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The reactions of atomic Nj Cuf, and Zn with CS, and COS are studied using guided-ion beam mass
spectrometry. Different ion sources are used to characterize the relative reactivities of different electronic
states of NI and Cu. Ground-state ions of all three metals undergo endothermic reactions to form MS
from both CS and COS, as well as MCSand MCO', respectively. In several cases, the cross sections for
forming MCX* (X = O, S) exhibit two endothermic features, which are assigned to the formation of different
structural isomers or electronically excited product states. From the thresholds associated with forming MS
and MCS, we determineDg(Nit—S) = 2.46 + 0.04,Do(Ni*—CS) = 2.43+ 0.10 eV,Do(Cu"—S) = 2.07

+ 0.15,Do(Cu"—CS) = 2.47+ 0.12 eV,Do(Zn"—S) = 2.054 0.12, andDo(Zn*—CS) = 1.544 0.24 eV.

The periodic trends in these values are discussed, and the nature of the bonding is analyzed. The results
suggest that the initial mechanistic steps correspond to insertions of the metal ions inte $hieo@ds of

CXS (X=0,9).

Introduction TABLE 1: Bond Dissociation Energies at 0 K

Nickel, copper, and zinc are among several transition metals M Do(M—S), ev Do(M-CS), eV
that use sulfur coordination in some of their biological functions c 7.37(0.04
in various proteins and enzymé&3Despite the importance of (C:(S) g'fgo(%og?m
metal—.sulfur bqqu, there is I.ittle fundameptal information. Sch 4.97 (0_0'59 1.38 (0.08)
regarding transition-metal sulfides and their thermodynamic Ti+ 4.74(0.079 1.60 (0.06)
properties. One place to start such studies is the characterization v+ 3.72 (0.09 1.70 (0.08Y
of the simplest transition-metal sulfides, the diatomic MS Cr: 2.68(0.17) 1.69 (0.06)
systems. In this work, we provide accurate measurements of 'l\:"; g-gg (8-332 g-ig (8-%9
the metat-sulfide bonds in the Ni§ CuS', and ZnS systems Cot 505 20'099 568 §0'34g
as part of an ongoing collaborative project to systematically Ni+ 2.46 (0.04) 2.43(0.10)
examine the reactions of transition-metal cations with the sulfur- Cut 2.07 (0.15) 2.47 (0.12)
transfer reagents Gand COS. Previous wotkas established Zn* 2.05(0.12) 1.54 (0.24)
the thermochemistry of scandiumtitanium;* vanadiun®® 2 Prinslow, D. A.; Armentrout, P. B]. Chem. Phys1991 94, 3563.

chromium! manganeséjron #1% and cobal® sulfide cations. v pediey, J. B.; Naylor, R. D.; Kirby, S. Fthermochemical Data of
The thermochemical results for these sulfides are included in Organic CompoundsChapman and Hall: London, 1986. Corrected
Table 1 along with complementary literature thermochemistry to 0 K usingH® — H® (298.15) values taken frodANAF Thermo-
needed in the present work. This study of the reactions of nickel, ;Emggla?gsl;?Jg#gthrfdtiti?q'gh%sce'K'\fét\g}'; h'fgj- Zthﬁ Cr*;?”l
copper, and zinc Catlons with ¢8nd COS completes the. 3d ¢ Kretzschmar et al., regf E?.pRue et al., ref 7! Schraler et al.’, ref 8.
transition-metal ion series. M-S and M'—CS bond energies  gRye et al., ref 9" This work.

for all three metals are derived and their bonding characteristics

analyzed. Mechanisms for the reactions of the metal ions with  Briefly, ions are produced in one of the sources described

CS; and COS are explored. below, accelerated, and passed through a magnetic sector for
mass selection. The mass-selected ion beam is then focused into
Experimental Section the entrance of a radio frequency (rf) octopole ion guide, whose

dc potential with respect to the ion source determines the kinetic

Guided lon Beam Mass SpectrometerThe experiments  energy of the ion beam. The rf potential on the octopole rods
were performed with a guided-ion beam mass spectrometerradially confines the ions and guides them through a gas cell,
(GIBMS), which has been described in detail previodsii? where a neutral reactant is introduced at pressures low enough
(0.05-0.2 mTorr) to ensure single collision conditions. Both

t Part of the special issue “Jack Beauchamp Festschrift’. Dedicated to Product and unreacted primary ions are extracted from the
Professor J. L. Beauchamp on the ocassion of his 60th birthday and in thanksoctopole and passed through a quadrupole for mass analysis.
for his contributions throughout ion and physical chemistry. Finally, ions are detected with a secondary-electron scintillation

* To whom correspondence should be addressed. . . .

* Present address: Dept. Chem. & Chem. Biol., Harvard U., 12 Oxford 10N detector and counted using standard pulse-counting tech-
St., Cambridge, MA 02138. nigques. This process is repeated at different collision energies
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simply by adjusting the dc octopole potential with respect to TABLE 2: Electronic States of First Row Transition-Metal
the ion source. Conversion of the raw ion intensities into cross 10ns

sections and the calibration of the absolute energy scale are ion state configuration energy (V) 2425K°
treated as_descnbed_ prewo_ué}yThe accuracy of the product Ni+ D 3P 0.075 98.3806
cross-section magnitudes is estimated to4#0%, and the P 3 44 1.160 1.5754
uncertainty in the absolute energy scaleti®.05 eV Eap). ’F 3cf 4 1.757 0.0438
Laboratory energies are converted to energies in the center-of- P 3d 4¢ 2.970 0.0001
mass frame usingcy = Ejap M/(M + m), whereM andm are c ;S 3(%() g 0.000
the masses of the neutral and ionic reactants, respectively. This 18 gog 331 %:ggg
procedure accounts for conserving the momentum of the center- 3pe 3P 4pt 8.330
of-mass of the collision pair through the laboratory. Conse- zn* ES 3d04¢ 0.000
quently, some of the laboratory ion energy is not available to 2pe 3d4pt 6.083
the system to induce chemical changes. D 3P ag 7.911
Energy thresholds for product formation at zero Kehip, S 3d°5¢ 10.965
are obtained by modeling the cross sections using eq 1 a Energies are weighted averages (by degeneracies) overatiit
- Ievel_s. Va_lues calcu_lat_ed from spmr_bit Ieé;(/jgl en?r?ies gi]:/enI inthttp.://
— _ hysics.nist.gov/cgi-bin/AtData/main_add?opulation of electronic
o® = OOZgi(E TE-RE (1) gta};es of Ni ?n pe?cent at the specifiEd temgerature.

where g¢ is an energy-independent scaling factér,is the
relative kinetic energy, anly andn are treated as adjustable
fitting parameters. The summation is over the rovibrational states
of the neutral reactant having energigsand populationsy

