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The reactions of Feand Cd with CS; and COS are studied using guided-ion beam mass spectrometry.
Dominant products in all four systems are M&d MCX" (X = S, O). Cross sections for forming FeCS

and CoCS in the CS systems exhibit two endothermic features, which are assigned to the formation of
different structural isomers. From the thresholds associated with forming &o$ CoCS, we determine
Do(Co™—S) = 2.95 4 0.09 eV andDy(Co"—CS) = 2.68 + 0.34 eV. These values are compared with
Do(Fe"—S) = 3.08+ 0.04 eV andDy(Fet—CS)= 2.404 0.12 eV determined previously, and the differences
are discussed in some detail. The results for both metal ions reacting with CXS3XO) suggest that the
initial step is predominantly insertion of the metal ion into the £bond, with activation of the stronger
C—0 bond being less likely. Comparison of the energy-dependent cross sections indicates that both the CS
and COS systems show kinetic restrictions for" Rehich do not occur with Ca This difference can be
attributed to changes of spin multiplicities in the various reactions, processes that are discussed in detail.

Introduction TABLE 1: Bond Dissociation Energies at 0 K
Transition-metal sulfides are important components of various __SPecies Do (eV) species Do (V)
biological and industrial chemical processes. Vanadium, iron, CO 11.109 (0.005) CSs 7.37 (0.04)
nickel, copper, zinc, molybdenum, and tungsten are known to SC-O 6.88 (0.04 OC-S 3.140 (0-00C5)
have sulfur coordination in many of the biological systems CS 4.50 (0.04)
gt . U o FeO 3.47 (0.06) FeS 3.08 (0.04)
where they appedr?® In industrial applications, transition-metal CoO* 3.25 (0.05) Cos 2.95 (0.09)
sulfides are used in a wide range of disciplines, including Fect 4.08 (0.30 CoC* 3.60 (0.30)
lubrication, energy storage, and catalysibor instance, a Fet—CO 1.36 (0.08) Fet—CS 2.40 (0.12
supported molybdenum/cobalt catalyst (where cobalt is believed Co*—CO 1.80 (0.07) Co"-Cs 2.68 (0.34)

to be the active site) is the most commonly used catalyst for  aNsT-JANAF Thermochemical Tables, Fourth EdifiGhase, M.
hydrodesulfurizatiord. However, fundamental studies of the . Ed.; J. Phys. Chem. Ref. Data, Monograph No. 9; American
basic properties of transition metal sulfides, such as bond Chemical Society; 1998.Prinslow, D. A.; Armentrout, P. Bl. Chem.
energies, have been slow to develop. $2y5-19?]l 94, |35D6?;-°Pfe%ey, J. Eé; Naylorlﬂ;- D.; Kirbya E| ﬁ’-
H i ) H ermochemical Data o0 rganic Compou apman an all:

The presgnt work is part ofan ongoing COIIab_O_ratlve prOJ_ect London, 1986. Corrected 0 Kgusing H —pH°[2298.55) values taken
to systematically examine the reactions of transition-metal ions ¢ -0\ cee e D i footnota © refs 34 39 and 4G ref 13.1 This
with the sulfur-transfer reagents €8nd COS. A particular  \york. 9 ref 31."ref 32.1 refs 45 and 46.ref 47.
interest in this work is to provide an accurate compilation of
metal-sulfide bond energies. Previous wfinks established the  refine the thermochemistry for F&Sbut no guided ion beam
thermochemistry of scandiufrtjtanium? vanadiun®** chro- results on this system were included. The thermochemical results
mium,'> manganes& and irort® sulfide cations. In these studies, from previous work® are included in Table 1 along with
we have observed reaction cross sections having unusual kineticcomplementary literature thermochemistry. Here, we extend
energy dependences, which we attributed to competitive spin-these studies to the reactions of cobalt cations and examine the
allowed and spin-forbidden pathways in product formation. Such jron systems in more detail. ¢e-S and CG—CS bond energies
electronic-state effects, which appear to be common in transi- are derived and carefully compared to the corresponding data
tion-metal sulfur systenfs}4 may be partially responsible for  for iron. Further, the mechanisms for these reactions are explored
their chemical utility and versatility. In our previous work with  in some detail. Related literature studies include IR spectroscopy
iron,!3 results for guided ion beam results were reported for on matrix isolated CH(CS,) and associated theoretical calcula-
reaction of F& with CS,, but the emphasis was strictly on the  tjons15
threshold behavior to determine the'FeS and F&é—CS bond
energies. Also ion cyclotron resonance (ICR) mass spectrometryExperimental Section

results for the Fe + COS reaction were reported and used to Guided lon Beam Mass SpectrometerThe experiments

