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Abstract

The gas-phase reactivity of YSZrS*, and NbS towards oxygen-transferring reagents such 8 H O, CQ, and COS is investigated using
guided-ion beam (GIB) and Fourier-transform ion cyclotron resonance (FTICR) mass spectrometry. A lowerligi 6£S) > 4.50+ 0.04 eV
for the sulfur binding energy is derived from the exothermic formation of* M® the reaction of all three atomic metal ions,*M
with CS,. Upper limits for Do(M*-S) are determined by collision-induced dissociation of"M@&th Xe. The O-transfer experiments car-
ried out in the GIB instrument lead to several estimates g(M*—S), which are further refined by equilibrium constaiis, derived
from the reaction MS+H,O— MO*+H,S and its reverse. Overall assessment of the results from ion—molecule reactions, collision-
induced dissociation, and equilibrium measurements yields the 0K bond enerdig§YstS) =5.49+ 0.18 eV, Do(Zr*—S) =5.69+ 0.10 eV,
Do(Nb*=S)=5.20+0.21 eV, Do(Y*—CS) =1.42: 0.08 eV, Dyo(Zr*—CS) =2.6A4-0.11 eV, andDy(Nb*—CS)=2.510.11¢eV, and heats of for-
mation for AtHo(YOS')=6.59+0.37 eV, AtHo(ZrOS") =8.45+ 0.33 eV, AtHo(NbOS)=9.05+0.27 eV, AtHo(YS,*)=6.96+0.70eV, and
AtHo(ZrS;*)=9.34+0.73eV.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction tubes because it phosphoresces when doped with eurgplum
Mikami and Oshiyamd3,4] theoretically investigated X0»S
Transition-metal sulfides have wide utility in catalytic in order to elucidate the electronic structure of a variety of
and electronic applications because of their high sulfur bondhtrinsic point defects found in this material. Control of the
energies, their oxophilicity, as well as their intrinsic electronicintrinsic defects for a variety of charge states is essential for the
and structural properties. Sulfidation of pure yttrium occursefficient exploitation of these semiconductor materjd]s The
at a rate 0f~6.5x 10-19g? cn*s when exposed to a#H,S  electronic structure and infrared spectrum of Ztfave been
mixture (Ps, = 102 Pa) at 800C and leads to formation of determined theoretically at the DFT/B3LYP level of theory and
visible scales on the yttrium surface. Analysis of the scalegompared to experimental data from reaction of laser-ablated
identifies them as consisting 0b0,S because of the presence Zr with discharged sulfur atoms in an argon mafgk Allali et
of oxygen-containing species in thesM>S mixture [1]. al. [6] found differences in sulfurization of niobium precursors
Y20,S is a wide-gap semiconductor and is used in cathode ragn different supports. The authors report that Nb precursors
on a carbon support are easily sulfurized by flow of gH¢S
- (15%) mixture under atmospheric pressure at 4D0for
* Corresponding author. Present address: The City College of New York4 h, whereas harsher treatment with ,C&8 400°C for 13h
Chemical Engineering Department, 140th Street at Convent Avenue, New Yorkg required for sulfurization of Nb in an alumina supported
NY ég?élsbgﬁghgiutﬁflz 650 6769; fax: +1 212 650 6660. catalyst. Nbg is used as a hydrodesulfurization (HDS) and
E-mail addresses: kretzschmar@ccny.cuny.edu (I. Kretzschmar), hydrodenitrogenation catalyst for hydrotreatment reactions in
armentrout@chem.utah.edu (P.B. Armentrout). the purification of petroleurfv]. Further, it has been shown that
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doping of hydrotreated NiMo catalysts with 5wt% niobium Xe. Them/z ratio of the YO species is also recorded to probe
and activation with Csaffords Nb centers in a NbSinding  contributions of isobaric Y& ions to the YS beam. The cross-
situation[8]. The HDS and hydrogenation (HYD) activity of section obtained at/z =105 (YO') is below the detection limit
such NiMoNDb catalysts was found to be superior compared tof the instrument (0.0 10-18¢cn?) and thus it is concluded
plain NiMo catalysts. Nbgis also an effective humidity sensor that the amount of Y& in the beam is negligible if present
[9]. Application of NbS in cathode materials of secondary at all. For M=2Zr and Nb, no MO signal was detected in the
batteries is possible because of the layered structure o NbSpreliminary mass scan.
which facilitates intercalation into the van der Waals gap Following extraction from the source, the ions are accelerated
between these layeifd0]. Further, EUNBSs synthesized by and focused into a magnetic sector, mass-selected, decelerated
Istomin et al[11] exhibits a superconducting phase at 3K. to a desired kinetic energy, and focused into an octopole ion trap
In the present study, we have investigated the interactiofi2]. This device guides the ions through a static gas cell kept at
of sulfur with cations of the early metals of the second tran-alow pressure{0.007-0.013 Pa) of the reactant gas. It was ver-
sition row, i.e., yttrium, zirconium, and niobium. The OK ified that all product cross-sections reported result from single
bond dissociation energieBo(M*-S), are derived using the ion—molecule collisions by examining the pressure dependence
guided-ion beam (GIB) and Fourier-transform ion cyclotronof the product intensities. After exiting the gas cell, product
resonance (FTICR) mass spectrometric techniques. Quanturand unreacted beam ions drift to the end of the octopole where
chemical methods are employed to complement the thermodyhey are directed into a quadrupole mass filter for mass anal-
namic data with information on electronic ground and low-lyingysis and then detected. Conversion of the raw ion intensities
excited states, bond lengths, and vibrational frequencies 6f MSinto reaction cross-sections and the calibration of the absolute

(M=Y-Nb). energy scale are treated as described previgigly The accu-
racy of the absolute cross-sections is estimated to2#6. The
2. Methods beams have Gaussian kinetic energy distributions with average

full widths at half maximum (FWHM) of ca. 0.25 eV in the lab-
GIB and FTICR mass spectrometry are used for the evalueratory frame. The uncertainty of the absolute energy scale is

ation of thermodynamic data by means of threshold measuret0.05 eV (laboratory).
ments of endothermic reactions and assessment of rate coef- Quantitative analysis of the energy dependence of these
ficients for exothermic processes, respectively. FTICR is alseross-sections is achieved using EL) and methods outlined
used to determine equilibrium constants in cases where neithetsewherg17].
activation barriers nor Gibbs free energies are too large. i(E + E; — Eo)"

o(E)=00) 1)

2.1. GIB E
In EqQ. (1), E is the relative kinetic energy of the reactants,

Detailed descriptions of the guided-ion beam apparatus useth the threshold for reaction at 0 kio a scaling parameter,
in this study and the experimental procedures are given els@ndn is a fitting parameter. The summation is over the rovibra-
where[12,13] Briefly, Ar* ions created in a dc discharge sourcetional states of the reactants having energiesnd populations
[13] are accelerated towards a metal cathode thereby sputtegr (3 _g; =1). Before comparison with the data, this equation
ing off M* ions (M=Y, Zr, and Nb). The metal ions drift in a is convoluted over the translational energy distributions of both
meter-long flow tube operated with a 9:1 mixture of helium andreactants. This determination of the reaction thresholds involves
argon at a pressure 690 Pa. The ions undergel( collisions  explicit consideration of the distributions of vibrational, rota-
with the buffer gas before exiting the flow tube, and therefordional, and translational energies of both reactants. Because all
are expected to equilibrate to room temperafdd. Because sources of reactant energy are considered, the thermochemistry
helium and argon do not always effectively guench excited stateabtained corresponds to 0K values in all cases.
of atomic transition-metal ionfd.5], methane is introduced ca.
25cm downstream from the discharge at pressures betweew. FTICR
0.07 and 0.8 Pa. Operation at these pressures allows the ions
to undergo 18-10° collisions with methane in the flow tube, A Spectrospin CMS-47X FTICR mass spectrometer with an
which is sufficient to remove virtually all excited states of the external ion sourc§l8] is used to investigate the reactions of
metal ions under studL 6]. the transition-metal sulfide and oxide cations (Vi&hd MO')

