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The Kinetic-energy dependence of the V ++ CS2 reaction is examined using guided ion-beam mass
spectrometry. Several different ion sources are used to systematically vary the V+ electronic state
distributions and elucidate the reactivities of both the ground and excited state V + cation. The cross
section for VS+ formation from ground state V+(5D) exhibits two endothermic features
corresponding to the formation of ground state VS+(32 _) and excited state VS+(5n ). The
thresholds for these two processes are in good agreement with theoretically determined excitation
energies. The cross section for spin-forbidden formation of ground state VS+(32 _) exhibits an
unusual variation with Kkinetic energy that is attributed to the energy dependence of the
surface-crossing probability. From the thresholds associated with the formation of VS+ and

V(CS)+,

circumstantial evidence for formation of a high-energy isomer of V(CS)+ is obtained.

DO(V+-S)=3.72+0.09eV and DO(V+-CS)=1.70+0.08eV are derived. Further,

© 1999

American Institute of Physics. [S0021-9606(99)01116-2]

[. INTRODUCTION

The chemistry of transition metals and their compounds
is strongly influenced by the availability of multiple low-
lying electronic states in these species.1,2 During the course
of a chemical reaction, the ability of the metal center to
access these states and adapt to different bonding situations
may enable the system to find low-energy reaction pathways
that would not be accessible otherwise. This type of nona-
diabatic behavior, in which more than one electronic state
determines the minimum energy pathway of a reaction, has
been referred to as two-state reactivity (TSR).34 Understand-
ing the role of individual electronic states in chemical reac-
tions is of obvious fundamental interest, but could also aid in
the development and optimization of selective catalysts for
industrial processes.

Gas-phase studies of state-specific reactions have the ad-
vantage that reactive encounters can be isolated and con-
trolled with much greater precision than in condensed
phases. The study of ion-molecule reactions is particularly
facile, because mass spectrometric techniques can be used to
isolate reactants and characterize products. Additionally, the
kinetic energy of the ionic reactants is easily varied, which
allows the experimentalist to probe energy regions where
TSR can occur. Guided ion-beam (GIB) mass spectrometry
has been used extensively to study the dynamics and thermo-
chemistry of ion-molecule reactions, including examples of
state-specific processes and TSR.156

In this paper, we present a particularly interesting system
in which surface-crossing behavior is observed, i.e., C-S
bond activation of carbon disulfide by atomic vanadium cat-
ion,
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The kinetic-energy dependence of these processes is studied
over an extended range, and particular attention is paid to the
role of the electronic states of the V+ reactant. We find that
reaction (1) exhibits both adiabatic and nonadiabatic behav-
ior, and thus allows an investigation of the kinetic-energy
dependence of a process involving TSR.

Il. EXPERIMENT
A. Guided ion beam mass spectrometer

The kinetic-energy dependence of the V++ CS2 reaction
is studied using a guided ion beam mass spectrometer, which
has been described in detail previously.78 Briefly, V+ ions
are generated in one of several interchangeable ion sources,
described below. lons produced in the source are accelerated
and passed through a magnetic sector for mass selection. The
mass-selected V+ beam is then decelerated to a desired ki-
netic energy and focused into a rf octopole,9 which guides
the ions through a static gas cell. Here, CS2 is introduced at
pressures between 0.05 and 0.1 mTorr such that V+ ions
typically encounter no more than one CS2 molecule as they
traverse the gas cell. The ionic products formed in the ensu-
ing chemical reaction, as well as unreacted V + ions, drift to
the end of the octopole where they are extracted and passed
through a quadrupole mass filter for analysis. lons are de-
tected with a secondary electron scintillation ion detector
using standard pulse counting techniques. The kinetic energy
of the ions is varied during the experiment by adjusting the
dc bias on the octopole rods with respect to the potential of

© 1999 American Institute of Physics



J. Chem. Phys., Vol. 110, No. 16, 22 April 1999

the ion-source region. Reactant and product ion intensities
are measured at many different collision energies, both with
and without CS2 in the gas cell. As described previously,7
lab-frame energies are converted to center-of-mass energies,
and reaction cross sections are calculated from the product
intensities relative to the reactant intensity after correcting
for the background signal.