(>gi = 1). Before comparison to the experimental data, eq 1 is
convoluted over the kinetic energy distributions of both
reactants. Because the convoluted form of eq 1 explicitly
accounts for all of the energy available to the reaction, the i .
optimized value ok, is interpreted as the threshold energy at compound dgcomposes on the filament, and s desorb.
zero Kelvin. Uncertainties in the values Bf obtained using The electronic states of Nithus formed are assumed to have

eq 1 are derived from the range of fitting parameters that yield & Boltzmann distribution characteristic of the filament temper-
acceptable fits coupled with the uncertainties in the absolute aturé. The filament temperature was previously calibrated as a

energy scale and electronic energies of the reactant ions. function of the applied current using optical pyrometry, assum-

Whereas the parameteris typically held at unity:? previous ing that the filament qcts as a blacl.<'body radidfoBecause
investigations of the ¥ + CS; reaction have demonstrated that € low-lying electronic states of Niinvolve only s and d
a value ofm = 1.5 is more appropriate for the description of orb!tals, spontaneous optical emission from excn_ed_states are
spin-forbidden processésSeveral of the reactions discussed parity forbidden, such that the excited-state lifetimes are

in the present work are spin-forbidden (see below), and each®XPected to be longer than thel ms residence time of the
of these is modeled using eq 1 with= 1.5 in addition tom ions in the instrumeri Therefore, the Ni state distribution is

-1 determined by the SI filament temperature, which can be
systematically adjusted from 2150 to 2400 K. Below 2150 K,
the Nit beam intensity is unacceptably low {0® counts s1),

and above 2400 K, the filament burns out rapidly. This narrow
temperature range, combined with the relatively low beam
intensities produced by Niglresults in poor signal-to-noise
levels and large uncertainties in the cross sections. Nevertheless,
we performed the Ni + CS; reaction with Ni~ ions generated

uncertainties. For convenience in the following, we will refer
to ions produced in the DC/FT source with and without the
appropriate additional cooling gases,(@ NO) as cooled and
uncooled.

In the present study, the Sl source was also used to form
Ni*. This source involves vaporizing NiCin an oven and
directing the vapor at a resistively heated rhenium filament. The

lon Sources.Briefly, M™ (M = Ni, Cu, and Zn) ions are
formed in either a dc discharge/flow tube (DC/FT) source or a
surface ionization (SI) source. In the DC/FT source, energetic
Art ions sputter M ions from a negatively charged-(.5 to
—2 kV) cathode composed of the metal to be studied. The ions
formed in this discharge are then swept through a meter-long

flow tube by a 10% argon in helium buffer gas at a total pressure i
of 0.7-1 Torr. The ions underge 10 collisions with the buffer &t S! filament temperatures of 2150, 2200, 2250, 2350, and 2425

gas as they traverse the flow tube, which helps to cool the ions K. Because the results obtained were much noisier than the DC/

to room temperature. Previous studies indicate that excited state€ T dgta and by and large comparable_at various temperatures
of Zn™ (Table 2) comprise less than 0.01% of the ions produced examined, only the 2425 K data are discussed explicitly. The

in this sourcé? For the other metal ions, it has been shown populations of states produced at 2425 K are listed in Table 2.

that helium and argon are not always effective at quenching
the excited electronic states of transition-metal i®ri8:.15
Therefore, small amounts (40 mTorr or less) of a cooling gas  Reactions of M" with CS,. The product cross sections
(O, for Ni* and NO for Cu) are added to the flow tube to  observed in the reactions of €®ith M* formed using the DC/
react with and thus remove excited states from theddam. FT source with cooling gases added are shown in Figures 1
Previous studies have demonstrated that oxygen quenches théor Nit, Cu", and Zn", respectively. For Ct the threshold
electronic states of Nisuch that the average electronic energy data have been corrected for residual contributions from excited
is less than 0.02 eV8 For Cu, the addition of NO is foundto  states (see discussion below). Three primary product ions are
eliminate excited states almost complet&ly? and the results  formed in all three systems in the endothermic reactiond:2
discussed below indicate that cooling with NO reduces the

Results

excited-state population to less than 0.3% of the beam intensity. M+ cs,— MS™ + CS 2)
Because of the negligible amount of excited states, no explicit
contribution of such electronic excitation is included in the —[M,C,S]"+ S (3)

analyses below, but the final threshold values cited for Ni N
include the average electronic excitation energy as part of their —CS +M 4)



9790 J. Phys. Chem. A, Vol. 106, No. 42, 2002

Energy (eV, Lab)
10.0

15.0

20

-
o

Cross Section (107'%cm?)

4.0 6.0
Energy (eV, CM)

8.0

Figure 1. Product cross sections for the formation of Nifpen
circles), NiCS (closed squares), and €S(open triangles) in the
reaction of Ni + CS; as a function of kinetic energy in the center-
of-mass (lowerx axis) and laboratory (upper axis) frames. Nickel
ions are formed in the DC/FT source with €boling gas present. The

bond dissociation energy of @$4.50 eV) is marked by the broken
line.
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Figure 2. Product cross sections for the formation of Cu@®pen
circles), CuCS (closed squares), and €S(open triangles) in the
reaction of Cti + CS; as a function of kinetic energy in the center-
of-mass (lowerx axis) and laboratory (upperaxis) frames. Copper
ions are formed in the DC/FT source with NO cooling gas present
and residual contributions from excited states have been subtracted
as described in the text. The bond dissociation energy of (€S0
eV) is marked by the broken line.

ou

The brackets indicate that the structure of the [M,€ §lecies
is not yet defined, however, it can safely be assigned as the
metal-thiocarbonyl cation, M-CS, at the lowest energke®
Charge transfer to form GS, reaction 4, is observed in all
three systems. The ionization energy (IE) of,G$10.073+
0.005 eV, compared with IE(Ni 7.6398, IE(Cu)= 7.72638
+ 0.00001 eV, and IE(Zrg= 9.39405 e\2! Thus, reaction 4 is
endothermic in all three cases with expected thresholds of 2.43,
2.35, and 0.68 eV for reactions with Ni Cu", and Zr,
respectively. This corresponds reasonably well with the apparent
thresholds in all three systems, confirming that these data contain
little contributions from excited electronic states of the metal
ions. Indeed, analysis of these data channels using eq 1 provide
thresholds of 2.57 0.21, 2.264+ 0.56, and 0.92+ 0.17 eV
(Table 3), in reasonable agreement with the predicted thresholds.
In the Zn"/CS, system, the threshold for charge exchange is
sufficiently low that this process dominates the product spec-

t

groducts. Eventually, enough excess internal energy is deposited
fo induce dissociation according to the overall reaction 5:

Rue et al.
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Figure 3. Product cross sections for the formation of Zn@®pen
circles), ZnCS (closed squares), and €S(open triangles) in the
reaction of Zn + CS; as a function of kinetic energy in the center-
of-mass (lowe axis) and laboratory (upperaxis) frames. Zinc ions
are formed in the DC/FT source. The bond dissociation energy gf CS
(4.50 eV) is marked by the broken line.