MX* ions (X=0 and S) are generated by addition of O with H,O and 1S, respectively. Mions are generated via laser
and COS, respectively, to the flow 75 cm downstream from thelesorption/laser ionization by focusing the beam of a Nd:YAG
source. Given the limited mass resolution of the GIB experidaser (Spectron Systemis= 1064 nm) onto a metal target. The
ment, YS with a mass ofn/z=121 is very close to (COZ) ions are extracted from the source and transferred into the ana-
(mlz=120) which is produced in large abundance at high CO3yzer cell by a system of electrostatic potentials and lenses.
pressures. Optimization of the COS pressure and mass selectigfter deceleration, the ions are trapped in the field of a super-
lead to a reasonable intensity for the *YBeam; under these conducting magnet (maximum field strength 7.05 T). The most
conditions, the cross-section of the COfagment indicative  abundant isotope®Y, °Zr, and%3Nb, respectively) is mass-
of (COS)* is smaller than 0.0% 10~16cm? upon CID with  selected using front-end resolution enhancement with tailored
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sweeps (FERETH)L9], a computer assisted protocol that com- Table 1
bines frequency sweeps and single frequency ion-ejection pu|Sé§ats of formation and bond dissociation energies for ionic species at 0 K

to optimize ionisolation. Generation of the M@nd MS ionsis  Ionic species AtH° [eV]? Bond Do [eV]
achieved by reaction of Mwith pulsed-in Q@ and COS, respec- v 10.58 (0.05)
tively. For the purpose of thermalization, the ions are collided,+ 13.16 (0:265
with pulsed-in methane (maximum pressure ca. 03 Pa,ca.  Nb* 14.45 (0.08)
2000 collisions) prior to reaction. The kinetics of all reactions areYC* 15.04 (0.13) v—C 291+ 0.12
carefully studied as a function of thermalizing collisions in orderZ'¢’ 15.81 (0.28) zZ—C 472+ 0.17
to ensure that the ions undergoing subsequent ion—molecuﬁ% lg'gg((g'g)) ;\fb__oc gégi 8'123
reactions are not kinetically and/or electronically excited. They g+ 7.96 (0:23) Zt—0 7.76+ 0.7
reactants are admitted to the cell via leak valves at stationanyho* 9.88 (0.14) NB—O 7.13+ 0.11¢
pressures between 1 and 230 Pa (as measured by a Balz- YS* 7.93(0.19) Y-S 5.49+ 0.18
ers IMGO070 ion gauge). The first-order kinetics of the reactin%'bsé igié (g-gg) flfb_—ss g-ggi 8;2:
ions provide the rate constaritsp, determined by linear regres- veo* 9.09 ((0:12)) V—CO 0.31% 0.11
sion, which are compared to the gas-kinetic collision ri26%  7,co 11.18 (0.28) ZI—CO 0.80+ 0.100
ke, and expressed in terms of reaction efficiencfes kexp/kc. NbCO 12.28 (0.09) NB—CO 0.994 0.08'
YCs 12.01 (0.10) Y—CS 1.42+ 0.08
23 Caleulations zrcst 13.34 (0.29) zZt—Cs 2.67+ 0.1
NbCS' 14.79 (0.14) NB—CS 2,51+ 0.1
YO,* 6.66 (0.25) oY—0 1.76+ 0.16
The bond lengths and the ground state/excited state splizro,* 6.67 (0.29) 0zt—0 3.85+ 0.0%
tings of MS" (M=Y, Zr, and Nb) are calculated with density NbO* 6.73(0.22) ONB—O 571+ 0.17
functional theory (DFT). The DFT calculations are carried outypst 6.59 (0.37) SY—0 3.93+ 0.32
using the Amsterdam density functional (ADF, Version 2.0.1) oY*—S 2.144+ 042
suite of program¢21] with the inner-shell electrons ([Ne] for z,og 8.45 (0.33) SZ—0O 442+ 018
S and [Ar] for M) treated in the frozen-core approximation ozr—s 2.364 0.44
[22]. The valence orbitals are expanded as linear combingg, g 9.05 (0.27) SNB—O 5614 0.16
tions of Slater-type basis functions. Triple-zeta basis sets are ONb"—S 3.68+ 0.3°
used for yttrium, zirconium, niobium, and sulfur. All molecular vs,* 6.96 (0.70) SvY—s 3824 0.68
and atomic energies are calculated using the local spin densigys,+ 9.34 (0.73) S7i—S 3.894+ 0.68
approximation (LDA) with Slater’s exchange functional and thenbs,* <10.45 (0.23) SNb-S >4.50+ 0.04e

VOSkO,_WIIk_NusaIr pararpetrlzatlon (VWI,WS] auQmented by a If not stated otherwise, these values are calculated from the corresponding
Becke's[24] and Perdew'§25] (BP) gradient corrections for hermochemical data given ables 1 and 2

the exchange and correlation potentials, respectizdy This b Ref.[52].
method will be referred to as ADF/BP. Particular advantages of;’ Ref.[53].
the ADF program are that it provides control over the symmetry * Ref.[33].

ing

of the wave function created during geometry optimizations and ; ;Zf[vsvg]rk'

permits the calculations of the excited states. 9 Ref. [55].
h Ref.[56].

3. Experimental results ' Ref.[57].

In the following, mass spectrometric data from two com-3.1. Reaction of M* with COS
plementary instruments are presented to explore the gas-phase
reactivity of YS", ZrSt, and NbS. First, the two exothermic ~ The reaction of M with COS is studied with FTICR only.
reactions of M (M =Y, Zr, and Nb) with COS and GSare stud-  The primary products observed are Mshd MO’ (reactiong3)
ied followed by collision-induced dissociation of MgM=Y,  and(4)). MS;* (M=Y, Zr, and Nb) is also observed as a sec-
Zr, and Nb) with Xe. Next, the reaction of MM =Y, Zr, ondary product formed at longer reaction times. For zirconium,
and Nb) with the oxygen compounds CO, £@nd COS as formation of ZrOS is observed at long reaction times, which is
well as MO" with CS, are analyzed, further refining the ther- attributed to reactions with impurities such as @ HO.
mochemistry of MS. Finally, results from indirect equilibrium + 4
measurements of reacti¢®) and its reverse (2in the FTICR M™+COS~ MS™+CO )
are presented as an independent means for determination Mf™ + COS — MO™* +CS 4

Do(M*-S). + .
The measured rate constartigp for MS™ formation (reac-

MS* + H,0 = MO™ 4+ H,S (2) tion (3) are (4.3:0.8)x 10719 (5.2£1.0)x 1010, and
(4.7 0.69)x 10 %cm? s~ molecule L forM =Y, Zr, and Nb,

The thermochemical data used in this study are summarized ¥aspectively. The rates are corrected for M@rmation amount-

Tables 1 and 2 ing to 25, 45, and 15% for M=Y, Zr, and Nb, respectively.
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Table 2 gen in the reaction chamber (not shown).
Heats of formation and bond dissociation energies for neutral species®at 0 K
+ +
Neutral species AtH® [eV] Bond Do [eV] M*+CS— MS"+CS (5)
C 7.371 (0.005) Mt +CS— MCS"+S (6)
S 2.847 (0.003)
o 2.558 (0.001) 0 5116 (0.001) Mt +CS— MCT+S, (7)
co —1.180 (0.002) €0 11.109 (0.005) _
cs 2.85 (0.04 c-S 7.37(0.04) As can be seen fronFig. 1, Y*, Zr*, and N react
SO 0.052 (0.013) S0 5.353(0.013)  exothermically with C$ raising the lower limit taDo(M*-S)
S 1.330 (0.003) sS 4.364(0.005) > 4,50+ 0.04eV for M=, Zr, and Nb.
€% 1200 (0.008) SCS 4.50 (0.04) The MS (M=Y, Zr, and Nb) cross-sections exhibit
Cos —1.473 (0.003) 0C-s 3.140(0.005)  E=P energy dependences withh=0.32+0.04, 0.36+0.02,
SC-0 6.88 (0.04) and 0.29-0.08, respectively, in the low-energy region
CO, —4.075 (0.001) 0€eo 5.453(0.002)  (0.02-0.3eV), changing tp=0.88+£0.12, 1.08+0.20, and
SO, —3.075 (0.004) 0s0 5974 (0.014) 1.14+0.08atenergies above 0.3 eV. Below 0.02 eV thé ¥
S-0, 5.922(0.005)  ZrS" cross-sections appear to converge to the LGS modek|

H,0 —2.476 (0.001) H—0 5.034 (0.001) dashed Iines.iﬂFig. D. Abqve ca. 4.5eV, all three MScrogs— _
HaS —0.182 (0.008) H—S 3.029 (0.009)  sections decline more rapidly, probably because of the dissocia-

2 Footnote ‘' fromTable lunless noted otherwise. tion of the products (proce$8)), which starts at 4.5 0.04 eV

b Ref.[58]. (Table 2.