TPresent address: Dept. Chem. & Chem. Biol., Harvard U., were performed with a gU|ded-|pn b?am mf"‘ss Speggometer
12 Oxford St., Cambridge, MA 02138. (G_IBMS), which has been_ described in deFall previo 1.
* Present address: IBM, P.O. Box 218, Yorktown Heights, NY 10598. Briefly, M* (M = Fe, Co) ions are formed in a dc discharge
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flow tube (DC/FT) source, in which energetic Aions sputter Energy (eV, Lab)
M™ ions from a negatively charged-{.5 to —2 kV) cathode
comprising the metal to be studied. The ions formed in the
source are then swept through a meter-long flow tube containing
a 10% argon in helium buffer gas, at a total pressure of 0.7 ]
Torr. The ions underge-10° collisions with the buffer gas as 4 1
they traverse the flow tube, which helps to cool the ions to room
temperature. However, it has been shown that helium is not
always effective at quenching the excited electronic states of
transition-metal ion§: 10131820 Therefore, small amounts
(40 mTorr or less) of methane cooling gas are added to the
flow tube. Previous studies have demonstrated that methane
guenches the electronic states of e@d Cd such that average
electronic energies of the reactant ions are less than 0.03%4V.
No explicit contribution of such electronic excitation is included
in the analyses below, but the final threshold values cited include
this energy as part of their uncertainties. AR B
lons produced in the source are accelerated and passed 0 2 4 6 8 10 12 14
through a magnetic sector for mass selection. The mass-selected Energy (eV, CM)
ion beam is then foc_used into the entrance of a radio frequency,:igure 1. Product cross sections for the formation of Fe®pen
(rf) octopole ion guidé! whose dc potential with respect to circles), FeCS (closed squares), GS(closed circles), and FéGopen
the ion source determines the kinetic energy of the ion beam. triangles) in the reaction of Fet CS, as a function of kinetic energy
The rf potential on the octopole rods radially confines the ions in the center-of-mass (lower axis) and the laboratory (upper axis)
and guides them through a gas cell, where a neutral reactant igrames. The bond dissociation energy of,.G&50 eV) is marked by
introduced at pressures low enough (8-:082 mTorr) to ensure  the vertical broken line.

single collision conditions. Both product and unreacted primary previously in CF/CS, and Mnt/CS, reaction systemtathat the
ions are extracted from the octopole and passed through achgice ofmneed not have a large effect on the threshold energy,

quadrupole for mass qna_llysi_s. F_inally, ions are detected wit_h primarily because the adjustable parameteompensates for
secondary-electron scintillation ion detector and counted using \,4riations inm. Our analysis of the present data yields a similar

standard pulse-counting techniques. This process is repeated gtonclusion. Hence. we report only analyses for= 1 and
different collision energies simply by adjusting the dc octopole ,crease the unceriainty accordingly.

potential with respect to the ion source. Conversion of the raw

ion intensities into cross sections and the calibration of the Regyits

absolute energy scale are treated as described previ§ugig. . . . .

accuracy of the product cross-section magnitudes is estimated Reaction of Fe" with CS,. As noted in our previous work;

to be+ 20%, and the uncertainty in the absolute energy scale the main products observed in the reaction of Réth CS; are
is+ 0.05 eV (lab). Laboratory energies are converted to energies€S" and [Fe,C,S], formed in reactions 2 and 3, respectively.
in the center-of-mass frame usiligy = Eian x M/(M + m), The square _bl_rackets around the [Fe,dt,ﬂ}em_es |nd|cate_t_hat
whereM andm are the masses of the neutral and ionic reactants, the connectivity of the Fe, C, and S atoms is not specified
respectively. This procedure accounts for conserving the

PTEE B

Cross Section (107" cm2)
N
1

N
1

+ —_—
momentum of the center-of-mass of the collision pair through Fe' +CS, FeS +CS )
the laboratory. Consequently, some of the laboratory energy is
not available to the system to induce chemical change. - [Fe,C,ST +S (3)
Energy thresholds for product formation at zero Kehip, N

are obtained by modeling the cross sections using eq 1 —CS, tFe (4)

o(E) = 0,2g, (E+ E — E)"/E" (1) —FeC +S, (5)
whereoy is an energy-independent scaling factor, &nid the — FeC" + 25 (6)

relative kinetic energyEp, n, andm are treated as adjustable
fitting parameters. The summation is over the rovibrational states Previously, we showed the cross sections for the products, FeS
of the neutral reactant having energigsand populationsy [Fe,C,ST, and CS™, up to only 6 eV and limited the discussion
(Zgi = 1). Before comparison to the data, eq 1 is convoluted to threshold analyses of the two major produétslere, we
over the kinetic energy distributions of both reactants. Becausereport these cross sections over a more extended energy range,
the convoluted form of eq 1 explicitly accounts for all of the Figure 1, as obtained using Feroduced in the DC/FT ion
energy available to the reaction, the optimized valu&gfs source (with methane cooling).
interpreted as the threshold energy at zero Kelvin. Uncertainties The FeS cross section rises from a threshold near 1.5 eV
in the values ofEy obtained using eq 1 are derived from the and continues to rise smoothly until the competitive onset of
range of fitting parameters that yield acceptable fits coupled the [Fe,C,S} channel around 2.5 eV. Above 2.5 eV, the FeS
with the uncertainties in the absolute energy scale and electroniccross section rises more slowly because a fraction of the reactive
energies of the reactant ions. collisions are diverted into the additional reaction pathway
The parametem is typically held at unity?223 however, a associated with [Fe,C,Sformation. The lowest-energy thresh-
value of m = 1.5 may be appropriate for spin-forbidden old of this channel is assigned to the formation of th&-F€S
processed? In the present work, some of the reactions are spin- isomer, in which F& is bound to an intact CS ligand at the
forbidden, as discussed below. However, we have found carbon end#25> Analysis of the FeS and [Fe,C,S} cross
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TABLE 2: Optimized Parameters of eq 1 Energy (eV, Lab)
reaction 0o Ey (eV) n

Fet+CS,—~FeS +CS  25(0.4)  1.44(0.06) 1.8(0.1)
—FeCS+S  056(0.13) 235(0.12) 2.4(0.2)
Fet + COS—FeS +CO 22(0.3)  1.16(0.14) 1.4(0.2)
Co"+CS—CoS +CS 82(L.1)  1.65(0.11) 1.2(0.2)
—~CoCS'+S 1.7(05)  1.98(0.17) 1.6(0.4)
Co" +COS—CoS +CO 5.2(04)  0.16(0.05) 0.2(0.1)

sections using eq 1 yields thresholds of 1:44.06 and 2.35
+ 0.12 eV, respectively (Table 2).