TABLE 3: Optimized Parameters of eq 1

reaction products 0o Eo n m

Nit+CS  Nist 8.1(1.3) 2.21(0.07) 1.1(0.2) 1
13 (2) 2.19(0.08) 1.2(0.2) 15

NiCS*  3.8(0.6) 2.07 (0.09) 1.2(0.2) 1

CS*t 0.28 (0.10) 2.57 (0.21) 1.7 (0.5) 1

Nit +COS Nis 5.2(0.1) 0.70 (0.03) 0.55(0.07) 1
6.5(0.1) 0.66 (0.03) 0.85(0.06) 1.5

NiCO™ 1.2(0.3) 1.77 (0.16) 1.3(0.4) 1

Cu"+CS CuS 2.8(0.4) 2.70 (0.09) 1.1(0.2) 1
5.3(0.5) 2.69 (0.06) 1.3(0.1) 15

CuCsS 1.0(0.2) 2.03(0.11) 1.5(0.2) 1

Cs* 0.18 (0.13) 2.26 (0.56) 1.6 (0.7) 1

Cu"+COS CuS 0.42(0.12) 1.08 (0.14) 2.3(0.3) 1
0.56 (0.22) 1.05(0.16) 2.7 (0.4) 15

CuCO" 0.11(0.03) 1.57(0.32) 1.4(0.6) 1

Zn"+CS  ZnS 1.6(0.4) 245(0.14) 1.8(0.3) 1

ZnCS" 0.52(0.20) 2.96 (0.23) 1.8(0.7) 1

CS* 0.83(0.31) 0.92(0.17) 2.0(0.3) 1

Znt+COS ZnS 0.69 (0.22) 1.09(0.12) 2.2(0.3) 1

eV, for reasons that are unclear. It is possible that this is an
artifact associated with incomplete collection of £Swhich
brobably has a small velocity in the laboratory frame.

In the following, we shall concentrate on the differences in
the apparent thresholds for MSand [M,C,S] formations
(Figures 13). Analyses of the cross sections in the'NIS;
system using eq 1 (Table 3) leads to threshold values of 2.20
+ 0.08 eV (average ain = 1 and 1.5 fits) for reaction 2 and
2.07+ 0.09 eV for reaction 3. In marked contrast, the threshold
of 2.03 + 0.11 eV for CuCS formation is lower than the
threshold of 2.69t 0.08 eV (average ah= 1 and 1.5 fits) for
CuS" formation. In the ZA/CS, system, the ordering is
reversed, and thresholds of 2.450.14 and 2.96+ 0.23 eV
are derived from the cross sections for Zn&nd ZnCS,
respectively.

At kinetic energies above the threshold for product formation,
he excess energy can enter the internal modes of the ionic

M*+CS,—M"+S+CS (5)

trum. The CS" cross section is observed to decline above 6 The thermodynamic onset for reaction 5 is equivalent to the
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bond energy of C$ 4.50+ 0.04 eV (Table 1). In all three

MT*/CS; systems, the MCScross sections begin to decline close

to this energy, partly because the atomic S neutral product has

no internal degrees of freedom (other than electronic) with which

to carry away energy. This is also true for the NiSoss section, —~ 100

Energy (eV, Lab)
0.0 20 4.0 6.0 8.0 10.0
T : .

Ni* +Cs, —=

whereas the cross sections for formation of Cuid ZnS 3
decline at slightly higher energies. One explanation for these 90 DC/FT
latter observations is that the neutral CS product fragments < o (uncooled) ot
formed in reactions 2 carry away a fraction of the available S cs,t ]
energy when M= Cu or Zn. § i &

Another interesting explanation is related to previous obser- @ 402 fcooled with 08 i
vations regarding so-called “impulsive” behavior in the reactions S X AAAAA%
of Cut and Zn" with several small moleculéd:l722 This 2 Bya
phenomenon is related to the duration of the collision interaction. 10° a, . .
Thus, in most collisions, the energy available to the intermediate 0.0 10 20 3.0 4.0
MCS," collision complexes randomizes efficiently, leading to Energy (eV, CM)

dissociation process 5 beginning at the thermodynamic limit. Figure 4. Product cross sections for the formation of Niircles),
However, if the collision complex is very short-lived, the metal NiCS* (squares), and GS (triangles) in the reaction of Ni+ CS; as

may interact primarily with the first atom it encounters on the a function of kinetic energy in the center-of-mass (loweaxis) and

neutral target. In the extreme limit of an “impulsive” interaction, 'aboratory (uppei axis) frames. Results are shown for nickel ions

the remaining atoms of the neutral are isolated from the collision f'Med in the DC/FT source with48ooling gas present (open symbols)
. and without (closed symbols).

event. The energy conversion from the laboratory frame for a

purely impulsive collision is such that less energy is available CS. Coupling of ZA(2P, 3dW%pt) with CSE=*) should lead
for reaction because some energy is retained in translation. Thisto 25+ and 2I1 states V\;here the former should have a weak
shifts the cross section features to higher energies. The presenf ). and the latter V\;i” be strongly bound with a bond energy
results suggest that mildly impulsive reactivity is involved in comparable to Ci(1S, 3d9). This provides sufficient informa-

]Ehe Cu" and ZFF hsystems|, muccr:jlirk%that prevrir?ll;sly c;]bsr(]arved tion to estimate the electronic excitation energy of ZHCS
or reaction of the isovalent O, systemi’ such that ~ Ae "2 cording to eq 7:

the lifetimes of the collision complexes for these metals are
short relative to those of Ni This may be associated with the
Pauli repulsion between the closed-shelb@®lecule and the
occupied 4s orbital on Zn which has a 3#4s' electron _ o
configuration. Impulsive reactivity may arise in the @GS, where AEzq+ is the Znf(°P°) — Zn*(%S) excitation energy of
system, because the closed shell*(8, 3d9 species is  6.08 eV (Table 2 andDo(Zn*—CS) andDo{Zn*-CS)~
relatively stable and does not easily insert into the bonds of the Do(Cu*—CS) are the bond energies of the ground and excited
neutral targe®3 states of ZnCS, respectlvely._GNen th(_a bond energies in Table
In the reaction of Zh with CS, (Figure 3), the [Zn,C,S] 1, this suggests thaiEzncs is approximately 5.2 0.3 eV,
cross section exhibits a distinct second feature with a threshold Which means that the threshold for formation of ZiE3I) is
near 6-7 eV. Similar behavior has been observed for the 8-1% 0.4 €V, well above the observed threshold for the higher
reactions of V' 5 Crt,” Mn+,7 Fe*,10 and Cd 1 with CS,, where energy feature in the [Zn,C,Stross secti_on. Alternatively, we
it has been attributed to the formation of the @ ™—S isomer. can view the’[1 state of ZnCS as coming from a covalent
This assignment is consistent with the observation that the COUPIing of ZT(ZS' 3d%s') with CS(TI), 4.8 eV above ground-
second feature of the [Zn,C;Stross section declines near the Staté CS(E").2° If this two-electron bond is again estimated as
onset of a second endothermic feature of the ZoBannel. ~ €duivalent to that for the two-electron bond in"'GtCS, then
This correlation could indicate that-&n*—S is the precursor ~ AEzncs™ is &~ 3.9 £ 0.3 eV, consistent with the energy
for ZnS* at higher energies, consistent with cleavage of the differences in the cross section features. Therefore, the assign-

C—2ZnS' bond to form Zn$ according to reaction 6: ment of the higher energy feature in the [Zn,C,8loss section
to a Il excited state is plausible.