¢ Ref.[59]. Corrected to 0K using thB#°—H° (298.15 K) values taken from 4 " n
the reference given in footnote ‘b’ @able 1 MT+CS—> MST+CS—> MT+CS+ S (8)

The energy dependences of &.%-2 at low interaction ener-

gies are in contrast to the LGS model, which predicts an
Efficiencies ¢(MS"), as defined above, amount to 0:88.07, =05 pehavior[28]. Similar deviations fronw gs have been
0.46+0.08, and 0.360.06 for reaction of COS with ¥, Zr*,  gpserved, for example, by Schultz and Armentrout in the charge-
and NI, respectively. Comparison #(MS*) with M=Sc, Ti,  transfer (CT) reactions of ) with Kr and Xe and N* with
and V of 0.35+0.07,0.3A-0.07,and 0.23 0.04, respectively Ho [13,29] For the |\é+/H2 system one exp|anati0n put for-
[27], reveals that the second-row transition-metal cations exceegjard is that the occurrence of charge transfer in the entrance
their lower congeners in reactivity. Assignment of the MO channel allows the magnitude of the cross-section to be con-
product to reactio(¥) is somewhat ambiguous because the earlytrolled by the polarizability of M, which is larger than that
transition-metals cations are very reactive towards backgroungf H, [29]. In addition, Tosi et al[30] developed a model
contaminants such as water and oxygen. Further; M@y also  for quasi-resonant charge-transfer processes, which predicts an
form as a secondary product upon reaction of'M@ith the ~ g-13 dependence for CT cross-sections. However, these argu-
background contaminants. Careful examination of the FTICRnents cannot explain the deviations framgs observed in
data reveals that MOforms as a primary product for all three thijg study, because procefs) is unlikely to involve CT at
metals. The rate constantsx, for MO™ formation (reaction  |ow energies considering the large difference between the ion-
(4)) are determined as (1:40.3)x 10710, (4.2+0.8)x 10°'%  jzation energies of GS(IE = 10.0685+ 0.0020 eV)[31] and
and (0.06£0.03)x 10-%cm®s~t molecule™* for M=Y, Zr,  the metal cations (IE <6.83e\[B2]. Sievers et al[33] also
and Nb, respectively. The exothermicity of reactid8$ and  observed deviations from gs for the exothermic formation of
(4) indicates lower limits 0Do(M*—S) >3.140£ 0.005eV and  MO* in the M*/O, systems (M=Y, Zr, and Nb). Their model
Do(M*-0)>6.88+0.04 eV for M=, Zr, and Nb, respectively of explanation involves the influence of the strongly attractive
(Tables 1 and R The latter limits forDo(M*-O) agree with  Coulombic potential of the Bt + O,~ asymptote at low ener-

known thermochemistryTable . gies, which allows the reactants with large impact parameters
to react at increased energies by crossing from the ion-induced
3.2. Reaction of M™* with CS, dipole potential to the Coulombic potential. However, Sievers

et al. find this model to be only in qualitative, but not in quan-

The reaction of M with CS, is measured using the GIB titative agreement with the experimental conditions, which led
and vyields two major products, MSand MCS, and as a to their conclusion that potential-energy curves evolving from
minor product, MC, as shown in reaction)—(7). Product excited states of Mmay also contribute.
cross-sections are depictedfiig. L CS* is seen as a minor Experimental artifacts caused by the uncertainty in the center-
product for M =Nb with an endothermic cross-section smallerof-mass energy in the low-energy region can also be excluded
than 0.05x< 10~16cn? at high energies (not shown). Formation as origin of the observe—°-3 dependence. For energies sig-
of MS,* is observed for all three metals, but pressure depemificantly below one FWHM of the beam spread (here about
dence studies reveal that it results from multiple collisions with0.094+0.03eV CM; see error ranges Fg. 1la and b), the
CS,. Minor amounts of YO (69<0.02x 10~ 16cn?) were also  assumption that the ion-energy distribution can be represented
observed and attributed to reaction with residual water and oxyhy a truncated Gaussian becomes questionable. This can lead to
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Fig. 1. Product cross-sections for the reactioh ¢¢a) Y*; (b) Zr*; (c) Nb") with CS; to form MS* (B), MCS' (v), and MC (A) as function of center of mass

energy (lower axis) and laboratory energy (upper axis). The arrow mg(&-CS) = 4.50 eV. The dashed lines represeat. Error bars derived from beam spread
(here about 0.02 0.03eV CM).

calculated average energies that are smaller than the true averdgem the GIB cross-section$35] at the lowest energies
energies produced in the laboratory. The net result of this promeasured are (11:55.8)x 1019, (11.0+5.5)x 1019, and

cess is that the cross-sections calculated at the lowest energi@s0+ 3.5) x 10~ 1%cm® s~ molecule’® for M=, Zr, and Nb,

are shifted to lower energies by a small amount, such that theespectively. Thus, the rate constants from both measurements
apparent cross-section begins to level[8#]. are in good agreement confirming the obsertied-2 depen-

In order to obtain more information about reactig), M* dence. Interestingly, the deviation frarags in the M*/O, and
ions (M=Y, Zr, and Nb) are reacted with g the FTICR. M*/CS, systems is only observed in reactions of metal cations
MS* is formed as a primary product for all three metals. MO from the second transition row, but not for the*S@i*, and
is detected for M=Y and Nb and can be attributed to reacV* congener§27]. This observation might point to the fact that
tion with residual water and £n the reaction cell (see below). the deviation is a result of the higher masses and larger radii
MS,* is only formed as a secondary product in the*Kt,  of the second transition-row metal cations involved. For a more
system implying a lower limit oDg(SNb*—S) >4.50+ 0.04eV  detailed discussion of this argument, see [26].
and an upper limit oDg(SM™-S)<4.50:0.04 eV for M=Y The formation of the metal-thiocarbonyls (reacti¢®))
and Zr. Reaction rates for MSormation (reactior{5)) amount  is endothermic for all three metalsig. 1). Analysis of
to krricr=(10.58+0.33)x 10710, (9.14+2.11)x 10719, and  the MCS cross-sections using E@l) yields thresholds for
(8.15+£0.82)x 107 19cm3 s I molecule for M=Y, Zr, and  YCS', ZrCS', and NbC$ (Tables 3-% that are converted
Nb, respectively. Reaction rates have been corrected for 2 Do(Y*—CS)=1.420.08 eV, Do(Zr*-CS)=2.6A-0.11¢eV,
and 5% MO formation for M=Y and Nb, respectively. In and Dg(Nb*—CS)=2.5H0.11eV. These values are likely to
comparison, the phenomenological rate constgid derived represent lower limits because of competition with the very effi-
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Table 3

Summary of parameters in E(.) used for fitting the cross-sections and the derig@y *-S) in eV

Reaction Eo (eV)? o0 (1076 cn?) n Do(Y*=S) (eV)
CS+Y*F— YSt+CS (5) <0 348 >4.50 (0.04)
CS+Yt = YCST+S (6) 3.08 (0.02) 0.35 (0.01) 1.5(0.2)

Xe + YST— YT +S + Xe (10) 6.35 (0.18) 1.02 (0.30) 1.8(0.1) <6.35 (0.18)
CO + YSt > Yt 4+CO0S 1) 2.38(0.17) 0.02 (0.01) 1.8 (0.2) 5.52 (0.17)
CO + YST - YOT +CS (12) 3.02 (0.21) 0.14 (0.06) 1.6 (0.2) 6.56 (0.28)
CO+ YS"T— Yt+S+ CO (13)°¢ 7.14(0.14) 0.33 (0.08) 0.7 (0.2) <7.14(0.14)
CO + YST— YSO' +C (14) 6.97 (0.22) 0.02 (0.01) 1.7 (0.2)

CO; +YSt > YO +COS ey 1.03(0.11) 0.73 (0.17) 1.7 (0.2) 6.00 (0.21)
CO, +YST - YSO' +CO 17) 1.77 (0.24) 0.03 (0.01) 1.9(0.2)

CO,+YS" > Yt +S+ CO (19) 6.43 (0.23) 0.37 (0.16) 1.4 (0.5) <6.43 (0.23)
COS+ YST— YS;" 4CO (24) <0 P

(26)COS+YS - Y*+S,+CO 4.37 (0.13) 0.26 (0.05) 2.0(0.2) 5.59 (0.13)

a The Ey values are the average of several threshold fits with uncertainties of one standard deviation.
b Maximum cross-section &y ~ 0.03 eV.
¢ Fitting parameters for the endothermic feature after subtraction of the low energy part (see text).