Near 4.5 eV, the [Fe,C,S]cross section levels out, and the
FeS' cross section begins to decline. This behavior agrees nicely
with the onset of product dissociation according to reaction 7,
which has a thermodynamic threshold of 4-5@.04 eV (Table
1).

Cross Section (10'16 cmz)

Fe'+CS,—Fe +S+CS 7

Energy (eV, CM)

At slightly higher energies (starting neat6 eV), the [Fe,C,3] ) ) )

cross section exhibits a second endothermic feature that is poorI)/C: iI?cTég) én:rgggg (glrgses dssgj';’gss)f?; mg :g;ﬂi:‘;’gf?éf%%pgg
resolved from the fIrSt.' This feature could arise from ermat|on a function of kinetic energy in the center-of-mass (lower axis) and the
of an excited electronic state of FeCS or from formation of  |anoratory (upper axis) frames. The bond dissociation energy ef CS
the metal-inserted €Fe"—S isomer. The latter assignment is (4.50 eV) is marked by the vertical broken line.

supported by the observation that a second endothermic feature
in the FeS cross section rises near the decline of the [Fe;C,S]  section increases starting near 8 eV and reaches a maximum of
channel. This correlation suggests that [Fe,CiS}he precursor  about 0.1 &. The high-energy feature is assigned to reaction 6

for FeS" at higher energies, consistent with cleaving the as verified by the good agreement with the calculated threshold
SFe —C bond of the metal-inserted isomer to yield Fe@th for reaction 6 of 7.8+ 0.3 eV (Table 1).

isolated C and S atoms according to reaction 8. Reaction of Co" with CS,. The product cross sections
. observed in the reaction of Cavith CS; are shown in Figure
Fe'+CS,—~FeS +C+S (8) 2. A comparison of the iron and cobalt systems reveals many

similarities, such as competition between the two main products,

The thermodynamic threshold of 848 0.1 eV for reaction 8  cross sections that peak at 4.5 eV, and a second feature in the
(derived from the thermochemistry in Table 1) is reasonably CoSt cross section that correlates with a decline in the
consistent with the FeScross section (Figure 1), which exhibits  [Co,C,ST cross section. These features can be explained by
a second feature that becomes obvious starting at about 9.5 eVthe analogues of reactions-2 for Co". Let us therefore focus
Additionally, previous studies of the WH CS; reaction (M= on the differences observed betweer=\MFe and Co.
V,10 Cr12 and M9 are consistent with the formation of a Analysis of the Co$ cross section using eq 1 yields a
C—M*—S species at elevated kinetic energies. Despite the threshold of 1.65- 0.11 eV, slightly higher than the threshold
arguments supporting the assignment of the second feature ofof 1.444 0.06 eV observed for FéSTable 2). However, the
the [Fe,C,S} cross section to the formation of the-Eet—S CoS' cross section rises more rapidly than that of FeBereby
isomer, we cannot definitively exclude the possibility that the reaching its maximum cross section at lower energies, which
formation of an excited state of the FeCS species or yet indicates that CoSformation proceeds more efficiently than
another isomer, e.g., FeSC, is responsible for the observed FeS" formation?228 The difference in slope is evident by
bimodal behavior. inspection of Figures 1 and 2, but also in the optimized values

The FeS cross section declines again starting near 12 eV, of the fitting parameten, which determines the steepness of
in good agreement with the thermodynamic threshold of the fitting model. For the FeScross sectionn is found to be
11.874 0.06 eV (Table 1) for complete atomization of £S 1.8+ 0.1, whereas = 1.2 + 0.2 provides the best fit for the

according to reaction 9. CoS' cross section (Table 2). Higher valuesnoforrespond to
cross sections that rise slowly, which suggests that there are
Fe + CS— Fe"+C+2S 9) kinetic restrictions along the reaction coordinate in the iron

system but not in the cobalt system.
CS*, formed in the charge-transfer reaction 4, is observed as Another difference between the #ES; and the Co/CS,
a minor product. The apparent threshold 2.5 eV is systems concerns the behavior of the [M,C,8hannels. The
approximately consistent with the relative ionization energies magnitude of the [M,C,S] channel relative to that of the MS
of Fe (IE= 7.90244 0.0001 eV3% and C$ (IE = 10.0685+ cross section is somewhat larger in the cobalt system. This is
0.0020 eV}’ The decline in the C8 product above 9 eV is  partially a consequence of the relatively lower threshold for the
probably an artifact because this charge-exchange product shouldM,C,S]* channel in the cobalt compared to the iron system,
have little forward velocity in the laboratory frame such that Table 2. Further, although the [Fe,CiSjross section shows
collection of this ion at high energies may not be efficient. evidence of two poorly resolved features of comparable
Additionally, minor amounts of FeCwith a threshold of 3.6 magnitude, the [Co,C,S]species does not exhibit obvious
+ 0.4 eV are also observed. Formation of Feff these energies  bimodal behavior. We believe this is a consequence of the larger
must be associated with reaction 5, but only reaches a maximum[Co,C,S]" cross section, which obscures the threshold region
cross section of 0.01AAt higher energies, this product cross for the second feature. Nevertheless, after declining from a peak
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Figure 3. Product cross sections for the formation of Fe®pen Figure 4. Product cross sections for the formation of Co®pen