Electronic Distributions of the Ni* Reactants.The reactions
of CS, with Nit ions formed under different source conditions
are shown in Figure 4. When ng,©ooling gas is added to the
The position of the second feature in the ZnSoss sectionis  flow tube, all three product cross sections exhibit low-energy
in reasonable agreement with the thermodynamic threshold offeatures that increase slightly in magnitude with decreasing
9.824 0.15 eV for reaction 6 (Table 1). However, the electronic  energy, characteristic of exothermic processes. These low-energy
structure of Zri (2S, 3d%s") disfavors formation of covalent  cross sections are about a factor of 60 larger than those observed
bonds to both C and S. One possible alternative structure is awhen Q cooling gas is present. We also examined these
cyclic [Zn,C,S]" isomer. reactions with Ni formed using the Sl source. Table 2 gives

In addition, we also consider whether this high-energy feature the Boltzmann populations of the various"Nitates at 2425 K.
could be assigned to formation of an excited electronic state of In all cases, the Sl data are noisier because the intensity of the
ZnCSf. This possibility can be explored by a qualitative ion beams is smaller than with the DC/FT source. At low
consideration of the possible excited states of the [Zn,;C,S] energies, the Sl data fall between the data taken with cooled
product. To understand this, we note that coupling of (28, and uncooled DC/FT conditions. We observed no distinct
3dt%4sY) with CSE=™) can form only a single electronic state excited-state features in the cross sections, although the
of ZnCS", likely to be 2=*. Thus, putative excited states of thresholds for reaction of N{SI) are clearly lower than those
ZnCS"™ must evolve from excited states of ZrfTable 2) or for reaction of Nit ions formed in the @cooled DC/FT source.

AEjcs = AEg,. + Dy (Zn"—CS)— Do (Zn"~CS) (7)

Zn"+CS,—2zZnS'+C+S (6)
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Figure 5. Product cross sections for the formation of Cu8ircles),
CuCSs' (squares), and GS (triangles) in the reaction of Cu+ CS,

as a function of kinetic energy in the center-of-mass (lowexxis)

and laboratory (uppex axis) frames. Results are shown for copper
ions formed in the DC/FT source with NO cooling gas present (open
symbols) and without (closed symbols).

These observations are consistent with the presence of smal

amounts of excited Niin the ion beam (Table 2). For all SI

and DC/FT source conditions, the primary endothermic features

magnitudes for all three product ions. This behavior unambigu-
ously establishes that these features result from reaction of the

Ni*(?D) ground state.
As noted above, the thresholds for product formation in the
Ni™(°D) + CS; system exceed 2 eV for all three products. These

threshold energies are higher than the excitation energy from

the 2D ground state to th&~ and?F excited states of Ni(1.09

and 1.68 eV, respectively, Table 2), indicating that these ex-

Rue et al.

The slight mismatch in ionization energies may partially explain
why the CS* cross section increases slightly with increasing
kinetic energy, despite being exothermic.

Without a cooling gas, the reaction of €to form [Cu,C,ST
appears to be exothermic and barrierless, whereas the &b
CS* cross sections decrease as the energy is reduced below
0.2 and 0.4 eV, respectively, suggesting that these reactions are
slightly endothermic and/or kinetically hindered. Analyses of
the cooled and uncooled data using eq 1 yields thresholds for
the ground and excited-state features in the Ca®ss section
of 2.69+ 0.08 and 0.14+ 0.05 eV, respectively. The energy
difference of 2.55+ 0.09 eV for these features is reasonably
consistent with the known energy difference of 2.72 eV between
the Cu (*S) ground state and the lowest spiorbit level J =
3) of the Cu (D) first excited stat@! although the average
energy difference between these states (including alt-spibit
levels) is slightly higher (2.81 eV, Table 2). The observation
that the threshold energy difference between the ground and
excited-state features in the CuSross section does not
precisely match the Cy'S) — Cu™(°D) excitation energy is
attributed to competition with reaction 3. Competition may also

xplain the observation of apparent endothermic behavior in
he exothermic charge-transfer reaction betweeh(¥d) and
CS. Reaction 3 is exothermic for the C{D) excited state by
about 0.7 eV, which would make it much more efficient than

eprocess 2, thereby shifting the threshold for"GD) to slightly

higher energies.

The total cross section for reaction of G&D) (not shown)
declines smoothly with increasing energy&<-> from about
0.7 to 2.5 eV, as predicted by the LGS mogfehut with an
absolute magnitude of 30% of the predicted cross section. This
percentage represents a lower limit to the fraction of excited
states present in the ion beam; however, the cross sections above

cited states should also react endothermically. Therefore, the3 €V (attributable to reaction of théS ground state) are
exothermic feature observed using the uncooled DC/FT sourceSOmparable in magnitude whether the cooling gas is present.

must result from reaction of the N¢*P) (2.97 eV above the

ground state) and/or higher-lying states. The combined mag-
nitude of the exothermic features in the product cross sec-

tions obtained using the uncooled DC/FT source is931%
(0.005 £+ 0.003% for the cooled data) of the Langevin
Gioumousis-Stevenson (LGS) cross secti$hwhich is an
estimate of the iormolecule collision probability. Because the

This observation indicates that there must still be a large fraction
of ground-state Cliin the uncooled ion beam, such that the
30% lower limit cannot be appreciably higher than this. At
energies below 0.7 eV, the total cross section declines less
rapidly thanE ~°5 a consequence of the apparent endothermicity
of the reaction forming CuSand the inefficiency of the charge-
transfer reaction. At higher energies, the total cross section levels

observed cross sections only arise from reactive collisions, this OUt at @ magnitude of about 3*Alargely to form the charge-
percentage is regarded as a lower limit to the population of the transfer product. We note that small exothermic tails remain in

4P and higher states in the beam of"Nions generated by the
uncooled DC/FT. Clearly, these states are not efficiently
thermalized by collisions with the helium/argon bath gas in
the flow tube, but can effectively be removed upon addition of
0,.

Electronic Distributions of the Cu™ Reactants.The CuS,
[Cu,C,S], and CSt cross sections observed in the'Ct CS,
reaction are shown in Figure 5. When'Qons are formed using
the DC/FT source without adding a cooling gas to the flow tube,

all three cross sections exhibit large features at low energies.