B. Data analysis

The Kkinetic-energy dependence of product cross sections
is analyzed to determine EO, the energy threshold for prod-
uct formation at 0 K. E 0 differs from the apparent threshold
observed under laboratory conditions due to the Maxwell-
Boltzmann velocity distribution of the neutral gas molecules,
the kinetic-energy distribution of the ion beam (which is
nearly Gaussian), and the internal energy of the reactants.
Each of these contributions allows the reaction to occur at
energies below EO0. Experimental data are modeled with a
variation of the line-of-centers model,

*(E)= 002gi(E + Eint+ Ei-E O)n/Em, ©)

in which <«0,E0, and n are treated as adjustable parameters,
E is the relative kinetic energy of the reactants, and Eint is the
internal (rotational and vibrational) energy of CS2 (0.047 eV
at 300 K).10 The summation is over the electronic states of
V+ having energies Ei and populations gi, where Sgi= 1
The parameter m is set equal to 1 except in unusual circum-
stances (see below).

An optimization routine is used in which incremental
changes are made to the adjustable parameters in Eq. (3),
which is then convoluted over the experimental energy dis-
tributions and compared to the data. The process is repeated
until the convoluted form of Eq. (3) satisfactorily reproduces
the experimental data. The uncertainty in EO0 values reflects
both the uncertainty in the absolute laboratory energy scale
(0.05 eV) and the distribution of threshold values obtained in
the modeling procedure, as a range of fitting parameters
yields satisfactory fits to the data.

At higher reaction energies, products may be formed
with sufficient excess internal energy that they dissociate. In
such a process, the decline of the product cross section due to
dissociation may be modeled with a modified form of Eq.

@),

*(E)="0[Sgi(E+EIMt+Ei-EO)VEm][1-P D(E-E0)].
)

The dissociation probability, PD, incorporates statistical
considerations involving angular momentum and cannot be
given in simple form. For a detailed discussion, see Ref 11.
In brief, PD is controlled by three parameters: D, the bond
dissociation energy of the ionic product which is fixed by the
thermochemistry of the system, f, the fraction of the prod-
ucts’ internal energy contained in the ionic species, and p, a
parameter similar to n. During optimization, f and p are
treated as adjustable parameters (although p is held to inte-
gral values).
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C. lon sources

In order to characterize the role of electronically excited
V+ in the CS2reactions, three different ion sources are used
in this study to systematically vary the V + state distribution.

1. DC discharge/flow tube (DC/FT)

V+ ions are created in a dc discharge plasma by Ar+
sputtering of a negatively charged vanadium cathode. This
source includes a flow tube immediately following the dis-
charge region in which the ions undergo ~ 105 collisions
with ~10% Ar in He buffer gas to cool the ions.8 The total
pressure in this region is typically 0.6-1 Torr. Because not
all excited electronic states of VV+ are quenched by helium or
argon collisions under these conditions,12 we also add small
amounts (1-5 mTorr) of CH4 or NO to the flow tube to
enhance quenching. Excited V+ ions in the a 3F and higher
states react exothermically with CH4 and NO at room tem-
perature (predominantly to form VCH2Z and VO+,
respectively) 13 which effectively removes these ions from
the reactant beam upon mass selection. This approach does
not quench the V+(5F) first excited state, which is unreac-
tive with both gases at room temperature.14 Although colli-
sional quenching by Ar, CH4, or NO may deactivate some of
these excited ions, we assume that the 5F state is present to
some extent in our DC/FT V+ beams (see below).

2. Surface ionization (Sl)

In the surface ionization source, VOCI3 vapor is exposed
to a resistively heated rhenium filament. The compound de-
composes on the filament, and V+ ions desorb with a
Maxwell-Boltzmann (MB) distribution of states characteris-
tic of the filament temperature.15 This temperature was pre-
viously calibrated as a function of the applied current by
optical pyrometry assuming the filament acts as a blackbody
radiator. Because the Sl source does not utilize the flow tube,
there is no collisional cooling, such that excited state ions
produced by this source can only relax by emitting radiation.
However, optical transitions between the low-lying states of
V+ are parity forbidden, because these states involve only s
and d orbitals. Consequently, the lifetime of these states16
almost certainly exceeds the flight time of the ions from the
source to the reaction region (~1 ms). Therefore, we assume
that the electronic state distribution of the V + reactant is the
same as that produced by the source. Three different filament
temperatures are examined: 1800, 2200, and 2300 K. The
uncertainty in the absolute filament temperatures is estimated
to be £100 K, while the relative uncertainty is much lower.
The V+ state distribution calculated at these three tempera-
tures is given in Table I.