circles), FeCO (closed squares), FéQopen squares), and FeQpen circles), CoCO (closed squares), CdQopen squares), CoC%closed
triangles) in the reaction of Fet COS as a function of kinetic energy  circles) and CoC (open triangles) in the reaction of Ce- COS as a

in the center-of-mass (lower axis) and the laboratory (upper axis) function of kinetic energy in the center-of-mass (lower axis) and the
frames. The bond dissociation energy of ©€ (3.14 eV) is marked  aboratory (upper axis) frames. The bond dissociation energy ef®C
by the vertical broken line. (3.14 eV) is marked by the vertical broken line.

near 4.5 eV, the [Co,C,S]cross section remains relatively flat  lished for reaction 10, and the equilibrium constant was
over an extended energy range above 7 eV, suggesting that aonverted to an endothermicity of 0.860.04 eV for reaction
second feature contributes to the high-energy tail of the 10. An interesting aspect of this process is that the products of

[Co,C,S}" channel. reaction 10 have twice as many rotations as the reactants, such
It is worth commenting on the failure to observe eitherCS  that entropic effects lead to exoergic behavior for reaction 10
or CoC' in reactions of Ct/CS analogous to processes-@. at room temperature. The temperature of the COS reactant in

Neither of these products was monitored in detail because theyour experiments is~300 K, so exoergic behavior is also
were not evident in an initial survey of possible products. This expected in our experiments.
seems reasonable for CbQwhich in analogy to the FéCS, The FeS cross section exhibits a distinct endothermic feature
system, is likely to have a very small cross section. However, near 1.5 eV, indicating that an additional pathway for FeS
it is unlikely that the C8' charge transfer product was formation has become available. The CoSoss section also
inadvertently missed if its cross section is comparable to that shows an endothermic feature in this region, but it is not as
observed in the FECS; system. An explanation for the failure  pronounced. The onset of a higher-energy pathway fortFeS
to observe this product is discussed below. formation must be attributed either to the formation of a different
Reactions with COS.The product cross sections observed set of neutral products, the formation of electronically excited
in the reactions of Feand Cd with COS are shown in Figures  product states, or a new pathway to the ground-state products
3 and 4, respectively. One of the most pronounced differencesthat proceeds over a barrier. The threshold for forming*FeS
between the CSand COS systems is the behavior of the™S  along with isolated C and O atoms according to reaction 12,
channel. The €S bond energy in COS is lower than in £S
(by 1.36 eV, Table 1), which shifts the thresholds of the'™MS Fe "+ COS—FeS +C+0 (12)
cross sections to lower energies in the reactions with COS. From, )
the measured thresholds in the G§stems, we calculate that IS calculated to be 11.1F 0.04 eV (Table 1), much too high

the thresholds for reactions 10 and 11 to account for the observed behavior. Formation of the first
’ excited state of CO requires 6.04 é¥making its formation
Fe' + COS— FeS + CO (10) energetically inaccessible as well.
We next consider whether the second feature in thetFeS
Co" + COS— CoS" + co (11) cross section can be attributed to formation of electronically

excited FeS. The threshold of the second feature is estimated
should appear at 0.08 0.09 and 0.274 0.11 eV, respectively. by subtracting a power law fit of the low-energy feature from
Using eq 1, the threshold of reaction 11 is determined to be the data and modeling the remainder using eq 1. This process
0.16 £ 0.05 eV. This value is in reasonable agreement with is somewhat speculative, because the exact energy dependence
the thermochemistry derived from the £®action. The cross  of the low-energy process above 1 eV is unknown. Nevertheless,
section for FeS formation according to reaction 10 exhibits a range of reasonable behaviors for the low-energy feature can
no obvious threshold, consistent with an approximately ther- be subtracted from the data to establish several approximations
moneutral process. Indeed, our cross section for this processof the isolated higher-energy process. Using this approach, we
can be convertéfi to a rate constant of (3.% 0.7) x 10710 analyze the high-energy feature using eq 1 to obtain a threshold
cm® molecule’! s71, which compares favorably to a previous of 1.164 0.14 eV. According to Table 1, the thermodynamic
ion cyclotron resonance (ICR) measurement of the room- threshold for Fe§(®=+) formation in reaction 10 is 0.06& 0.04
temperature rate constant, (2:61.1) x 10719 cm?® molecule? eV. Thus, the adiabatic excitation energy from the R&S")
s 113 In addition, equilibrium at room temperature was estab- state to the purported excited state of Fe®nounts to 1.16=
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0.15 eV. To examine what states might be responsible for this might decompose more readily to MGhan MCO" does. To
feature, we rely on calculations of Harvey et al. performed at form MC* from MCX* (X = O, S), the C-X bond must be

the averaged coupled-pair functional (ACPF) level of theory ruptured while leaving the M-C bond intact, a process that
where only the valence electrons were correldfe@hese appears to be easier when=XS because the €0 bond is
calculations obtain 8" ground-state having a bond energy of stronger than the €S bond.