Table 4

Summary of parameters in E(.) used for fitting the cross-sections and the derigZr*-S) in eV

Reaction Eo (eV)? o0 (1016 ¢cnd) n Do(Zr*-S) (eV)
CS+2rt — ZrSt +CS (5) <0 388 >4.50 (0.04)
CS+2rt — 2rcst +S (6) 1.83 (0.05) 1.03(0.19) 2.7(0.1)

CS+2Zrt— 2ZIC 4+ S, (7) 2.95(0.14) 0.07 (0.01) 1.2(0.2)

Xe + Z1St — Zrt +S + Xe (10) 6.72 (0.22) 1.25 (0.52) 1.6 (0.2) <6.72 (0.22)
CO + ZrS" — Zr* 4+ COoS 11y 2.72(0.25) 0.03 (0.01) 1.8(0.2) 5.86 (0.25)
CO + ZrSt — zro* 4+ CS (12) 2.55 (0.24) 0.35 (0.14) 1.8(0.2) 6.57 (0.27)
CO+ zrst— zrt +S + Cco a3)d 6.93 (0.33) 1.29 (0.69) 1.6 (0.2) <6.93 (0.33)
CO + ZrSt — Zrso" +C (14) 6.43 (0.24) 0.92 (0.51) 1.9(0.3)

CO, + ZrSt — zro* +C0oS (16) 1.34(0.37) 0.41 (0.24) 1.9 (0.1) 6.79 (0.39)
CO; 4+ ZrS" — zrSO" 4+ CO @7y 1.07 (0.10) 0.53(0.25) 1.4 (0.2)

CO,+2Zr1St > Zrt +S + CO, (19) 6.68 (0.22) 0.36 (0.12) 1.8(0.1) <6.68 (0.22)
COS + ZISt — Zr$,* +CO (24) <0 188

COS + ZrSt — Zro* +CS (25) 1.34(0.21) 0.06 (0.02) 1.6 (0.2) 6.72 (0.24)
COS+ ZrIS" — Zr* +S,+CO (26) 5.25(0.16) 0.28 (0.07) 2.0(0.1) 6.47 (0.13)
COS+ ZrSt — zZrOt+CS+ S (27)d 5.65 (0.34) 1.37 (0.36) 1.1(0.1) 6.53 (0.36)
CS +Zr0t — ZrS,* 4+ CO (28) <0 16

CS +2ZrOt — ZrSt + COS (29) <0 0.8 >5.38(0.12)
CS +2rot — Zrost +Cs (30) 1.19 (0.13) 1.28 (0.27) 1.2(0.2)

2 The Ey values are the average of several threshold fits with uncertainties of one standard deviation.
b Maximum cross-section dcy ~ 0.03 eV.

¢ Low-energy, endothermic feature is reproduced with given parameters but the paraisdteid constant.
d Fitting parameters for the endothermic feature after subtraction of the low energy part (see text).

Table 5

Summary of parameters in E(.) used for fitting the cross-sections and the deribg(Nb*—SNbB—S) in eV

Reaction Eo (V)2 o0 (10716 cn?) n Do(Nb*-S) (eV)
CS; +Nb" — NbS' +CS (5) <0 198 >4.50 (0.04)
CS+Nb™ — NbCS'+S (6) 1.99 (0.05) 1.01 (0.15) 2.2(0.1)

CS+Nbt— NbCt+S, %) 2.59 (0.30) 0.08 (0.09) 1.5 (0.5)

Xe + NbS" — NbT +S + Xe (10) 6.09 (0.16) 1.11 (0.36) 1.9(0.2) <6.09 (0.16)
CO + NbSt — NbO' +CS 12) 2.58 (0.42) 0.09 (0.09) 2.2(0.2) 5.97 (0.43)
CO + NbSt - Nb* +S + CO (13) 6.09 (0.26) 1.61 (0.66) 1.6 (0.2) <6.09 (0.26)
CO + NbSt — NbSO' +C (14) 5.55 (0.21) 0.50 (0.19) 1.7 (0.2)

CO, + NbSt — NbSO' +CO 17) <0 58

CO, +NbSt — NbO' +CO + S (18) 3.71(0.19) 2.47 (1.72) 1.2 (0.2) 5.39 (0.22)
CO, +NbS" - Nb™ +S + CO, (19) 6.44 (0.29) 0.85 (0.38) 1.6 (0.2) <6.44 (0.29)
COS + NbSt — NbS™ 4 CO (24) <0 69

COS + NbSt — Nb™ +S,+CO (26) 4.74 (0.33) 0.37(0.22) 2.0(0.2) 5.96 (0.33)
COS+ NbSt — NbO"+CS+S  (27) 5.18 (0.52) 0.44 (0.30) 1.5(0.2) 5.43 (0.53)

a The Eyp values are the average of several threshold fits with uncertainties of one standard deviation.
b Maximum cross-section dicy ~0.03 eV.



L. Kretzschmar et al. / International Journal of Mass Spectrometry 249-250 (2006) 263-278

MS* +Xe —=> M" +S + Xe

v

L

Y OYYwy

+ vy vl

Nb v o '_
v *Vv v v

v vo I

v v‘v Emﬁﬂ-

vy

w
1

o
IS

[3)

©

o 2 Vv Iil#ﬂh&fu o
ol - X L
g Y. v 3
= wy +

B v Zr L
& ) R

1_ | ]

2 A =1
= +

S Y

I |
o [
0 L

0 2 4 6 8 10 12 14 16 18
Energy (eV, CM)

Fig. 2. Product cross-sections for the CID process of W&* (M), ZrS* (0O),
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formed and attributed to reactiofisl )—(14) Inefficient MC" ion
formation (not shown) is detected at higher energies for M =Nb
with a maximum cross-section 6fax=0.46x 10 16cm? and

is attributed to reactio(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*t +CO — M +COS (11)
MSt +CO — MO*' +CS (12)
MST+CO - Mt 4+CO+ S (13)
MS*T +CO — MOS' +C (14)
MS* +CO — MC*' 4SO (15)

and Nbg (), with xenon as a function of center of mass energy. The arrowAt first glance, the reactivity of MStowards CO seems to be

marks the approximate #M-S bond energies at 5.5eV.

cient reactior{5). All three MCS' cross-sections fall off sharply

similar for all three metals with formations of Mand MO
competing at low energies and MOfdrmation commencing at
elevated energies. Note the overall cross-section of tHé(S
system is one order of magnitude lower than for € and

above 4.5 eV when dissociation of the products becomes accebS*/CO. This can possibly be rationalized by the closed-shell

sible, according to proceg8).
Mt +CS— MCS"+S - MT+CS+ S 9)

For M =Zr and Nb, a third product channel, MGs observed in
the reaction of M with CS, (reaction(7)). YC* was not moni-

character of the YS(1£*) species compared to the open shell
ZrS* (2A) and NbS (3=7) molecules (see below), longet¥S
bond (2.24]5\ versus 2.174 and 2.12%, and/or the lower elec-
tronegativity calculated according to Mullikg88] (2.97 eV
versus 3.32 and 3.28 eV) of the Y®n. For M=Y and Zr, for-

tored because it was not detected in the mass scan taken priorR§ition of the metal-oxide cations prevails over the poduct

the measurement. The thresholdsfZrC*) =2.954+-0.14eV

and Eg(NbC")=2.59+0.30eV are in reasonable agree-

ment with the thresholds ofy(ZrC*)=2.79+0.12eV and

at higher energies, whereas for M = Nb, the dissociation into M
and S dominates. Closer inspection reveals that several product
channels have composite cross-sections most apparent in the

Eo(NbC)=2.35+ 0.16 eV calculated using the bond energiesM+ channel. The Y cross-section starts near 3eV and rises

given inTables 1 and 2verifying that S rather than 2S is the
neutral product in reactiofY). The slightly higher experimental

more rapidly above 6.5 eV. Zformation also sets in near 3 eV
and experiences a slope change near 6.5 eV. Formationof Nb

thresholds can be rationalized by competition with efficient proP€9ins at a much higher apparent threshold-6f5 eV. High-

duction of MS and MCS. Similar to the MCS cross-sections,

energy formation of M can be attributed to simple CID (reaction

MC* production also drops sharply near 4.5 eV suggesting for{13)) with CO as the collision gai27a}. However, the cross-

mation of MC" occurs via a common SMC$nsertion 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 Mbeam. Their purity is probed by
CID with xenon (reaction(10)). Upon collision with xenon,
MS* dissociates into M and S Fig. 2). Analysis of the reg-
ularly shaped cross-sections with E{.) yields thresholds
of Eg(M*)=6.35+0.18eV, 6.72:0.22, and 6.0%0.16eV
(Tables 3—%, which represent rigorous upper lim[ts7a,37]to
Do(M*=S) for M =Y, Zr, and Nb, respectively.