When NO is added to the flow tube as a cooling Y&<these

many of our data sets for Cleven with the addition of NO to

the flow tube. Nevertheless, the contribution of these residual
excited states is not problematic, because their energy depend-
ences are distinct from that of the ground state. In cases where
cooling with NO is incomplete, the excited-state features are
modeled separately and subtracted from the data. This provides
a good estimate of the ground-state'@uoss sections, as shown

in Figure 2.

Electronic Distributions of the Zn+ Reactants.Unlike the

Ni* and Cu systems, the addition of cooling gases to the flow
tube did not affect the product cross sections in the reactions

low-energy features uniformly decrease by about 2 orders of of Zn* with CS; or COS. It is possible that the collisions with

magnitude and are assigned to excited-state tevious work
in our laboratory confirms that the C(#D) first excited state
is formed by the dc dischardé.In addition, the ionization
energy of Cgis 10.073+ 0.005 eV, 2.347 eV above that of
Cu, 7.72638+ 0.00001 e\2! However, ionization to form the
3D state of Cu requires 2.81 eV more energ¥?’ such that
the charge-transfer reaction with £ nearly resonant with
this state (which has spirorbit levels that span about 0.26 eV).

helium and argon in the flow tube are efficient at quenching
the excited states of Znthat these states are not formed in the
discharge, or that the excited states decay rapidly. Formation
of excited states is probably inhibited by the large excitation
energies involved, e.g., th#®° first excited state of Zh lies
6.08 eV above the ground state, Table 2. In addition, this
2P°(3dl%4ph) state has a dipole-allowed transition to #5¢3d°4s")
ground-state such that its radiative lifetime should be very short.
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Figure 6. Product cross sections for the formation of Cu@®pen
circles) and CuCO(closed squares, multiplied by a factor of 2) in the
reaction of Cd + COS as a function of kinetic energy in the center-
of-mass (lowerx axis) and laboratory (upperaxis) frames. Copper
ions are formed in the DC/FT source with NO cooling gas present.
The bond dissociation energy of€0 (3.14 eV) is marked by the
vertical broken line. The full line indicates the model of eq 1 using the
parameters given in Table 3n(= 1.5) convoluted over the kinetic

1.0 20

8.0

energy distributions of the reactants. The dashed line shows this mode

for reactants with no internal or kinetic energy distributions. Above
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channel modifies eq 1 above 3.14 eV to include a simple
statistical treatment of this subsequent dissociation, as detailed
elsewhere?

The [Cu,C,Of channel exhibits two features. The lower
threshold certainly corresponds to formation of ground-state
Cu—CO. Indeed, the threshold measured for this process, 1.57
+ 0.32 eV (Table 3), is in good agreement with a 160.07
eV value calculated from a previously reported value of
Do(Cut—CO) = 1.54 £ 0.07 eV2° Accordingly, we conclude
that formation of CuCO in the Cu/COS system is not
significantly hindered by competition with the thermochemically
favored Cu$ channel.

The higher energy feature in the [Cu,C/O¢ross section
could conceivably be assigned to an excited electronic state of
CuCO', but such an assignment seems inconsistent with the
energy difference of approximately 2 eV between the observed
cross section features. To understand this, we first note that
coupling of ground-state C\{'S) and CO¥=*) can form only
a single electronic state of CuCQcalculated to be>".30
Hence, excited states of CuC@ust evolve from excited states
of CO or Cu'. The first known excited state of CO lies over 8
eV above the ground statesuch that plausible excited states
jof CuCO" probably originate from théD(3d%4s!) first excited
state of Cd, which lies 2.81 eV above the ground state (Table

3.14 eV, a model for the subsequent dissociation process is also2). Because of the occupation of the 4s orbital in this state,

included.

Other excited states of Zncan also radiate in dipole-allowed

interaction of CO with Cti(®D) is probably less attractive than
with Cut(1S), such that the bond energies of triplet excited states
of CuCO" should be less than those of the singlet ground state.

transitions to either the ground or first excited-state such that Therefore, the excitation energy of CuC@robably exceeds

no excited states of Znare expected to live long enough to

the asymptotic value for Cuof 2.81 eV, which appears

reach the reaction cell, whereas radiative transitions are parityinconsistent with the energy difference observed for the features

forbidden for the excited states of Niand Cu considered

in the CuCO cross section. We might also attribute the high

above. Consequently, the cross sections observed for reactiorenergy feature in the [Cu,C,OFkross section to the formation

of Zn™ certainly correspond to the reaction of tf® ground
state.

Reactions of Cu™ with COS. In terms of the reactions
observed, the reactivity of COS toward Cgenerated in the
DC/FT source with NO cooling gas is generally similar to the
behavior observed in the MCS, system, except that charge
transfer to yield COSis absent. The formations of Cti&nd
[Cu,C,O]" in reactions 8 and 9, analogous to reactions 2 and 3,
respectively, are observed (Figure 6):

Cu" + COS—CcuS" + Cco
—[Cu,C,0] + S

(8)
9)

Product ions such as COSCuQO", and CuCS were looked
for and not observed.

Note the difference between the relative thresholds of the
MCX™* (X = S, O) and MS products in the Ct/CS; and Cu/
COS systems. CuCSformation precedes CudSformation in
the CS reaction, but CuS precedes CuCOin the reaction
with COS (Figures 2 and 6). This behavior is a direct reflection

of a C—Cu™—0 isomer, but formation of such covalent bonds

also requires promotion of the closed shell'CG$, 3d9), and

in addition, the very strong CO bond must be broken. At this
point, the assignment of the high-energy feature in this cross
section remains uncertain.

Reactions of Zn"™ with COS. The cross section for ZnS
formation in the reaction with COS is shown in Figure 7. Other
product ions such as COSZnO*, ZnCSf, and ZnCO were
looked for and not observed. The main differences between the
reactions of Zi with CS, and COS are that neither CX$ior
ZnCX*" formation are observed in the latter system. These
observations certainly indicate that Zn€@rmation is dis-
favored, a result that can also be appreciated from the relative
magnitudes of the cross sections for the analogous reactions in
the Cu system. It is unlikely that the initial insertion into the
S—CO bond is problematic, because Zn'CiS formed in the
reaction of Zrt with CS,, which has a higher €S bond energy
(4.50 vs 3.14 eV, Table 1). Instead, this behavior is assigned to
be a consequence of the relative thermodynamics, namely, the
ZnCO" species is weakly bound, consistent with the discussion
below for the isovalent ZnC'Sspecies. In this regard, the failure

of the relative bond energies (see below). Analyses of theseto observe ZnCOin the reaction of Zn(3d'%4s!) with COS is
cross sections using eq 1 gives the optimized parametersanalogous to our failure to observe MnC® the reaction of

summarized in Table 3. Near 3.14 eV, the Cu$oss section
begins to decline, and the CuCQ@ross section levels out, in
good agreement with the thermodynamic onset for COS
dissociation (Table 1) according to reaction 10:

Cu" + COS—Cu"+ S+ CO (10)

The reproduction of the data shown in Figure 6 for the TuS

Mn*(3cP4sh) with COS? In both cases, this is because the
occupied 4s orbital means that neithertzmor Mn™ has an
empty orbital to accept electron density from the CO ligand.
Thus, selective cleavage of the-BI™—CO insertion intermedi-
ate bond to form MCO is disfavored.