2.83 eV, 0.25 eV lower in energy than our experimental  Finally, both the Fe® and CoO channels exhibit two
value. Excited states includél and“® states, both having  endothermic features. The low energy thresholds for ‘MO
10220217*16%30271  configurations, that lie 0.34 and generation (Figures 3 and 4) are reasonably consistent with
0.37 eV above thé>" ground state. TwdA states, having reactions 13 and 14

10220217*16330%272 and 1220217*10%30 272 configurations,

are close in energy with the latter lying 0.75 eV above the Fe" + COS— FeO + CS (13)
ground state. Anothelll state having a d?20%17*16%230%27!
configuration should also exist, but was not included in the Co" + COS— CoO'" + CS (14)

calculations. None of these excitation energies agrees particu-

larly well with the measured energy difference between the two Which have thermodynamic thresholds of 3:4D.07 and 3.63
features in the FeScross section. Moreover, any assignment =+ 0.06 eV, respectively (calculated using information in Table
of the high-energy feature to one of the quartet states of FeS 1). Note that the CoOcross section rises much more rapidly
leaves it unclear why other quartet states would not be observedTom threshold compared to the FeCrross section, an
experimentally. Therefore, we consider occurrence of a secondobservation that is another example of a kinetic restriction

pathway to formation of ground-state products to be a more Operative in the latter systef#>*

likely explanation for the second feature. The plausibility of

Formation of MO with isolated C and S atoms requires an

this assignment as a pathway involving only a sextet surface is@dditional energy of 7.3 0.04 eV= D(CS). Therefore, the

discussed further below.

In addition to the formation of the MSspecies, many other
product channels are observed in thé M COS reactions. At
low energies, M$ and MCO' are observed, analogous to the
formations of MS and MCS in the reactions with CS This
behavior is consistent with insertion of'Ninto the OG-S bond
to form the OC-M*—S intermediate (although direct S atom
abstraction from COS could also contribute to the observet MS
cross sections). Note that both MC@ross sections begin to
decline at the bond energy of GG, indicating the opening of
the decomposition channel™ CO + S. At higher energies,
the much stronger SE0 bond may be activated to form the
SC-M*—0 intermediate. Decomposition of this intermediate
leads to the formation of MOand MCS'". Unfortunately, the
FeCS channel was not monitored in the #EOS system,
because this product was not evident in an initial survey of
possible products. Given the similarities between the other cros
sections in the CCOS and F&/COS systems, it seems likely
that the FeCS species is formed in the reaction with COS.
However, on the basis of the differences in the MQSoss
sections observed in the €Systems, we anticipate that the
FeCS cross section is probably smaller than that shown for
CoCS in Figure 4, consistent with our failure to observe FECS
in our initial product survey. As shown in Figures 3 and 4, the
magnitudes of the MSand MCO'" cross sections are larger
than those of the MO and MCS' cross sections at energies
below 15 eV. Clearly, activation of the weaker ©6 bond is
preferred over SEO activation at lower energies. This differ-
ence in bond strength is also responsible in part for the
observation that the MSand MCO' channels appear at lower
energies than the MOand MCS' products.

Beginning near 11 eV in both systems, the formation oftMC
is observed. Given the MCbond energies in Table3;3?the
observed thresholds are consistent with the formation of MC
+ O + S, which are calculated to begin at 10.£70.30 and
10.65+ 0.30 eV for M= Fe and Co, respectively. Thus, these
products could arise from dissociation of either the MC@®
MCS* species. Although the energetic requirements for‘MC

thermodynamic thresholds for reactions 15 and 16

Fe" + COS—FeO +C+ S (15)

Co + COS—CoO"+C+S (16)

are 10.78+ 0.08 and 11.00+ 0.07 eV, respectively. These
values are approximately consistent with the observed thresholds
of the second features in the MQross sections. Hence, the
low-energy formations of M@are assigned to reactions 13 and
14 and the high-energy routes to reactions 15 and 16. The
dominance of the latter channels above about 15 eV may be
attributed to the fact that the MObond energies are stronger
than the MS bond energies. However, the observation of such
products at very high energies suggests that they may be formed
in impulsive (stripping) collisiong® which tend to leave
considerable amounts of energy in translation of the products,

Sthereby allowing stable molecular products. In addition, such

impulsive collisions favor transfer of light atoms (here, O vs
S)3

Thermochemistry. From the threshold of 1.44 0.06 eV
(Table 2) for forming FeSin reaction 1, we calculat®q(Fet—
S)=3.06+ 0.07 eV. This value agrees well with the apparent
thermoneutral formation of the FéSpecies in the reaction with
COS, which implies thabo(Fe"—S) is close in energy t®o-
(OC—S)=3.14 eV. Combined with the results of ion/molecule
equilibria studied? a final value ofDg(Fe™—S) = 3.084 0.04
eV is obtained (Table 1), one of the most precisely known
binding energies of a transition-metal compound.

The cross section for forming the Co®roduct in the C8
system was analyzed using eq 1 yielding a threshold of .65
0.11 eV, Table 2. Combined witby(SC-S) = 4.50 + 0.04
eV, we determindo(Co"™—S) = 2.854+ 0.11 eV. An indepen-
dent measure dbg(Cot—S) can be obtained by analysis of the
CoS' cross section in the reaction with COS. The threshold
for this process is 0.16 0.05 eV (Table 2), which leads to
Do(Cot—S) = 2.984 0.05 eV. The weighted avera§ef the
CoS' bond energies calculated from these two reactions results
in a final estimate oDo(Co™—S) = 2.954 0.09 eV, where the

formation are the same for both precursors, Figure 4 shows thatuncertainty is conservatively estimated as two standard devia-

the rise of the Co€ channel appears correlated predominantly
with the decline of the CoC'Schannel. Considering the relative
bond strengths in these species, it is not surprising that MCS

tions of the mean.
From the respective thresholds of 2.350.12 and 1.98t
0.17 eV associated with forming Fe€%nd CoCS in the