MST +Xe - Mt +S + Xe (10)
3.4. Reaction of MS* with CO

The cross-sections for reaction of M@&ith CO are depicted
in Fig. 3. The three major products, MMO*, and MOS, are

sections for Y and Zi* clearly extend below the bond energies
Do(Y*=S)=5.4%-0.18 eV andDy(Zr*-S)=5.69+-0.10eV as
indicated by arrows ifrig. 3. Thus, low-energy processes con-
tribute to the ¥ and Zi* channels and can be attributed to
reaction(11). It is likely that a similar process also contributes
to the NI threshold; however, the cross-section below 5.5 eV
is very small and difficult to fit with Eq(1). If the low-energy
feature for M =Y and Zr is modeled using @), the thresholds
(Tables 3 and ¥ican be converted tBo(Y *—S)=5.52£ 0.17 eV
and Do(Zr*-S)=5.86+0.25eV. If the model for reaction
(11) is subtracted from the Mcross-section data, the resid-
ual CID cross-section can be modeled leading to thresh-
olds of Eg(Y*)=7.144+0.14 eV,Eo(Zr*)=6.93+ 0.33 eV, and
Eo(Nb*)=6.094+0.16 eV. These Y and Zi* thresholds exceed
those from CID with Xe, which is in good agreement with the
behavior seen in earlier CID studies of M@&ith CO [27]. In
contrast, the threshold obtained from fitting of the*Nihan-

nel is very similar to the CID threshold with xenon, which may
be because there are contributions from reacfit) at low
energies.
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Fig. 3. Product cross-sections for the reaction ofM@&) YS"; (b) ZrS"; (c) NbS") with CO to form M (R), MO™ (O), and MOS (¢) as a function of center
of mass energy (lower axis) and laboratory energy (upper axis). The arrows mark the dissociation energfeZd6'Y@&nd NbS at 5.49, 5.69, and 5.20eV,
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 M@th CO  3.5. Reaction of MS* with CO,
is MO* according to procesd 2). Fitting of the cross-sections
with Eq. (1) yields thresholdsTables 3-% that can be com- M*, MO, and MOS are the three major product channels
bined withDo(MO™), Do(CS), andDo(CO) (Tables 1 andto  observed in the reaction of MSvith CO, as depicted iffrig. 4.
yield Do(Y™-S)=6.56+:0.28 eV, Do(Zr*—S)=6.57+0.27eV, These can be attributed to reacti¢hg)—(19)
and Dg(Nb*—S)=5.97+ 0.43 eV. All these bond energies are

+ +

comparable to the upper limits obtained from CID with Xe, MS™ +CO; — MO™ +COS (16)
which may suggest the presence of barriers en route t6 MOy g+ +C0O, — MOSt +CO (17)
formation, as found for the analogous reactions for M = Sc, Ti,

and V[27]. MS* +CO;— MOt +CO + S (18)

Formation of MOS is observed at high energies for 4 +
all three metals in the MSCO system and can be MST+CO > MT+S + COp (19)
attributed to oxygen-atom transfer. Analysis of the cross-Comparison of the MSCO, cross-sections with those
sections with Eq(1) results in thresholdsTables 3-% that of the MS/CO system reveals that now formation of
are converted into bond energies usifigbles 1 and 2 MO* and MOS dominates over M formation in the
Do(SY*-0)=4.14+0.22eV, Do(SZr'-0)=4.68+0.24€eV, energy range observed. This observation is consistent with
and Do(SNb"—0) =5.56+ 0.42 eV. The MOS cross-sections the higher number of €0 bonds and the lower -@
fall of sharply above 11.109 eVBy(CO), where dissociation bond energy in CQ Do(OC-0)=5.453:0.002eV versus
to MS" + O + Cbecomes accessible. Dp(C-0)=11.109:0.005eV Table 2. Note again the sig-
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Fig. 4. Product cross-sections for the reaction of M@&) YS'; (b) ZrS"; (c) NbS") with CO, to form MO* (O), MOS' (¢), and M' (W), and as a function of
center of mass energy (lower axis) and laboratory energy (upper axis). The arrows mark the dissociation energies 8f,¥@d 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 Y8 O, compared to energies and this could influence the interpretation of the data.
those for the Zr§¥CO, and NbS/CO, systems. The YO  Comparable composite cross-sections have been observed in the
cross-section consists of a pronounced exothermic, low-energyS*/CO, systems with M = Sc, Ti, and Y27].

feature 6(YO")=2x10"1%cn? at Ecm~0.03eV) and an The question remaining concerns the assignment of the
endothermic feature. ZrOexhibits only a very small exother- exothermic feature in the YOcross-section. Notably, the YO
mic tail (0(ZrO*)=0.5x 10~ 6cnm? at E.m~0.03eV) and cross-section irFig. 4a is the only MO cross-section of the

a pronounced endothermic feature, whereas Nlg®hibits early transition metals (M=Sc, Ti, V, Y, Zr, and Nb) that
only an endothermic cross-section. If the exothermic feaexhibits a pronounced exothermic featusg £ 2 x 10~16cn?
tures for M=Y and Zr are modeled using a poweratE.m=0.03eV).In general, there are four possible origins for
law and subtracted from the MOcross-sections, anal- the exothermic YO feature. The exothermic behavior could
ysis of the residual cross-sections with E(L) results result from: (i) products formed by the reaction of the interfer-
in Eg(YO*)=1.03+0.11eV, Fo(ZrO*)=1.34+0.37eV, and ing (COSY" dimer (see above) with CQe.g., the van der Waals
Eo(NbO")=3.714+0.19 eV. This large difference in thresholds complex (COS-COy)*, (ii) the presence of excited YS3IT)
suggests that MOformation occurs via proce€46) for reac-  in the beam, which is predicted to be 2.12 eV above'thé

tion of YS* and ZrS, whereas procesd8) can be assigned ground state at the ADF/BP86 level of theory (see below), (iii)
for reaction of Nb$. These assignments lead to bond energieghe reaction of YS with impurities such as @and HO, or (iv)

of Do(Y*—S) =6.00k 0.21 eV,Do(Zr*-S) =6.79-0.39eV, and  the exothermicity of the reaction of YSvith CO, to yield YO*
Do(Nb*—S)=5.3%+0.22 eV. Clearly, contributions to the YO and COS. Arguments (i) and (ii) can be excluded from further
and ZrO cross-sections from reactigh8) are likely at higher  considerations for the following reasons. First, CID with xenon
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reveals that the amount of (CQSHimerinthe beamis verylow ground-state or excited YOions (see below). The reaction
(see above), even though the weak bond in the (GOdner  rates forkrricr,(22) andkrTicr,(23) Yield Keq=0.834+0.33 and
of 0.754+0.04 eV allows efficient bond cleavaf#9]. Second, henceArG(298 K)=0.005+0.002 eV upon application of the
the bond energy of the heterogeneous (C@®,)* dimer is  Gibbs—Helmholtz equationArRG(298 K) =—RT'In Keq. Con-
expected to be lower than that of the symmetric (CO8)mer.  sidering AARG(298 K/OK)=0.013+0.001 eV derived from
The dissociation energies found for the symmetric dimers arealculations at the B3LYP/3-21G level of theory, we arrive
always larger than those of the corresponding heterogeneoas ArHp=0.018+0.002eV [36]. This ArHp value yields
dimers[40]. For exampleDo[(COS)*]=0.75+0.04 eV[39], Do(Y*-S)=5.22+-0.16 eV. Because of the background reac-
Do[(CS)2*]=0.76+0.04 eV [41], and Do[(COS--CS)*]= tions with H,O and Q, the rate constant for proce€2) is an
0.25+0.04 eV. This would result in an endothermic cross-upper limit, and thég value is thus a lower limit, in agreement
section for the replacement of COS by £0he presence of with the bond energy abo(Y *—S) =5.4%4-0.18 eV (Table ).
large amounts of excited Y'Sions in the beam is unlikely, In the GIB experiments, oxygen-atom transfer leading to
because not all of the product cross-sections for therégctant  MOS' formation is observed in the reaction of KMSvith
show evidence for a contribution from such excited states.  CO,. The YOS cross-section has an apparent threshold near
After exclusion of (i) and (ii), the validity of (iii) and (iv) can 2eV and starts to level off near 5.5eV when dissociation of
be probed with FTICR. In order to probe the occurrence of (iii)CO, into CO and O becomes accessiblElfle 2. Fitting

reactiong20) and(21) are measured with FTICR. of the cross-section results iftg(YOSY)=1.77+0.24eV

