2.164
2.66 3�+ 2.333 2.14 4�/4�d 2.350 2.25 5� 2.295
4.88 5� 2.967 2.26 4� 2.381 2.53 5�/�+ 2.358
5.83 5�+ 2.933 2.73 4� 2.432

a Reoptimization at the B3LYP/6-311 + G* level of theory yieldsr = 2.244Å andν = 540 cm−1.
b Reoptimization at the B3LYP/6-311 + G* level of theory yieldsr = 2.196Å andν = 547 cm−1.
c Reoptimization at the B3LYP/6-311 + G* level of theory yieldsr = 2.154Å andν = 541 cm−1.
d A differentiation between� and� states is not possible in the employed ADF/BP86 method.

derived above for M = Y, Zr, and Nb. Reaction of M+ with
COS/CS2 and CID with Xe result in brackets forD0(M+–S).
The brackets are then used to evaluate theD0(M+–S) values
derived via the reactions of MS+ with CO, CO2, and COS as well
as MO+ + CS2. D0(M+–S) values obtained independently from
indirect equilibrium measurements of reaction(2)and its reverse
(2′) are compared to theD0(M+–S) values from the MS+/COX
systems (X = no atom, O, and S). Subsequently, recommended
values forD0(M+–S) with M = Y, Zr, and Nb are derived. The
D0(M+–S) values are reported as weighted averages of several
independent measurements, which take into account the pro-
portional relevance (given by the error range reported) of each
bond energy value. Finally,D0(M+–CS), and�fH0(MOS+) for
M = Y, Zr, and Nb are addressed.

5.1. Brackets

Using the exothermic formation of MS+ in reactions
(3) and (5), we assign the lower limits of 3.140± 0.005
and 4.50± 0.04 eV, respectively, toD0(M+–S). CID of
MS+ with xenon (process(10)) results in upper limits
of D0(Y+–S) < 6.35± 0.18 eV,D0(Zr+–S) < 6.72± 0.22 eV, and
D0(Nb+–S) < 6.09± 0.16 eV. The threshold of CID with CO2
(process(19)) is comparable to the upper limits within experi-
mental error. Thus, we arrive at the following brackets:
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Scheme 1.

previous work, these barriers were explained by the involvement
of a metathesis-like mechanism via a four-centered transition
state[27]. A series of recent calculations by Xie et al.[47,48]
modify our proposal by predicting the formation of a metastable,
four-centered MSCOX complex en route to S/O exchange in the
case of M = Y and X = O and S. This complex can decompose
by a pair of four-centered transition states that only differ in the
length of their YS, YO, CS, and CO bonds (Scheme 1). A similar
reaction pathway can be envisioned for M = Zr and Nb.

Thresholds remaining for refinement ofD0(M+–S) are those
from reactions(11)and(26)for M = Y, (11)for M = Zr, and pro-
cess(26)for M = Nb. The two values ofD0(Y+–S) = 5.52± 0.17
and 5.59± 0.13 eV are consistent with each other and are
inside theD0 bracket given above. Our best GIB value for
M = Zr is D0(Zr+–S) = 5.86± 0.25 eV, which is consistent with
the brackets derived above. For M = Zr, the observation of
exothermic ZrS+ formation in the reaction of ZrO+ and CS2
(process(29)) leads to a refinement of the lower limit to
D0(Zr+–S) > 5.38± 0.12 eV. For M = Nb,Table 5 shows that
D0(Nb+–S) = 5.96± 0.33 eV derived from process(26) is very
close to the upper bracket from CID and is also significantly
higher than theD0 values obtained from processes(18) and
(27), D0(Nb+–S) = 5.39± 0.22 and 5.43± 0.53 eV, respectively.
A disadvantage of the MS+/COX systems is that the product
cross-sections are often composed of contributions from more
than one process and that the characterization of the neutral
s

5

w
D

.50± 0.04 (CS2) < D0(Y+–S)< 6.35± 0.18 (Xe)

.50± 0.04 (CS2) < D0(Zr+–S)< 6.72± 0.22 (Xe)

.50± 0.04 (CS2) < D0(Nb+–S)< 6.09± 0.16 (Xe)

ote that CID with strongly bound, small molecules often le
o upper limits[27,36]and therefore bond energies derived fr
rocesses(13) and (19) will not be included in the averag
etermined in the following sections.

.2. Reactions with oxygen-transferring reagents

As has been observed in other MS+/COX systems (M = Sc, T
nd V; X = no atom, O, and S)[27], MO+ formation appears t
e associated with a kinetic barrier resulting inD0(M+–S) values
xceeding those derived from CID with Xe (Tables 3–5). In our
pecies formed can be ambiguous.

.3. MX+ + H2Y

Indirect equilibrium measurements of MS+ and MO+

ith H2O and H2S yield D0(Y+–S) = 5.28± 0.18 eV,
0(Zr+–S) < 5.66± 0.11 eV, andD0(Nb+–S) = 5.13± 0.12 eV.
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Comparison of these three values withD0(Y+–S) =
5.52± 0.17 eV/5.59± 0.13 eV, D0(Zr+–S) = 5.86± 0.25 eV,
andD0(Nb+–S) = 5.39± 0.22 eV/5.43± 0.53 eV shows that the
bond energies overlap within their uncertainties for M = Y, Zr,
and Nb. A similar observation was made for M = Sc and Ti
[27a].