Reactions of Fe and Cd with CS, and COS

reactions with Cg we calculateDo(Fe"—CS) = 2.15+ 0.13
(reported in reference 13) amy(Cot—CS)= 2.52+ 0.18 eV.
Previously,13 we also determineBy(Fe"—CS)= 2.40+ 0.12
eV from the reaction FeS+ CS, — FeCS + S, and explained
the discrepancy by noting that formation of FéQgaction 3)
has a higher threshold than Fe®rmation via reaction 2.
Because formation of F€Ss the dominant pathway for reaction,

J. Phys. Chem. A, Vol. 105, No. 37, 2008461

Because the d, 30, and 2r orbitals are close in energy, the
high-spin configuration is preferred in order to maximize the
electron exchange energy. The addition of another electron for
Co' results in a #22021:1*16330' 272 electron configuration and
a®A ground staté344 Although the formal bond order is two

in both cases, the slightly weaker bond for Co vs Fe can be
rationalized by the loss of exchange energy associated with the

competition between these channels may cause the measuretbwer spin state.

threshold of the less efficient Fe€C$hannel to be somewhat

Thermochemistry of Metal Thio-carbonyl Cations. The

elevated. It is possible that similar competition occurs in the gpserved trend in the relative bond strengths of Fe@sd
cobalt system, although any competitive shift should be less cocgr (Table 1) is consistent with the previously measured

than in the iron system because the thresholds for" M&d
MCSt formation are much closer together for Cifference
of 0.334+ 0.20 eV, Table 2) compared to F€0.91+ 0.13 eV,

thermochemistry of the analogous carbonyl spetiés:4” The
weaker F&é—CX bonds can be explained by considering the
potential-energy surfaces for dissociation of the FeG¥d

Table 2). In addition, reaction 3 and its cobalt analogue have cocx+ molecules (X= O, S). Because th# ground state of
different electronic spin considerations, as discussed further cg+ has a 38 configuration, the electron pair in the highest

below, that could change the extent of competition in the iron occupied molecular orbital (HOMO) of CX can be donated into

and cobalt systems. Nevertheless, the €8S bond energy of
2.52+ 0.18 eV is most conservatively viewed as a lower limit.

the empty 4s orbital of Cq resulting in an attractive interaction
and a strong dative bond. The GéF) first excited state,

A reasonable upper limit comes by assuming that the competi- hoyever, has a 48d” configuration, which leads to a more
tive shift in this threshold is no larger than in the iron system, repulsive interaction between Caand CX. Therefore, the

0.254 0.18 eV, such thaDo(Cot—CS) < 2.77 £ 0.25 eV.

Combining the upper and lower limits gives a'GeCS bond

energy that can be assigned as 2:68).34 eV, where the
uncertainty spans the range of possible values.

Discussion

Thermochemistry of Metal Sulfide Cations.The 0 K metal-

ground states of the CoCXspecies are certainly triplétsand
correlate adiabatically and diabatically with the'C#) + CX-
(I=*) ground-state product fragments. That is, dissociation of
CoCX* occurs on a single potential energy surface.

Unlike CoCX", FeCX" molecules have more complicated
potential energy surfaces. Ground states of the Fe§pécies
are likely to be quartets, arising from the interaction of excited-

sulfide cation bond energy for cobalt is derived here from the State FE(F, 3d) with CX(*=*).*® The 3¢#4s' electron config-

reactions of Cd with CS and COS as 2.95- 0.09 eV.

uration of the F&(°D) ground-state results in less attractive

Similarly, guided ion beam studies combined with ICR results interactions with CX. Therefore, the lowest energy (adiabatic)

reported previousl lead toDo(Fe™—S) = 3.08 4+ 0.04 eV.

dissociation of FeCX involves a crossing from a quartet to a

These values can be converted to 298 K values using frequencysextet surface. If we calculate diabatic bond dissociation energies

calculations performed at the B3LYP/6-3tG* level which
find 463 cn* for FeS" and 419 cm? for CoS' .2 In both cases,
the correction from 0 to 298 K is 0.03 eV giving 3.1#10.04

and 2.98+ 0.09 eV, respectively, as the 298 K bond energies.

(Dg) for FeCX' on the quartet surface using the'f#) — Fe'-
(°D) excitation energy of 0.25 e% we obtainD4(Fe"*—CS) =
2.65+ 0.12 eV andD4(Fe"—CO) = 1.61 4+ 0.08 eV. These
values are now comparable to the valuesBg(Cot—CS) =

These values are higher than previous determinations of these2-68 % 0.34 eV andDo(Co*—CO) = 1.80+ 0.07 eV.

bond energies using photodissociation: 2480.227 and 2.65
+ 0.26% eV for FeS and 2.694+ 0.22 e\#” for CoS'. The
ability to establish an equilibrium for reaction 10 and the