N N and Do(SY'-0)=3.68:0.24eV. Formation of ZrOS
YST+02—~ YO +30 (20)  exhibits a small exothermic tailo(ZrOS") =4 x 10-16 cn?
YS* 4+ H,0 — YOt +H»S (21) at Ec;m~0.03eV) and starts to rise near 1eV. It is possible

that the exothermic tail can be attributed to reaction of*ZrS

From the pseudo-first order kinetics of reactiof80) with residual HO (Dg(H2—0)=5.034+0.001eV) and/or
and (21) rate constants ofkrricr,(20)=(4.2+1.4)eVx Oz (Dp(O-0)=5.116+0.001 eV), which would suggest that
10~1%m? s~ molecule’t andkericr,(21)= (5.6+ 1.1)x 10710 Dy(SZr'—0)>5.0eV. Subtraction of the exothermic feature
cm®s tmolecule’! are obtained. Comparison of these rateand application of Eq(1) yields Eo(ZrOS')=1.07+0.10eV,
constants with the collision rateg;=5.87x 107 and which is converted toDg(SZr—0)=4.38+0.10eV using
23.27x 10 *°cm®s I molecule® for O, and HO, respec- the values inTables 1 and 2This is most conservatively
tively, gives efficiencies of¢o,(YO™) =0.72+0.23 and viewed as a lower limit because of the subtraction nec-
#H,0(YOT) = 0.24+ 0.05. Thus, both reactions may occur essary to evaluate this feature. For M=Nb, the NbBOS
when as little as 1% ©or H,O are present in the GIB cell, cross-section has a pronounced exothermic feature,
resulting in an exothermic feature in the Y@ross-section. o(NbOS")=54x 10-16cn?, which leads to a lower limit

Next, reactior{22)is probed with FTICR. The observed reac- of Do(SNL"—0)>5.453+ 0.002 eV =Do(O—-CO). The value
tivity corresponds to a rate constankeficr,(22)=(0.73+0.25)  is in good agreement witlDg(SNb'—O) derived from the
x 10~10¢cm® s~ molecule™l. However, correction of this rate NbS"/CO reaction system, but decreases the range of uncer-
constant for the presence of ca. 10% &d 40% HO in the  tainty as discussed below.
background of the instrumemnigack= 2.0 x 10~/ Pa), using the The least efficient process observed in the WD, sys-
rate constants of reactioif®0) and (21) given above, reduces tem corresponds to the generation of M'he M* channel is
krTICR,(22)t0 Virtually zero. attributed to CID with CQas collision gas. Eq1)yields thresh-
N . olds of Eg(Y*)=6.434+0.23 eV,Eo(Zr*) = 6.68+0.22 eV, and
YS"+CO;—~ YO +COS (22) Eo(Nb*) =6.4440.29 eV. All three thresholds are within exper-
YO+ 4+COS - YSt+CO, (23) imental error of those obtained for CID with X&gbles 3-}

When YO ions are trapped with COS in the FTICR, YS 36 Reaction of MS* with COS
is observed as the major primary product (prod@sj). The
pseudo-firstorder kinetics at shortreactiontimesyield arate con- The reaction of MS with COS leads to exothermic for-

stant of_/q:_T|CR,(23):(0-88i+0-17)>< 10 %cm*s tmolecule®  mation of MS* as the predominant product at low energies
and efficiency ofpcos(YS ):0-608i 0.02. (Measurements at (Fig. 5). Endothermic formation of Mand MCO' is observed at
pcos=0.98,2.85,and 7.2 10> Payieldedrricr,23=0.95,  higher energies, and inefficient formation of MOIS detected

0.82, and 0.8% 10~ 9cm®s~* molecule®, respectively.) At  for M= zr and Nb at high energies with maximum cross-sections
longer reaction times, the kinetics of react(@3) are obscured . <0.25x 10716 cm? (not shown).

by two processes. On the one hand, *Y@ns are regen-

erated by reaction of the YSions with water and oxygen MS'+COS — MS;* +CO (24)
present in the FTICR background (see above). On the other, . i
hand, YO ions are depleted by the reaction with backgroun(;?vIS +COS—~ MO"+CS (25)
water to yielq YQH2'+. Both factprs render the completion of MS* +COS — M*+S,4+CO (26)
reaction(23) impossible. Thus, it remains uncertain whether

the observed reactivity of YO towards COS stems from MS™+COS — MO +CS+ S (27)
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Fig. 5. Product cross-sections for the reaction of'M&) YS'; (b) ZrS'; (c) NbS") with COS to form MS$* (A), M* (B), and MO (O) as a function of center

of mass energy (lower axis) and laboratory energy (upper axis). The arrows mark the dissociation energfeZaB'y@nd NbS at 5.49, 5.69, and 5.20eV,
respectively.

The cross-sections for M$ formation (reactior{24)) decrease tudes, although Mprevails at high energies. This is presumably
with increasing energy and are therefore exothermic wittbecause formation of MOrequires breaking the CO bond of
o(YSy")=1x 107 10cn?, o(2rS;*)=188x 10 cn?, and  Do(SC-O) =6.88 0.04 eV, whichis stronger in COS compared
o(NbS*) =69 x 1018 cn? at E;y~0.03 eV. The exothermic with CO,. The MO' cross-sections start at apparent thresholds
feature is least pronounced for M=Y, as is the case for thef about 1, 3, and 5eV for M=Y, Zr, and Nb, respectively.
isovalent Sc¥COS system, which can be rationalized by theAnalysis of the YO cross-section is difficult because of its
differences in electronic structure of the M®8ations[27a]. low intensity and very slow rise. Application of E€[L) to the
Exothermic sulfur transfer from COS implies a lower limit of ZrO* and NbO channels yield€o(ZrO*)=1.344+0.21 eV and
Do(SM*=S)>3.140£0.005 eV for M =Y, Zr, and Nb. Together Eg(NbO*)=5.184+0.52 eV. The very different thresholds indi-
with the upper limit ofDo(SM*—S) <4.50+ 0.04 eV derived for  cate that the Zr® cross-section must be attributed to reaction
M =Y and Zr from failure to observe sequential S-transfer with(25), where the threshold yieldBg(Zr*-S)=6.72-0.24 eV,
CS we obtainDo(SM*-S)=3.84-0.70eV for M=Y and Zr. whereas proceg27)is assigned t&y(NbO") =5.184+0.52¢V,
An endothermic feature is present in all MScross-sections leading to Do(Nb*—S)=5.43+-0.53eV. In analogy to the
with a threshold near 1 eV, which may be attributed to forma-TiS*/COS systenf27a], proces$27)is likely to contribute to the
tion of MS,* with a different geometric structure or electronic ZrO* intensity above about 5 eV. Subtraction of the cross-section
state as has been observed for othertM®S systems with for procesg25) with the parameters given ifable 4leads to a
M =Sc, Ti, and V[27]. cross-section for proce$87) with Eo(ZrO*) =5.65+0.34 eV,

The other two products formed according to reactionswhich leads toDg(Zr*—S)=6.53:0.36eV. This value must
(25)-(27) MO* and M, generally have comparable magni- be viewed cautiously because the subtraction of the low
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Fig. 6. Product cross-sections for the reaction of Zv@th CS; to form zZrS*
(A), ZrOS' (9), and ZrS (M) as a function of center of mass energy (lower
axis) and laboratory energy (upper axis).

energy feature assumes that the high energy behavior §

known.

Analysis of the M cross-sections with Eq(1) results
in thresholds of Eg(Y*)=4.37+0.13eV, Eo(Zr*)=5.25+
0.16 eV, andZg(Nb*) = 4.744 0.33 eV, clearly below the corre-

sponding thresholds from CID with Xe. This indicates reaction

(26) is the source for the Mformation at threshold, as also
observed for M$/COS with M=Sc, Ti, and V[27]. Using
procesg(26) and the thermochemical data Tables 1 and 2
the thresholds are converted y(Y*-S)=5.59+:0.13¢eV,
Do(Zr*—S)=6.47+0.13 eV, andDo(Nb*—S)=5.96+ 0.33eV.
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 CS, (M = Zr and Nb)
Reaction of Zr( ions with CS in the GIB results in forma-

tion of ZrS;*, ZrS*, and ZrOS (Fig. 6), which are attributed to
reactiong28)—(30)

Zrot +CS — ZrS;"+COo (28)
Zrot +CS — ZrSt+CO0S (29)
Zrot +CS — ZrOSt +CS (30)

Formation of Zr$* (reaction (28)) is exothermic with
0(2r$;*)=(10+2) x 10 % cn? at 0.03eV kgplke=3.3+
0.7%) and leads to a lower limit @fo(SZr*-S) >2.95+ 0.17 eV
in good agreement withDo(SZr*—S)>3.140+ 0.005eV
derived from Zr$* formation in the Zr$/COS sys-
tem. The exothermic cross-section for the Zrghannel,
0(ZrSY)=0.3x 10 %cn? at 0.03eV, increases the lower
limit of Dg(Zr*-S)>4.50£0.04eV to a lower limit of
Do(Zr*—S)>5.38+0.12eV. The only endothermic process
observed is formation of ZrOS(process(30)). Analysis of
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the threshold with Eq(1) yields Eop(ZrOS")=1.19+0.13€V,
which results inDp(OZr*—S) =3.310.14 eV.