Reactions of Ni" with COS. The product cross sections
observed in the reaction of COS withNgenerated in the DC/
FT source are shown in Figure 8. Other product ions such as
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Energy (eV, Lab) are 2.3+ 0.3 and 2.2+ 0.3 (m = 1 fits), respectively. The
0.0 5.0 10.0 15.0 value ofn for the NiS' cross section, however, is considerably
14 lower at 0.55+ 0.07 (n = 1).
12 The NiS cross section begins to decline around 1.5 eV,
o partially because of the competitive formation of NIi€O
S 10 However, the total cross section also levels out near 1.5 eV,
© 08 which indicates a significant change in the total reactivity of
‘é’ ' the system. The rapid decline in the cross sections at higher
5 06 energies (above-3.0 eV) is attributed to simple dissociation
» in reaction 11:
B 04
© 02 Ni* + COS—Ni* + S+ CO (11)
0.0 &

Although the decline above 3.14 eV is expected, the strong
00 10 20 30 40 50 60 7.0 80 decrease of the NiScross section and the abrupt slope change
Energy (eV, CM) in the total cross section near 1.5 eV cannot be explained by

Figure 7. Product cross sections for the formation of Zn@®pen dissociative or competitive processes. Instead, we must consider
circles) in the reaction of Zn+ COS as a function of kinetic energy the details of the potential-energy surface.

in the center-of-mass (loweraxis) and laboratory (upperaxis) frames. . . - .
Zinc ions are formed in the DC/FT source. The bond dissociation energy 4Tijeoretlca| calculations |nd|catg that the Nifolecule has

of S-CO (3.14 eV) is marked by the vertical broken line. The full &%~ ground staté Thus, the formation of ground-state products
line indicates the model of eq 1 using the parameters given in Table 3 from ground-state reactants in reaction 12 is formally spin-
(m = 1.5) convoluted over the kinetic energy distributions of the forbidden:

reactants. The dashed line shows this model for reactants with no
internal or kinetic energy distributions. Above 3.14 eV, a model for

2 L, Nt As— 1
the subsequent dissociation process is also included. NIZ(D) + COS&Z) NiS™(2) +CO(%)  (12)

Energy (eV, Lab) Provided there is sufficient coupling between the doublet
diabatic potential-energy surface in the reactant region and the
00 20 40 60 80 100 120 . . .
3.0 T T y quartet potential-energy surface in the product region, the
LR | Ni*+cos — reaction can proceed along the adiabatic pathway and undergo
-~ 25 : spin-inversion with relative efficiency. This is especially true
5 when the total energy of the system is close to the energy of
£ 20 the crossing point, b he resid i he i i
iy g point, because the residence time at the intersection
< will be long enough to allow for the necessary electronic
515 LT . . S
2 reorganizations between spin surfaces. At higher kinetic ener-
& 10 gies, the probability of spin-inversion decreases, and it becomes
2 increasingly likely that the reaction will retain its original spin,
S o5 ., aa8 remain on the doublet potential-energy surface, and return to
- | NICO™ (x2) reactants via the entrance channel. We propose that the
0.0 SEmiiom . - - - — decreased probability for spin inversion at higher kinetic ener-
00 10 20 30 40 50 60 70 gies is responsible for the decreasing Ni&nd total cross
Energy (eV, CM) sections observed in the NICOS system between 1.5 and 3
Figure 8. Product cross sections for the formation of Nif®pen ev.53l

circles), NiCO" (closed squares, multiplied by a factor of 2), and the Previous studies of the V+ CS, system showed similar
total cross section (dotted line) in the reaction of Nt COS as a behavior? and demonstrated that the cross section for forming

function of kinetic energy in the center-of-mass (loweaxis) and h in-forbi n Vs or n IV repr
laboratory (uppek axis) frames. Nickel ions are formed in the DC/FT the spin-forbidden VS product can be adequately reproduced

source with Q cooling gas present, and residual contributions from .by €q 1'When a value ah=1.5 '.S used. The. use of - 1.5
excited states have been subtracted out as described in the text. Thd €d 1 (instead of the usual = 1) is mathematically equivalent
bond dissociation energy ofCO (3.14 eV) is marked by the vertical ~ to multiplying our normal fitting equation b2, which is
broken line. The full line indicates the model of eq 1 using the intended to account for the energy dependence of the probability

parameters given in Table 3n(= 1.5) convoluted over the kinetic  for spin-inversion at energies above the surface crossing
energy distributions of the reactants. The dashed line shows this mOdelpoint.5v32'33Thus, the use of = 1.5 in eq 1 provides a better
for reactants with no internal or kinetic energy distributions. Above fit to the data of sharply rising spin-forbidden cross sections
3.14 eV, a model for the subsequent dissociation process is also . s

included. (such as the NiScross section in the COS system and the'VS

cross section observed in the reaction dfwith CS).5 Figure
COS", NiO*, and NiCS were looked for and not observed. 8 illustrates that the NiScross section can be reproduced well
Small contributions from excited states leading to exothermic over an extended energy range using eq 1 whenl1.5. (Above
reactivity have been subtracted out by fitting these with a power 3.14 eV, the reproduction of the data shown modifies eq 1 by
law. The cross section for NiSormation has an unusual energy including a simple statistical model described elsewi¥ei@
dependence and rises very rapidly compared to the analogousiccount for the effects of the dissociation channel, reaction 11.)
cross sections for CuSand ZnS formation. This is evident In contrast, modeling withm = 1 fails to reproduce the data
by inspection of Figures-68 and in the optimized values of above 1.5 eV.

the fitting parameten in eq 1 (Table 3). Higher values of However, reaction 12 is not the only spin-forbidden process
correspond to more slowly rising cross sections, and typical considered in this work. Likewise, reactions-11% are formally
values ofn range from 1 to 2. The optimized values mfor spin-forbidden and therefore might also be expected to be better

the CuS and ZnS cross sections in the reactions with COS described by the use of eq 1 with= 1.5:
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Ni*(°D) + CS('s,") — Nis"(*z7) + Ccsfx)  (13)
cu(*s)+ Ccosfz) — cusCz) + cots)  (14)

Cu'(*s)+ CS('z,") — Cus'(®’z) + Cs(y)  (15)

Table 3 includes such analyses of each of these reactions in

comparison with analyses usimg = 1. The results indicate
that the choice ofn does influence the optimized value wof

J. Phys. Chem. A, Vol. 106, No. 42, 2002795

between the derived NiSbond energies is smaller than that
observed for the CUS bond energies (0.26- 0.17 eV).
Nevertheless, competition seems to affect the results, and
therefore, we report the value BH(NitT—S) = 2.46+ 0.04 eV
derived in the reaction with COS. This value is in excellent
agreement with a recent value of 2.470.04 eV derived from
photodissociation spectfa.