Reaction Mechanism. The initial species formed in the
interaction of a metal ion with GSis a simple adduct, as
demonstrated in ab initio calculations of thé/\ZS, potential

excellent agreement between the thermochemistry derived fromenergy surfacé? This is also consistent with the identification

this equilibrium and the threshold for reaction 2 make it
unambiguous that the Fé®ond energy is near that B{OC—
S)=3.14 eV. Likewise, the cross section behavior for the CoS
product formed in the CICOS system is inconsistent with a
threshold of 0.45k 0.22 eV, as derived from a 2.690.22 eV

of a symmetrically bound CqCS;) complex in the low
temperature, matrix isolation IR spectroscopy work of Zhou and
Andrews as well as their theoretical work on the isolated
complex® For processes 2, 3, and the cobalt analogues to occur,
the next step in these reactions must be insertion of the metal

bond energy. Therefore, the photodissociation results must becation into one of the €S bonds to form SMT—C-S

lower limits, which can be the result of (i) internally excited

intermediates. Results of the analogous, \Crt, and Mn"

ions, (ii) multiphoton processes, and/or (iii) the imperfect step reactions with C% are consistent with the formation of a

function of the cutoff filters used in these experiments.
The FeS bond energy is slightly larger than that of CqQS

S—M+—C-S intermediaté?12as are ab initio calculations of
the VF/CS, potential energy surfacdé.All of the observed

by 0.134 0.10 eV (Table 1). A similar trend has been observed products can be formed by cleavage of specific bonds of this

for the oxides of these metal®q(Fet—0) = 3.47 4 0.06%940
andDy(Co™—0) = 3.25+ 0.05 eV344041To understand these

intermediate. Thus, cleavages of the SMCS and S-MC$S
bonds lead to the low-energy formations of M&nd MCS

differences, consider the valence molecular orbitals that ariseaccording to reactions 2 and 3 and the cobalt analogues,

in these molecules using LCAO-MO theory. To a first ap-

respectively. Cleavage of the SMES bond leads to the

proximation (considering only valence electrons), the 3s orbital inserted SM*—C species, which can further decompose to

of sulfur (2s on oxygen) constitutes the drbital, the 4s and

yield MS*. The small amount of FeCformed in reaction 6 of

3d orbitals on the metal combine with the 3p orbitals on sulfur the F€/CS, system is also consistent with decomposition of

(2p on oxygen) to form @ and 1r bonding orbitals, & and 3»
nonbonding orbitals, and2and 4 antibonding orbitals. The
ground states of FéSand FeO are found to be high-spifE"
states with #2202114162301272 electron configuration$30.42-44

S—Fe"—C. If our assignment of the second feature to the metal-
inserted SM*—C isomer is correct, our observations indicate
that the Fé—CS and G-Fe"™—S isomers are formed with

comparable efficiencies (judging by the magnitude of their
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Y I BN attributed to the ground-state configurations of B, 4s'3cF)

M* + COS —= and Co(°F, 3cf). Occupation of the spherical 4s orbital in'Fe

3 (8D) hinders the interaction between Fand CXS, thereby

- disfavoring the formation of the insertion intermediate, F&+—
CX. Because the 4s orbital is empty in G&F), there is no
such inhibition in the cobalt system. A related explanation
involves the spin state of the-31"—CX intermediate, which

- may be estimated by considering the interaction ofM@th

o %% e | s the CS ligand. The FEFET, 10%202171*16%3012:7%) and CoS-

A (A, 10%20217*16%30"27%) ground states have no low-lying
empty orbitals into which the electron pair on the CS ligand
can be donated. However, quartet states of'fzef8l triplet states
of CoS' can have configurations with an empty orbital that can
accept the electron pair of the CS ligand. (For exampley ar3
27 electron can be excited to one of thé drbitals to yield*A
or “®/I1 states for FeS and 3=~ or 3[1 states for CoS.)

Energy (eV, CM) Additionally, s-back-bonding from the electrons in ther 2
Figure 5. Product cross sections for the formation of Fe@®pen molecular orbitals of MS can strengthen the metal-to-carbon
circles) and Co$ (closed circles) in the reactions of M+ COS as a interaction. Therefore, it is likely that the ground states of the
function of kinetic energy in the center-of-mass frame. The line is half S—M*—CX intermediates are a quartet for iron and a triplet
the Langevir-Gioumousis-Stevenson collision rate, ref 49. The bond  for cobalt. For iron, forming the quartet intermediate from
dissociation energy of OCS (3.14 eV) is marked by the vertical broken 46 nq-state reactants is spin-forbidden, whereas for cobalt, it
line. is spin-allowed. For both metals, formation of ground-state
products from the low-spin intermediate is spin-forbidden.
Therefore, even though the overall reaction 17 is spin-allowed,
it probably undergoes spin-inversion twice along the reaction
coordinate, and is essentiathpublyspin-forbidden. These spin
constraints, combined with the more repulsive effects of the 4s
electron of F&(®D), probably account for the apparent kinetic
restrictions operative in reactions 17 compared to reactions 18

Cross Section (10'16 cm®)
(s}

0.01 0.1

respective cross sections), whereas theQ0™—S isomer is
formed much less efficiently than Ce-CS. Note that the former
species is the likely precursor to Co@rmation in the reaction
analogous to process 6, thereby providing a partial explanation
for the failure to observe CoCin the Co'/CS; system.
Analogous mechanisms in the COS systems explain the
experimental observations. Here, insertion into theSChond A
is more facile than in CSbecause the bond is weaker. However, with X = O and S.

there is a substantially reduced probability of inserting into the = SPIN may also play a role in the relative efficiencies for
C—0 bond to form the @M+—C—S intermediate, because of formation of MCS + S, which can be described by reactions

the large difference in the-60 and G-S bond energies. Thus, 19 @nd 20 (X= S). We again presume that the reactions take
MS* and MCO' dominate the products at low energies, whereas place via S-M*—CS intermediates of quartet and triplet spin,
MO* and MCS are formed as minor products. At high espectively.
energies, formations of MOaccording to reactions 15 and 16
dominate, most likely because of impulsive behavior (see Fe" (°D) + CXS (Z,") —FeCS (=) +X(°P)  (19)
above).