In order to further probe the formation of ZrSaccord-
ing to reaction(29), ZrO* ions were trapped with GSn the
FTICR cell. However, formation of Ze8 according to reac-
tion (28) is the only primary product formed with an efficiency
of p(MS,*)=541%, in agreement with the GIB efficiency.
ZrOoH* and ZrSOH are observed as minor products formed
by reaction with background water. Double resonance oif ZrS
(mlz=125) did not affect the formation of Z$S. Thus, Zr$
can be excluded as an intermediate in react&®). The failure
to detect Zr$ in the FTICR experiments can be attributed to
the very low efficiencyXg g/kc = 0.1%) of reactiorf29) and the
rapid reaction with residual water (see below).

Reaction of NbO with CS was studied with FTICR.
The major product channels observed are Nb@%%) and
NbS;* (85%) with reaction efficiencies @f(NbS*) =0.29 and
#(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 NoSwith residual water and £to0 NbSO' (see
below). Double resonance experiments on Na8d NbOS
£ veal that neither of them is a precursor for Nb&rmation.
Direct formation of Nb$* via proces$28) with M =Nb yields
alower limit for Do(SNB"—S) > 2.714+ 0.15 eV [Tables 1 and R
Observing exothermic formation of NbOSimplies a
lower limit for Dg(ONb"-S)>4.50+0.04 eV =Dy(S-CS)
(Table 2.

3.8. Reaction of MX* with HY (X=0 and S; Y=S and O)

In order to independently determig(M*-S) for M=, Zr,
and Nb, equilibrium measuremen#?] of reaction(2) and its
reverse (9 were attempted in the FTICR. However, the estab-
lishment of equilibrium for reactiorf2) is rendered difficult
because of the efficient reaction withh® and Q present in
the background of the instrument (see above). Therefore, the
kinetic approach is employed for an indirect determination of
the equilibrium constankeq [43]. This method involves the
separate determination of the rate constantandky, along
with Keq=kolky . 180-labeled water is used as the reagent for
reaction(2), in order to reduce the perturbation of the kinetics
by background KO and Q. Product distributions and reaction
rates are summarized Table 6

The reaction rates obtained from the pseudo-first
order kinetics for M=Y Table § yield Keq=108+43
[42,44] and hence ArRG29s=—0.12+0.01eV. Applying
AARG(298K/0K)=0.01A40.001 eV derived from calcula-
tions at the B3LYP/3-21G level of theorf36], we arrive at
ARHo=-0.10+0.01eV. This value is in reasonable agree-
ment with the ARHp=—0.28eV predicted by calculations
of the YS/H,O system at the MP4 level of theor¢5].
The experimentalArRHo Yyields Do(Y*-S)=5.26+:0.18¢V,
which is within the error margins abo(Y*-S)=5.52+0.17
and 5.59+0.13 eV (Table 3 obtained from the thresholds of
reactiong11) and(26).

MO* formation according to proces§) is observed
with a branching ratio of 80% in the FTICR for M=Zr
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Table 6

Product distributions, rate constanfg+ (X =0 and S§ and reaction enthalpiesgHy for reaction with O and HS for M=Y, Zr, and Nb

MX Reaction MO (%) MOS' (%) MOSH" (%) kyo+ H(MO*)P ARrHo (eV)°

YS* (2)(21) 1007 - - 5.6 0.24 —-0.10+ 0.01

Zrst ) 80 - 20 4.8 0.20 <0.15+ 0.01

NbS ) 15 85 - 0.36 0.02 0.01% 0.055
MS* (%) MOS"* (%) MOSH" (%) kms+ $(MS*)

YO* @) 100 - - 0.052 0.004

Zro* @) <1¢° - 100 <0.007 <0.0005

NbO* @) 10 90 - 0.25 0.02

a Rate constantsare given in 1019 cm?® s~ molecules?.

b Reaction efficiency(MX*) = kexplkc.

¢ ARrHg is derived usingArG298=—RT'In Keqand AARG(298 K/0 K) =0.0174 0.001 eV obtained at the B3LYP/3-21G level of theory.

d Adduct formation, YS(HO)*, is observed with 10%.

€ ZrS* formation isnor observed, the value given here is derived from the S/N ratio observed after trapping"dbZ &3 in py,s = 1.3 x 1075 Pa.

with a reaction rate oky=4.8x 10 1%cm®s I moleculel.  ADF/BP level of theory Table 7, we find low-spinl T+, 2A,

However the reverse reaction (proces$)(& not observed and3~ ground states for YS ZrS", and NbS, respectively.

because of pronounced formation of ZrO'SH100%). These states result from the perfect pairing 6f(¥S), Zr* (*F),

Using the signal-to-noise ratio of the FTICR spectrum,and NB (°D) [46] with S CP) [32] yielding (10)%(20)?(1m)?,

we determine an upper limit for ZFS production of (10)2(20)%(1m)*(18)!, and (Ir)%(20)%(1m)*(18)? valence con-

10% in process (2 which leads to an upper limit for figurations, respectively. THex* ground state for yttrium sul-

ky <0.007x 10-1%cm® s~ molecule 1. Combinationok,and  fide agrees with calculations at the B3LYP level of thefar].

ko leads to an upper limit ohArHp < —0.15+0.01 eV resulting  The next higher states of Y&re the three triplet states at 2.12,

in Do(Zr*—S) <5.66+ 0.11 eV. Formation of Nb©and NbS  2.58, and 2.66 eV witAIT, 311/2®, and®=* symmetry formed

in processe§2) and (2) with M=Nb is observed in the FTICR by excitation of a single electron from the brbital into the &

(Table §, but the dominant product channel in both cases is for{3IT) or 15 orbital GI1/3®) or from the 2 into the 3r orbital

mation of NbOS. Observation of the latter in exothermic reac- (3x*). The two lowest quintet state¥A and®=™*, of YS* have

tions leads to lower limits 0Dg(SNb'—0) >5.034:0.001eV  (10)%(20)%(1m)?(18)1(30)! and (1r)?(20)(1m)?(15)? configu-

and Do(ONb"-S)>3.029:0.009eV in good agreement rations and are located at 4.88 and 5.83 eV, respectively. Not

with Do(SNB*—0)=5.56+0.42 eV determined from thresh- surprisingly, the splitting between the ground state and the low-

old analysis of procesg14). Using the reaction rates est excited state is much narrower for Zrand NbS, which

obtained for NbO and NbS formation (Table 6§, we  both have electrons in the non-bondignanifold. The lowest

deriveKeq=1.4+ 0.4 and hence\rHo =0.008+ 0.003eV and  excited state is Zr'S(*=*) at 0.30 eV followed by &((1) state at

Do(Nb*=S)=5.13:0.11 eV. At this point, a note of caution 1.28eV.Th& X" state is reached via excitation of the uncoupled

about this approach to equilibrium thermochemistry is indi-electron from the & to the 3 orbital, whereas théll state is

cated because the efficiently competing formation of NbOS accessed via excitation of the electron from thetbital into an

may influence the reaction rates. If this competing reactiorunoccupied 2 orbital. The lowest quartet states are formed by

occurs with a comparable rate for both directions in reactiorexcitation of one electron from one of the doubly occupied 1

(2), the indirect approach used above results in values closerbitals into either the empty3or 15 orbitals requiring 2.14 eV

to the true thermochemical equilibrium. In the other extreme(*I1/®) and 2.26 eV {I1), respectively. For Nb$ the lowest

however, one component may undergo the competing reaexcited state is3A) at 0.64 eV followed by a3(1/3®) state at

tion much more rapidly than the other, which would still lead 1.44 eV. Thé A involves excitation of an electron from an occu-

to a quasi-stationary state, but not to a true equilibrium. Agied 1 orbital to the 3 orbital, whereas th&l1 state is accessed

a conservative error estimation, the resulting extremes mightia excitation of an electron from a singly occupiet drbital

be considered accordingly. Using the data giveffable 6as  into an empty & orbital. The lowest quintet stated{ and®A/%

the extremesKeq could vary between 0.14 and 10 for reac- symmetry) are formed by excitation of one electron from one of

tion (2) with M =Nb, leading toARH(0K)=0.013+0.055€eV, the doubly occupied orbitals into either the@ orbital or an

and henc®o(Nb*—S) =5.13+ 0.12 eV is the final value derived empty 2r orbital requiring 2.25 and 2.53 eV, respectively. We

from the FTICR measurements. choose not to report theoretical bond energies because the ADF
program used is not designed to assess accurate bond energies.