The bond energies determined from the ZrtBresholds in
the reactions of Zh with CS; and COS are 2.0% 0.14 and

while the threshold energies remain relatively constant. This 2:05 £ 0.12 eV, respectively. These values are in excellent

indicates that the flexibility of eq 1 and the paramatecan
compensate for explicit changes in the parameterherefore,
the results of this and previous wérksuggest that in most

agreement, and we report a final value@y{Zn*—S) = 2.05
+ 0.12 eV. This good agreement is reasonable considering that
competition with other channels should not affect the threshold

cases there is no significant difference between the thermo-for ZnS* formation in either system. This value is within

chemistry obtained usingn = 1 and 1.5. However, the

experimental error of a previously reported v&lgfethat was

reproduction of the data over extended energy regions is derived exclusively from preliminary analysis of the €S

improved withm = 1.5 in some cases, especially for cross
sections that rise rapidly.

The cross section for [Ni,C,0]formation in reaction 16
begins near 1.5 eV and is much smaller than the dominant NiS
channel (Figure 8):

Ni* + COS—[Ni,C,0]" + S (16)
UsingDg(NiT—CO)= 1.81+ 0.11 eV3*the expected threshold
for NiCO™ formation according to reaction 16 is 1.330.11

reaction system.

These values can be converted to 298 K values using
frequency calculations performed at the B3LYP/6-8G level
which find 374 cm?® for NiS*, 338 cnt! for CuSF, and 382
cm~! for ZnS*. In all cases, the correction from 0 to 298 K is
approximately 0.04 eV giving 298 K bond energies of 2450
0.08, 2.114+ 0.15, and 2.02= 0.12 eV, respectively. The former
value is in good agreement with 2.6800.22 eV obtained from
earlier photodissociation studies of Ni& In addition, these
authors determined that NiSeacts with ethane to form Ni

eV. Analysis of the present data yields an average threshold ofand, presumably, ethanethiol. The energy needed to extract an
1.77 + 0.16 eV, somewhat above the value based on the S atom from GHsSH is 2.484 0.01 eV at 298 K, which is a

literature thermochemistry. This difference is likely a result of

lower limit to the NiS" bond energy, assuming that the NiS

competition with the lower energy process, reaction 12. This reactant ion examined in that particular study had no excessive
cross section reaches a maximum close to the energy predictednternal excitation. This limit is in good agreement with the

for the onset of reaction 11.

Discussion

Thermochemistry of Metal Sulfide Cations.As described
above, independent determinationsf(Cu*—S) = 1.81 +
0.09 and 2.0% 0.15 eV are derived from the Cti$hresholds
in the reactions with CSand COS, respectively. The agreement

value derived here.

The trends in these bond energies are comparable to those
observed for the transition metal oxide catioi¥(NiT™—0) =
2.74+ 0.053940 Do(Cut—0) = 1.62 4 0.163° and Do(Zn*—

0) = 1.674+ 0.05 eV3941Similar to other later 3d metals, Mn,
Fe, and C&;"1°the nickel-oxide cation bond energy is stronger
than that of the nicketsulfide cation (with a difference 0£0.4

between these values is disappointing; however, our determi-€Y for all four metals). In contrast, the sulfide bond energies

nation of the Cu$ threshold in the CSreaction is probably

of copper and zinc cations exceed those of the oxides, and both

less accurate than that obtained from the COS reaction. In thethe sulfide and oxide cation bonds of these metals are
CSZ System’ this is because the early onset of the Competitive Substan“a"y weaker than those of nickel. These results can be

CuCS channel may shift the CuShreshold to higher energies.

rationalized if the CuX and ZnX" bonds are largely electro-

Previous studies have demonstrated this effect for competingstatic, as previously suggested for the oxitfeAccordingly,

reaction pathway® In the COS system, the analogous CuCO
product channel has a higher threshold than Ctd®mation,

the interactions are no longer truly covalent, such that the bonds
are weaker. For electrostatic interactions, the relative stabilities

such that no Competition occurs. We therefore report a value of the sulfides and oxides will be related to the polarizabilities

of Dg(Cut—S)= 2.07+ 0.15 eV, which is derived exclusively
from the COS reaction. This value differs from a previously
reported value3®that was obtained from a preliminary analysis
of the C$S reaction system alone.

The NiS' thresholds from the GSand COS reactions are
similarly used to calculate values Bf(Ni*—S) = 2.30+ 0.09
and 2.464+ 0.04 eV, respectively. Similar to the CICS
system, the NiCS product has a lower threshold (2.670.09
eV) than the NiS threshold (2.20+ 0.08 eV) in the reaction
of Nit with CS,. Competition in the Ni/CS system may
therefore shift the NiS threshold to slightly higher energies,
leading to a lower bond energy, as previously repot&dhe
case for rejecting th®q(NiT™—S) value derived in the Ni+
CS; reaction is not as strong as in the analogous €ystem.

of the sulfur and oxygen ligand, 2.90 and 0.802, Aespec-
tively,*2 consistent with stronger bonds to sulfur. Further, such
electrostatic interactions can reasonably lead to very similar bond
energies, as observed for copper and zinc.

Another approach to understanding the bonding in the MS
systems is to examine the valence molecular orbitals (MOs)
that arise in these molecules using LCAO-MO theory (core
orbitals are ignored in the numbering scheme used here so that
the similarities in sulfur and oxygen can be emphasized). To a
first approximation, the 3s orbital of sulfur (or 2s on oxygen)
constitutes the & orbital, the 4s and 3d orbitals on the metal
combine with the 3p orbitals on sulfur (or 2p on oxygen) to
form 20 and Ir bonding orbitals, & and 3 nonbonding
orbitals, and 2 and 4 antibonding orbitals. The ground states

Figure 1 shows that the apparent thresholds are close in energypf NiS™ and NiO™ are found to be high-spifE~ states with a

whereas the CuC'Scross section in Figure 2 clearly rises before
that of CuS. Additionally, the discrepancy of 0.16 0.10 eV

10220%17*16%30122 valence electron configuratic344Be-
cause the @ and 2r orbitals are close in energy, the high-spin
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configuration is preferred in order to maximize the electron involvement of S-M™—CO can account for the experimental
exchange energy. In essence, this configuration is a covalentobservations in the COS systems. Here, insertion into th& C
double bond (ar bond, twosr bonds, and two antibonding bond is more facile than in G®ecause the bond is weaker.
electrons). The addition of another electron for'Gesults in There is a substantially reduced probability of inserting into
10220217*1630%272 valence electron configurations for CuS ~ the C-O bond to form the @M *—CS intermediate, because
and Cu0 with 3=~ ground state&4445However, the increased  of the large difference in the-©0 and C-S bond energies (6.88
nuclear charge means that the 277, and B orbitals are largely ~ vs 3.14 eV}’ Thus, MS and MCO" species dominate as
metal-based 3d core orbitals, meaning that there is only a singleproducts, whereas the alternative product ions,"Na@d MCS,
dative bond between C{'S) and S{P) or OEP). Moving to are not formed in sufficient abundances to be observed for M
Znt gives 1220211*10330%273 valence electron configurations = Ni, Cu, and Zn.