The D0(Y+–S) values from reactions(2), (11), and (26),
i.e., D0(Y+–S) = 5.28± 0.18 eV, D0(Y+–S) = 5.52± 0.17 eV,
and D0(Y+–S) = 5.59± 0.13 eV, yield a weighted average of
D0(Y+–S) = 5.49± 0.18 eV, reported here with two standard
deviations of the mean. If we combine the upper limit of
D0(Zr+–S) < 5.66± 0.11 eV obtained from reaction(2) with
the bond energy ofD0(Zr+–S) = 5.86± 0.25 eV obtained from
reaction (11), we conclude thatD0(Zr+–S) = 5.69± 0.10 eV.
Calculation of D0(Zr+–S) employing the bond energy of
neutral ZrS (D0(Zr–S) = 5.92± 0.17 eV [49]) as well as the
ionization energies of neutral ZrS (IE(ZrS) = 7.1± 0.7 eV
[50]) and neutral Zr (IE(Zr) = 6.634 eV [51]) yields
D0(Zr+–S) = 5.54± 0.72 eV, which is in excellent agree-
ment withD0(Zr+–S) = 5.69± 0.10 eV. In the case of M = Nb,
the weighted statistical average of the values from the
MS+/COX systems and the indirect equilibrium values
from the of NbS+ and NbO+ with H2O and H2S leads to
D0(Nb+–S) = 5.20± 0.21 eV. Thus, we arrive at final values of
D0(Y+–S) = 5.49± 0.18 eV, D0(Zr+–S) = 5.69± 0.10 eV, and
D (Nb+–S) = 5.20± 0.21 eV (Table 1).
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D0(ONb+–S) > 4.50± 0.04 eV is obtained for M = Nb. Both
values exceed those derived from processes(14) and (17),
which may be attributed to the presence of barriers in reactions
(14)and(17). Comparison ofD0(OM+–S) withD0(SM+–S) and
D0(SM+–S) withD0(M+–S) (Table 1) shows that the presence
of oxygen or a second sulfur ligand results in a lowered MS
bond energy.

6. Summary

The gas-phase reactivities of the early transition-metal
sulfide cations YS+, ZrS+, and NbS+ have been inves-
tigated with guided-ion beam and Fourier-transform
ion-cyclotron resonance mass spectrometry. Careful anal-
ysis and evaluation of the threshold energies, reactivities,
and cross-sections results in bond dissociation energies
of D0(Y+–S) = 5.49± 0.18 eV, D0(Zr+–S) = 5.69± 0.10 eV,
and D0(Nb+–S) = 5.20± 0.21 eV. Further, the metal thio-
carbonyl binding energies ofD0(Y+–CS) = 1.42± 0.08 eV,
D0(Zr+–CS) = 2.67± 0.11 eV, and D0(Nb+–CS) = 2.51±
0.11 eV have been obtained. Observation of MOS+ formation
in several of the reactions studied implies�fH0(YOS+) =
6.59± 0.37 eV, �fH0(ZrOS+) = 8.45± 0.33 eV, and �fH0
(NbOS+) = 9.05± 0.27 eV.
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.4. Metal thiocarbonyls and oxy sulfides

The reactions of M+ with CS2 result in endothermi
ormation of MCS+ (process(6)). The observed threshol
Tables 3–5) are converted toD0(Y+–CS) = 1.42± 0.08 eV,
0(Zr+–CS) = 2.67± 0.11 eV, and D0(Nb+–CS) = 2.51±
.11 eV using the thermochemical data given inTables 1 and 2.
ssuming reaction(6) occurs via insertion of M+ into the C S
ond of CS2, it is likely that the structure of the MCS+ product
an be represented as thiocarbonyl complex. Comparis
0(M+–CO) and D0(M+–CS) reveals that the thiocarbon

igand binds more strongly than the carbonyl ligand in g
greement with observations made for M = Sc, Ti, and V[27].

Thresholds of processes(14) and(17) lead toD0(SY+–O) =
.14± 0.22 and 3.68± 0.24 eV, D0(SZr+–O) = 4.68± 0.24
nd 4.38± 0.10 eV, and D0(SNb+–O) = 5.56± 0.21 and
5.453± 0.005 eV. Weighted averages (reported with two s
ard deviations) are calculated asD0(SY+–O) = 3.93± 0.32 eV
ndD0(SZr+–O) = 4.42± 0.18 eV, whereas the lower limit f
0(SNb+–O) can be used to reduce the uncertainty of
ond energy to 5.61± 0.16 eV. These bond energies can
onverted to�fH0(YOS+) = 6.59± 0.37 eV, �fH0(ZrOS+) =
.45± 0.33 eV, and�fH0(NbOS+) = 9.05± 0.27 eV as well a
0(OY+–S) = 2.14± 0.42 eV, D0(OZr+–S) = 2.36± 0.44 eV,
nd D0(ONb+–S) = 3.68± 0.31 eV using the thermod
amic data inTables 1 and 2. Interestingly, process(30)
nables direct access toD0(OM+–S) for M = Zr and Nb
he threshold ofE0(ZrOS+) = 1.19± 0.13 eV is converted t
0(OZr+–S) = 3.31± 0.14 eV and �fH0(ZrOS+) = 7.50±
.32 eV using Tables 1 and 2. A lower limit of
f
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