Differences in Reactivities. The Fe$ and CoS cross Co" (3F) + CXS (12;) — CoCS (3A) + X (3P) (20)
sections illustrate an important distinction between thermody-
namics and kinetics. The F&8ross section rises from a slightly In contrast to reactions 18, reactions 20 are spin-allowed
lower threshold than CoS(Table 2), because of the stronger throughout, such that compet]ition between the'\gd MCS
FeS" bond energy. Nevertheless, once it becomes energeticalchh(,ﬂnm_}lS ir; the GSsystems is likely to be less important for
accessible, the Cd<cross section rises more rapidly than the M = Co than M= Fe. Support for this conclusion comes from

FeS' cross section, apparently because it is less hindered. Thesc?he significantly lower value of for reaction 20 compared to
two effects compensate such that the overall magnitude of '[he19 (X = S, Table 2). Accordingly, it is possible that the

cross ?r?thlog(S)g] the QSyste:ns IS r(]:omparabtl)le fo(;_ft;oth metal hreshold measured for reaction 20 is a reasonable measure of
ions. 1he & systems also show notable differences in o thermodynamic threshold rather than an upper limit;
reactivity. Figure 5 compares the cross sections for reaCt'onSnotwithstanding we conservatively keBg(Co"—CS)= 2.68
. - 1 , .

10 and 11 along with the CO"'S'.OD cross secﬁ&rﬁ It can ,be + 0.34 eV as our best experimental value. In contrast, although
seen that even though the efficiency of the iron reaction far yo qyera|l reactions 19 are spin-allowed, the energetically
exceeds that for cobalt at the lowest energies, again a CONser, vest pathway probably involves the—81*—CS quartet
quence of the weaker CoSbond energy, the efficiency of intermediate, making the process spin-forbidden in the first step

reac|tt|on 11is h|gheLat enertgtl]esf abm;e ab;)ut O'Sde\t/'tg:lesseand therefore subject to the kinetic restrictions discussed above.
results are surprising because the formation ot ground-stafe e Another difference in the reactivities of Fand Co with

in reactions 17 is spin-allowed, whereas the formation of ground- CS, involves the charge-transfer reaction, which occurs with a

state CoS in reactions 18 is spin-forbidden. reasonable cross section for iron, process 4, but is not observed
6 T 1+ P Tt for cobalt. There are two interrelated effects that explain these
Fe" (D) + CXS(Z,') — FeS = +cx(=h) @7) observations. For reaction of €D, 4s'3df), removal of an
‘s - 5 —r electron from Cgcan form the FeD, 483df) ground state in
Co" °F) + CXS (£,") —CoS' ("A) +CX ('=")  (18) a spin-allowed process. Therefore, charge transfer competes
favorably with the other kinetically restricted channels, reactions
Some of the differences in the two metal systems can be 2 and 3. In the cobalt system, addition of an electron t6-Co
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(°F, 3c¥) cannot form the CdF, 423d’) ground state without The FeS cross section observed in the COS reaction exhibits
moving electrons around. The first one-electron charge-transfertwo features that are assigned to the formation of‘Fal®ng
process that is available would form the &g(4s3d) first two pathways. One of them involves two surface crossings and
excited state, 0.43 eV higher in enerf§yThus, single electron  the ground-state quartet SFeCidtermediate, whereas the other
transfer is energetically less favorable in the cobalt system andproceeds entirely along a sextet surface. From the threshold of
competes with reactions that are more efficient than in the iron the higher energy feature, we estimate the barrier along the sextet
system. Apparently, these factors make the charge-transfersurface to be 1.18 0.15 eV relative to the reactants. A distinct
reaction between Coand CS$ inefficient enough that its cross  endothermic cross section feature probably arises because spin
section is fairly small. is conserved, in contrast to the lower energy pathway that
Multiple Pathways for Fet/COS. The postulated quartet  requires crossing between sextet reactants to a proposed quartet
intermediate for reaction of Fewith COS can now help explain ~ S—Fe"™—CO intermediate and then back to sextet products.
the observation of the second feature in the Fe®ss section, Finally, from the thresholds associated with forming €oS
Figure 3. As noted above, this feature can neither be attributedand CoC$, we determie 0 K bond energies diy(Cot—S) =
to formation of a different neutral product nor to excited states 2.95+ 0.09 andDy(Cot—CS) = 2.68+ 0.34 eV, which can
of CO or FeS. However, if the thermoneutral reaction proceeds be compared with the previously reported valu&g(Fe™—S)
through an intermediate having quartet spin, the sextet reactants= 3.08 &+ 0.04 andDo(Fe"—CS) = 2.404+ 0.12 eV13
must undergo spin inversion to reach this intermediate, and then
again to reach the FES6=™) ground-state products. At higher Acknowledgment. This work is supported by the National
energies, a sextet intermediate may be accessed, circumventingcience Foundation, Grant No. CHE-9877162. The Berlin group
both spin restrictions. This would result in increased reaction acknowledges support by the Deutsche Forschungsgemeinschaift,
efficiency and could lead to a distinct endothermic feature, the Volkswagen-Stiftung, and the Fonds der Chemischen

where the threshold corresponds to the height of the limiting
barrier along the sextet surface. A similar competition of a low-
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