3. Electron ionization (EI)

V+ ions are also generated by electron ionization of
VOC3 at an electron energy of 30 eV. Previous studies of
ions produced in this way have characterized the state
distribution.1317,18 The results of this work are also given in
Table 1. As with SI, the EI source does not utilize the flow
tube, and thus the state distribution of the V+ reactant is
expected to be the same as that produced by the ion source.
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TABLE |. Approximate V+ electronic state populations (%) produced by various ion sources.

Electron  DC/FT

State Energy (eV)a config.

5d 0.026 3d4 9415
5f 0.363 4s3d3 5.85
3F 1.104 4s3d3 0.004
Higher states <0.001

DCIFT sl S S| El
(1250 K)b4 (1500 K)cd (1800 K)d (2200 K)d (2300 K)d (30 eV)e
90.55 86.11 80.56 79.27 40 (5)
9.43 1381 1914 2034 18 (9)
0.018 0070 0230 0290 7 (2
0.002 0.013 0.075 0107 35 (11)

‘Energies are weighted averages (by degeneracies) over J levels, taken from Ref. 30.
CH4added to flow tube as a chemical quenching agent. Temperature is estimated by comparison of exothermic

feature to Sl cross sections (see the text).

cNo chemical quenching gases are used. Temperature is estimated by comparison of exothermic feature to SI

cross sections (see the text).

dMaxwell-Boltzmann distribution at indicated temperature.

ePopulations are from Refs. 12, 16, and 17.

D. Theoretical calculations

Density functional calculations are performed with
Becke’s three parameter hybrid method19 using the correla-
tion functional of Lee, Yang, and Parr (LYP)20 and the
6-311+ G* basis sets for vanadium, carbon, and sulfur as
implemented in the GAUSSIAN94 program.2L This method is
referred to as B3LYP 16-311+ G*. At this level of theory,
the stationary points are characterized as minima or first-
order transition structures by evaluating their vibrational fre-
quencies and normal modes. Internal reaction coordinate cal-
culations are used to further verify the relationship of
minima and the associated transition structures. All calcu-
lated energies include zero-point energies.

The spin-orbit coupling constant (HSO) of diatomic
VS+, used to estimate H SO in the [V,C,S2]+ system (see
below), is evaluated using the GAMESS program2 together
with a 6-31G* basis set for sulfur3 and a triple-zeta basis
set for vanadium.24 These calculations apply an approximate
one-electron operator with an effective nuclear charge (Zeff)
as an adjustable parameter to incorporate the missing two-
electron terms.25 A value of Zeff(S) = 13.6 has been recom-
mended in the literature,25 and z eff(\VV) = 10.5 is chosen be-
cause it reproduces the experimental splitting in spin-orbit
calculations on the V+(5D) term. The spin-orbit coupling
matrix elements between all substrates of the triplet and the
quintet states of VS+ are calculated using the complete ac-
tive space self-consistent field (CASSCF) wave functions.
The 32 _ wave function is a fully optimized CASSCF wave
function, with the active space including the molecular orbit-
als resulting from the 3d and 4s atomic orbitals of vanadium
and the 3p atomic orbitals of sulfur. The 3s orbital of sulfur
is not included, because this s-orbital mixes with the inner
shell 3p z orbital of vanadium.26 The same approach is used
for orbital optimization of the 5n wave function, except for
the constraint that the 15 core orbitals are adopted from the
triplet wave function.

lll. RESULTS AND DISCUSSION

A. Excited states of the V+ reactant

One possible probe for the presence of reactive excited
states is to vary the ion source conditions and monitor
changes in the cross sections of the products. In the present
system, the cross section for formation of VS+ in reaction (1)