4. Theoretical results
5. Discussion
To fully understand the experimental results, it is important
to know the nature of the electronic states of the"\éBecies. The discussion serves to evaluate and combine the values
DFT calculations were used to provide this information. At thefor Do(M*=S), Dg(M*—CS), A{Ho(MOS"), and AtHp(MS,™)
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Table 7

State splittings in eV and bond lengthm Afor MS* (M=Y, Zr, and Nb) at the ADF/BP86 level of theory

Ys* Zrst NbS*

Eel State r Erel State r Erel State r
0.00 Iyt 2.24F 0.00 2A 2174 0.00 3y~ 2.12%
2.12 31 2.476 0.30 2yt 2.156 0.64 3A 2.117
2.58 Sr1Red 2.439 1.28 2 2.210 1.44 311/ 2.164
2.66 Syt 2.333 2.14 Aed 2.350 2.25 i 2.295
4.88 5A 2.967 2.26 1 2.381 2.53 SAITY 2.358
5.83 Syt 2.933 2.73 A 2.432

@ Reoptimization at the B3LYP/6-311 + G* level of theory yiebd52.244A andv=540cnt?l.
b Reoptimization at the B3LYP/6-311 + G* level of theory yielkis 2.1964 and v =547 cnt.
¢ Reoptimization at the B3LYP/6-311 + G* level of theory yiebd52.154A andv=>541cnrl.
d A differentiation betweerdl and® states is not possible in the employed ADF/BP86 method.

derived above for M=Y, Zr, and Nb. Reaction of*"Mwith
COS/CS and CID with Xe result in brackets fabg(M*-S).
The brackets are then used to evaluate BV *—S) values
derived via the reactions of MSvith CO, CG, and COS as well
as MO'+ CS,. Dg(M*-S) values obtained independently from
indirect equilibrium measurements of react{@hand its reverse
(2') are compared to thBg(M*-S) values from the MSCOX
systems (X=no atom, O, and S). Subsequently, recommended Scheme 1.
values forDg(M*=S) with M =Y, Zr, and Nb are derived. The
Do(M*-S) values are reported as weighted averages of severalevious work, these barriers were explained by the involvement
independent measurements, which take into account the préf a metathesis-like mechanism via a four-centered transition
portional relevance (given by the error range reported) of eachtate[27]. A series of recent calculations by Xie et p17,48]
bond energy value. Finallpo(M*-CS), andA:Ho(MOS") for
M =Y, Zr, and Nb are addressed.

5.1. Brackets

Using the exothermic formation of MSin reactions
(3) and (5), we assign the lower limits of 3.1490.005
and 4.50:0.04eV, respectively, toDg(M*-S). CID of
MS* with xenon (process(10)) results in upper limits
of Do(Y*—S) <6.35+:0.18 eV,Do(Zr*—S) <6.72:0.22 eV, and
Do(Nb*=S) <6.09: 0.16 eV. The threshold of CID with GO
(procesg19)) is comparable to the upper limits within experi-

mental error. Thus, we arrive at the following brackets:
4504 0.04 (CS) < Do(YT-S) < 6.3540.18 (Xe)

450+ 0.04 (CS) < Do(Zrt-S) < 6.72+ 0.22 (Xe)

450+ 0.04 (CS) < Do(Nb*—S) < 6.09+ 0.16 (Xe)

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=0 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 bondagheme L A similar
reaction pathway can be envisioned for M =Zr and Nb.
Thresholds remaining for refinement§(M*-S) are those
from reactiong11)and(26)for M =Y, (11)for M = Zr, and pro-
cesg26)for M =Nb. The two values abo(Y*-S) =5.52:0.17
and 5.59%0.13eV are consistent with each other and are
inside theDg bracket given above. Our best GIB value for
M =Zr is Do(Zr*-S) = 5.86+ 0.25 eV, which is consistent with
the brackets derived above. For M=Zr, the observation of
exothermic Zr$ formation in the reaction of ZrDand C$
(process(29)) leads to a refinement of the lower limit to
Do(Zr*-S)>5.38-0.12eV. For M=Nb,Table 5shows that
Do(Nb*—=S) =5.96+ 0.33 eV derived from procegg6) is very
close to the upper bracket from CID and is also significantly
higher than theDg values obtained from processék8) and

Note that CID with strongly bound, small molecules often leads(27), Do(Nb*™—S) =5.39+ 0.22 and 5.43: 0.53 eV, respectively.
to upper limitg27,36]and therefore bond energies derived fromA disadvantage of the M3COX systems is that the product
processe$13) and (19) will not be included in the averages Cross-sections are often composed of contributions from more

determined in the following sections.

5.2. Reactions with oxygen-transferring reagents

As has been observed in other MSOX systems (M = Sc, Ti,
and V; X=no atom, O, and $27], MO* formation appears to
be associated with a kinetic barrier resultin@ig(M *—S) values
exceeding those derived from CID with X&les 3—%. In our

than one process and that the characterization of the neutral
species formed can be ambiguous.

53. MX* + HyY

Indirect equilibrium measurements of MSand MO
with H,O and HS vyield Do(Y*-S)=5.28-0.18eV,
Do(Zr*-S) <5.66+ 0.11 eV, andDo(Nb*—S)=5.130.12 eV.
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Comparison of these three values witlo(Y*—S)=  Do(ONb"-S)>4.50+0.04eV is obtained for M=Nb. Both

5.52+0.17eV/5.59:0.13eV, Do(Zr'-S)=5.860.25eV, values exceed those derived from procesde and (17),

andDg(Nb™—S)=5.39-0.22 eV/5.43L 0.53 eV shows that the which may be attributed to the presence of barriers in reactions

bond energies overlap within their uncertainties for M =Y, Zr, (14)and(17). Comparison oDg(OM*-S) withDo(SM*-S) and

and Nb. A similar observation was made for M=Sc and TiDo(SM*-S) with Dg(M*-S) (Table ) shows that the presence

[27a] of oxygen or a second sulfur ligand results in a lowered3vi
The Do(Y*-S) values from reaction§), (11), and (26), bond energy.

i.e., Do(Y*=S)=5.28+:0.18eV, Do(Y*-S)=5.52:0.17 eV,

and Do(Y*-S)=5.59+0.13 eV, yield a weighted average of 6. Summary

Do(Y*-S)=5.494-0.18 eV, reported here with two standard

deviations of the mean. If we combine the upper limit of The gas-phase reactivities of the early transition-metal

Do(Zr*—S)<5.66+-0.11eV obtained from reactio(®) with  sulfide cations Y$, ZrS', and NbS have been inves-

the bond energy abo(Zr*—S) =5.86+ 0.25eV obtained from tigated with guided-ion beam and Fourier-transform

reaction (11), we conclude thatDo(Zr*-S)=5.69-0.10eV. ion-cyclotron resonance mass spectrometry. Careful anal-

Calculation of Do(Zr*—S) employing the bond energy of ysis and evaluation of the threshold energies, reactivities,

neutral ZrS Po(Zr-S)=5.92£ 0.17 eV [49]) as well as the and cross-sections results in bond dissociation energies

ionization energies of neutral ZrS (IE(ZrS)=#&D.7eV  of Do(Y*-S)=5.49:0.18€eV, Do(Zr*-S)=5.6%-0.10eV,

[50]) and neutral Zr (IE(Zr)=6.634eV [51]) vyields and Do(Nb*-S)=5.200.21eV. Further, the metal thio-

Do(Zr*-S)=5.54+-0.72eV, which is in excellent agree- carbonyl binding energies obDo(Y*—CS)=1.42+0.08eV,

ment with Do(Zr*—S)=5.69+0.10eV. In the case of M=Nb, Dg(Zr*-CS)=2.670.11eV, and Do(Nb*—CS)=2.5H

the weighted statistical average of the values from the).11eV have been obtained. Observation of M@@mation

MS*/COX systems and the indirect equilibrium valuesin several of the reactions studied impligsHy(YOS")=

from the of NbS and NbO with H>,O and HS leads to 6.59+0.37eV, AfHo(ZrOS")=8.45+0.33eV, and AtHg

Do(Nb*—S)=5.20+ 0.21 eV. Thus, we arrive at final values of (NbOS')=9.05+0.27 eV.

Do(Y*=S)=5.4%-0.18 eV, Do(Zr*-S)=5.690.10eV, and

Do(Nb*=S)=5.20+ 0.21 eV {Table . Acknowledgements
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