for ZnSt and ZnG and 21 ground state$}4> where the 2,

1z, and B orbitals are again mainly metal-based 3d orbitals, Summary

resulting in a S'T‘g'e dative bond: . The reactions of Ni, Cu", and Zn" with CS, and COS are
Thermochem|str¥ of Metal Th|o-Carbo.nyI Catlons: The studied using guided ion beam mass spectrometry. The results
th.r+esholds for forming the MCSproduct in the r,‘iaCt'O”S of indicate that a dc discharge produces measurable quantities of
Ni, Cu, and Zn with CS; (Table 3) lead tdo(Ni _+CS)= the Nit(4P) third excited state and the ©@ED) first excited
2.43+ 0.10,Do(Cu"—CS) = 2.47+ 0.12, andDo(Zn"—CS) state. Whereas these states are resistant to collisional quenching
= 1.54+ 0.24 eV, respectively. As menthned above, the value by helium and argon in the flow tube, they can be largely
of Dy(Cu"™—CS) = 2.47 4+ 0.12 eV derived from the GS  gjiminated from the M ion beam by addition of adequate
reaction is considerably larger than the valubgfCu™—CO) cooling gases (@for Ni* and NO for Cd). In contrast, no

= 1.57+ 0.32 derived in the reaction with COS. Similarly,  eyigence for excited-state Zwas found, presumably because

Do(Ni*"—CS)= 2.434 0.10 derived in this work is larger than ¢ eycited states of Znare extremely high in energy-6.08
the previously reported value @fp(Nit—CO) = 1.81+ 0.11 eV, Table 2) and radiate rapidly.

eV 3446 The M"—CS interactions are enhanced relative to the
M.+_CO interz_;lctio_r!s for several reasons. Qne_explanation c]lealsMJ“/CXS systems are consistent with initial activation of the
with t_he polarizability of the CS Ilgand,3w§nch IS _unk_nown but neutral reactants by insertion of the metal ion into a CS bond
certa!nly _‘?’Fceeds that of 3CO (1949 considering the to form S-MT—CX (X = S, O) intermediates from which all
po'a”zab'!'F'eS of C§ (9.1 A.)’ COS (5.7 A), and _CQ (2.9 subsequent products evolve. High-energy endothermic features
A3).48 Additionally, an analysis of the molecular orbital schemes in the [Zn,C,ST and [Cu,C,0] cross sections of these systems
of CS and CO reveals that tieedonor andz-acceptor orbitals g, gqeqt the possible formation of metal-insertedZ8"—C and

of CS are lower in energy than those of C®oth factors O—Cu'—C, or cyclic isomers, but excited electronic states of

enhance the metal-to-carbpn interaction of the MGPecies the more conventional Z{CS) and Ci(CO) complexes seem
over that of the MCO species. more likely for these metals.

The cross sections for MSand MCX" formations in the

Interestingly, the derived value Bio(Zn*—~CS)®is less than The cross section for NiSformation in the reaction with
two-thirds ofDo(Ni*—CS) andDo(Cu"—CS). This implies that oS exhibits an unusual decline, which is attributed to the
the formal bond order of ZnCSis less than that of NiCSand energy dependence of the surface crossing probability in this

CuCSﬂ consistent with the bonding nature of CS to metals. Spin_forbidden process. The mode"ng results for the Spin_
The CS ligand forms a strongbond by donating the electron  forhidden formations of Ni$ and Cu$ in the reactions with
pair on the C atom into an emptytype orbital of the metal.  Cs, and COS indicate tha = 1.0 and 1.5 yield nearly identical
Electron density from the metal is then back-donated into the thresholds for these systems. However, the reproduction of the
ﬂantibonding orbitals of CS. Because'Zmas a 3éP4s! electron data over a wide energy range is Superior uglmg: 15 in
configuration, there is no empty orbital to accept the electron cases where the cross sections of formally spin-forbidden
pair of CS. The 4s electron must be promoted to an antibonding reactions rise rapidly from threshold.
orbital, causing a weaker M-CS interaction. By contrast, both Finally, the threshold values of the various product cross
Nit and Cu have 3d configurations with empty 4s orbitals  gsections are used to determime(Nit—S) = 2.46 + 0.04,
into which the electron pair of CS can be donated. This line of Do(Ni*—CS) = 2.43 £ 0.10, Do(Cu*—S) = 2.07 £ 0.15,
reasoning explains the observed orbgfNi*—CS)~ Do(Cut— Do(Cu*—CS)= 2.47+ 0.12,Do(Zn*—S) = 2.05+ 0.12, and
CS)> Dg(Zn™—CS). Note that analogous considerations should Do(ZN"—CS)= 1.54+ 0.24 eV. Careful evaluation of the data
hold for the metal carbonyl cations, such that thé Z&GO bond  shows that competition between product channels can raise the
energy should be particularly weak, thereby explaining the measured threshold of the higher-energy processes in some
failure to observe this product in the reaction oftZsith COS. systems, leading to bond energies that are potentially too low.
Reaction Mechanism.The overall behavior of the MCS, Thus, the bond energiefo(Ni™—S) and Do(Cut—S), are
and M"/COS systems suggests that Nbns activate CXS by  derived exclusively from the NICOS and Ct/COS systems,
inserting into the €S bond to form the corresponding-$1*— in which MS* formation is not affected by a competitive product
CX intermediates. Results of the analogous reactions of CS channel. This finding highlights the need for an appropriate
with V*, Crf, Mn™, Fef, and Cd are consistent with the  description of competing processes when accurate gas-phase
formation of an SM*—CS intermediat&/1%as are ab initio  thermochemistry is to be derived from guided ion beam
calculations of the V/CS; potential-energy surfaceAll of the experiments. In a more general sense, we note that similar
observed products can be formed by cleavage of specific bondsconsiderations concerning competitive dissociations almost
of this key intermediate. Thus, cleavage of the 'SMCS and certainly apply for the various kinds of thermokinetic ap-
S—MCS" bonds provide low-energy routes to formation of MS ~ proache® that are frequently used in gas-phase ion chemistry.
and MCS according to reactions 2 and 3, respectively.
Cleavage of the SMC-S bond leads to the inserted-$17—C Acknowledgment. This work is supported by the National
species, which can further decompose to yield'MSkewise, Science Foundation, Grant No. CHE-9877162 and CHE-
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