provides a convenient probe of electronically excited V+ in
the reactant beam. Figure 1 shows the cross sections ob-
tained when V+ is produced by El, SI, and DC/FT sources.
All of the cross sections exhibit a feature in the very low-
energy region (<0.2 eV) corresponding to exothermic for-
mation of VS+ in reaction (1). The magnitude of this feature
is strongly dependent on the ionization conditions. The SI
cross sections are particularly informative, because the V+
state distribution is well characterized (Table I). As illus-
trated in Fig. 1, the size of the exothermic feature increases
with increasing filament temperature, unambiguously dem-
onstrating that the low energy feature is due to the reaction
of electronically excited V+. The ratios of the magnitudes of
the exothermic features (denoted as ratios of the filament
temperatures) are 2300K/1800K=4.7+ 0.7, 2200K/1800K
= 3.2+ 0.7, and 2300K/2200K= 1.4+ 0.2. These values are
consistent with the calculated population ratios of the 3F
state in these experiments, 4.1, 3.3, and 1.3, respectively.
Higher excited states may also contribute to the exothermic
feature, but we are unable to determine their individual reac-
tivities. Assuming that all of these states (3= and above) are
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FIG. 1. Cross sections for VS+ formation in reaction (1) as a function of
kinetic energy in the center-of-mass (lower axis) and laboratory (upper axis)
frames. Results are shown for V+ ions formed by electron ionization (El) at
30 eV (0), surface ionization (SI) at 2300 K (O), 2200 K (A), and 1800 K
(O), and the dc discharge/flow tube (DC/FT) ion source both with (V) and
without (¢) methane cooling in the flow tube.
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equally reactive, the predicted exothermic feature ratios are
4.8, 3.7, and 1.3, respectively. These values are consistent
with the observed ratios within experimental uncertainty. In
contrast, the calculated ratios for states above the 3F state are
8.2, 5.8, and 1.4, respectively. Similarly, the ratio of the 5D
and 5F states cannot account for the experimental findings.
This demonstrates that the 3F state dominates the reactivity
in the low energy region (<0.2 eV). Further, the good agree-
ment between the experimentally observed exothermic cross-
section ratios and the predicted population ratios of the 3F
(and possibly higher states) helps confirm the accuracy of
both the SI filament temperatures and the assumption of a
Maxwell-Boltzmann distribution of states.

The size of the exothermic feature obtained for ions pro-
duced by EI is much larger than that obtained by SI or
DC/FT sources, consistent with previous studies which de-
termined that EI produces a large fraction of excited V+
(Table 1).1317,18 The observed EI/SI exothermic cross-section
ratios are EI/S1(2300K)=37+3, EI/SI(2200K) =54+7, and
EI/SI(1800K) = 175+35. If only the 3F state is considered,
the information given in Table | predicts ratios of 24, 30, and
100, which are systematically lower than our experimental
observations. This indicates the involvement of higher-lying
reactive states. The predicted population ratios for all of the
higher excited states (3F and above) are 106, 138, and 506,
respectively, i.e.,, much larger than the observed ratios. We
therefore conclude that most of the exothermic feature in the
El experiment (60+ 10%) is due to the reaction of the 3F
state, but that higher lying states also contribute. Because the
3F state comprises only 7+ 2% of the EI beam compared to
35+ 11% for the higher states, the 3F state must be substan-
tially more reactive toward CS2 to form VS+ than the other
states reacting exothermically. This comparison highlights an
important aspect in the analysis of systems with multiple
electronic states of the reactant. Namely, cross sections are
dependent on both the abundance and the reactivity of the
contributing states, and reactivity need not monotonically in-
crease with excitation energy.127,28

Although the actual electronic temperature of the DC/FT
beam is unknown, the small size of the exothermic feature
obtained with this source (Fig. 1) indicates that it is the cold-
est source used in this study. The exothermic feature can be
further reduced by adding 1-5 mTorr of CH4 or NO to the
flow tube, as described above. The cooling effect is clearly
illustrated in Fig. 1, and further corroborates our finding that
the exothermic feature is due to the reaction of electronically
excited V+. Higher pressures have no further cooling effect,
indicating that some of the excited states are not collisionally
or chemically deactivated under our experimental
conditions.2

By comparing the magnitudes of the exothermic features
in the DC/FT experiments to those obtained by SI, we esti-
mate the electronic temperature of the uncooled (no CH4 or
NO) DC/FTV+ beam to be 1500+ 100 K. After cooling with
methane, the ratios of the exothermic features suggest an
electronic temperature of the V + reactant in the range 1200-
1300 K. Clearly, these temperatures are only a first approxi-
mation to the actual electronic state distributions produced
by the DC/FT source. The efficiencies of chemical and col-
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FIG. 2. Quintet cross sections for VS+ formation as a function of kinetic
energy in the center-of-mass (lower axis) and laboratory (upper axis) frames
measured with surface ionization (SI) at 2300 K (O) and 1800 K (m) and
methane cooled dc discharge/flow tube (DC/FT) (V) ion sources. Extrapo-
lated state-specific cross sections for the V+(5D) state (the solid line) and
the V+(5F) state (the broken line) are also shown (see the text). The average
energy splitting between these atomic states is also indicated.

lisional quenching in the flow tube probably differ for the
various excited states, and the state distribution of the V+
ions as they exit the flow tube may not be Maxwellian. Nev-
ertheless, as a first approximation, we estimate that the
cooled DC/FT V+ beam used in this study is characterized
by an electronic temperature of 1250+ 100K (Table I). This
is consistent with the electronic temperatures estimated for
other transition metal ions produced with the DC/FT ion
source.

B. Reactivity of V+(5F) toward CS2

The two endothermic features in the DC/FT and Sl data
(Fig. 1) are largely unaffected by the ion-source conditions.
On the basis of the populations listed in Table I, these fea-
tures must correspond primarily to the reaction of ground
state V+(5D), but the V+(5F) first excited state may also
contribute. Because the energies of these two states differ by
only 0.335£0.001 eV, 3132 the contributions of the 5D and
5F states are not easily resolved in GIB experiments. If re-
active, the 5F state is expected to appear in the VS+ cross
section as a shoulder on the low-energy side of the larger 5D
ground state feature. Our ability to observe reactions of this
state is further masked by overlap from the exothermic chan-
nels, which obscures the rise of the cross section at low
energies.

To explore the reactivity of the 5F state, we assume that
the shape of the EI cross section (which is due largely to
states that react exothermically) is a good approximation to
the energy dependence of the exothermic features in the Sl
and DC/FT cross sections. By appropriate scaling of the El
cross section, the exothermic reactivity can be subtracted
from the SI and DC/FT data to approximate the individual
endothermic 5F and 5D cross sections. The cross sections
obtained by this method are subsequently referred to as quin-
tet cross sections and are shown in Fig. 2. Note that the
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threshold appears to shift to lower energies as the Sl filament
temperature is increased, consistent with the presence of a
reactive, low-lying excited state. Additionally, the magnitude
of the peak near 1 eV declines slightly with increasing tem-
perature, reflecting the smaller population in the 5D ground
state at higher Sl filament temperatures.

More detailed insight is obtained by modeling the data.
By definition, the 0 K cross section depends only on the
nature of the reactants. Consequently, the adjustable param-
eters <0, n, and EO in Eq. (3) should not be affected by the
ion-source conditions, and the summation over electronic
states together with the convolution over reactant kinetic-
energy distributions should account for all variations in dif-
ferent data sets. When the quintet VS+ cross sections are
modeled assuming that the 5F state is unreactive (that is, the
sum over states includes only the spin-orbit levels of the 5D
ground state), we observe significant variations in the adjust-
able parameters <0, n, and E0 as a function of the V+ beam
temperature (Table Il). Therefore, the assumption that the 5F
state is unreactive toward CS2 appears to be incorrect, and
consequently, the modeling must explicitly include the 5F
state.

Clearly, the fitting parameters <0, n, and E0 which de-
scribe the reaction cross section for the 5F state need not be
the same as those which describe the 5D state. Nevertheless,
as a first approximation, we assume that the n values for the
two states are identical. In the absence of specific informa-
tion to the contrary, this is the most reasonable starting as-
sumption. The difference in the EO values for the various
spin-orbit levels of both states is taken to be the known
energy differences between these levels.3L As the energy de-
pendence of the two states is adequately described by Eq.
(3), the remaining parameter, <0, determines the magnitude
of a cross section and is therefore an energy-independent
measure of the overall reactivity. Clearly, the <0 values for
the 5F and 5D states may differ due to intrinsic differences in
their reactivities. We therefore allow state-specific <0 values
which reflect the relative reactivities of the 5F and 5D states.
Among the wide range of <r0(5F)/00(5D) reactivity ratios
tested, the experimental data can be reproduced well with
values from 0.5 to 1.0. The average values of <0, n, and EO
for the 5D ground state obtained at §0(5F )/00(5D) = 0.5 and
1.0 are given in Table Il. Though a slight trend remains,
these parameters exhibit much greater internal consistency
than those obtained by neglecting the 5F state. This result
suggests that the overall reactivity of the V+(5F) state to-
ward CS2is 75+ 25% compared to the V+(5D) ground state.

Hence, the quintet cross sections shown in Fig. 2 can be
regarded as linear combinations of the 5D and SF state-
specific cross sections, weighted according to the popula-
tions given in Table | and their relative reactivities as given
by cro(5F)/00(5D). From the state populations in Table I,
we can obtain a reasonable estimate of the 5D and 5F state-
specific cross sections by extrapolating the quintet cross sec-
tions to 5F populations of 0.0 and 1.0, respectively. These
extrapolated state-specific cross sections are shown as lines
in Fig. 2. Above about 0.7 eV, the experimental quintet cross
section is dominated by the 5D state, and the extrapolation is
expected to be more accurate for the 5D than for the5F state.

Rue et al.

TABLE IlI. Fitting parameters for the first endothermic feature* of the quin-
tet VS+ cross sections.

lon source V+ (5F) AQ EO n
00 ™ Neglected 10.4 (3.4) 11 (0.2)
3 Mg O= 81 07) oo 26 (06)
= I 7.9 (0.5) Aot 2.0 (0.5)
857 6.7 (0.4) - 15 (0.4)
Sl o
DC/FT (cooled) Includedb 7.9 (1.5) N 0.58 (0.13)
Sl (1800 K) 6.6 (0.4) o 051 0.07)
S1(2200 K) 6.5 (0.2) o 0.45 (0.07)
Sl (2300 K) 5.9 (0.4) 042 (0.05)
%mo
Extrapolated V+ (5D) 7.5 (0.4) 0.76(0.02) 0.46 (0.08)
Extrapolated V+ (5f) 3.7 (0.8) 0.41(0.02) 0.41 (0.18)

aFits do not reproduce the decline of the first feature above 1 eV.
bParameters are averages from fits at 5F/5D reactivity ratios of 0.5 to 1.0.

Moreover, small errors in the original data in this energy
region are magnified in the extrapolation of the 5F cross
section, and hence this treatment is not extended above
0.7 eV. Below 0.7 eV, the quintet cross sections have appre-
ciable contributions from the reaction of the 5F state, and
reasonable results are obtained. An analysis of these state-
specific cross sections with Eq. (3) (m = 1) yields «0=7.5
+0.4, E0=0.76+0.02eV, and n= 0.46+ 0.08 for V+(5D)
and <«0=3.7+0.8, E0=0.41+£0.02eV, and n=0.41+0.18
for V+(5F). The threshold difference of 0.35+ 0.03 eV is in
good agreement with the average state separation of 0.33
+ 0.01 eV.31 Further, the ratio of the cro values, 0.49+ 0.14,
is consistent with the <ro(5F)/00(5D) reactivity ratio of
0.75+ 0.25 determined above. Finally, the fitting parameters
for the extrapolated 5D cross section are comparable to those
in the lower half of Table II.

The relative reactivity of the 5F and 5D states deter-
mined here is consistent with that measured in elegant state-
specific studies by Sanders, Hanton, and Weisshaar.33 They
used resonant two-photon ionization (R2PI) to produce va-
nadium ion beams of different electronic states and exam-
ined the reactivity with ethene, ethane, and propane. Al-
though the reactivity of the quintet states is too small to be
measured in the ethene and ethane systems, the
€0(5F)/00(5D) reactivity ratio in the propane system at
thermal energies is 0.4+ 0.5. However, the observations that
V +(5F) reacts with CS2 and propane contrast somewhat with
previous findings that the 5F state is relatively unreactive
with H2 and CH4.18 This may still be true, although it is also
possible that these earlier studies were not particularly sen-
sitive toward the 5F state. In this regard, it should be noted
that the sharply rising cross section observed for reaction (1)
is ideal for observing differences in the reactivity of the
closely spaced 5D and 5F states. Although these various
studies do not yield a uniform relative reactivity difference
between these states, they all agree that the 5F is less reac-
tive than the 5D state. This result has been attributed to the
high-spin 4s13d3 electron configuration of V+(5F), in
which the 4s electron leads to a largely repulsive interaction
with closed-shell molecules and reduces the probability of
reactive collisions. In contrast, the 3d 4 electron configuration
of V+(5D ) ground state allows for a closer approach of the
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FIG. 3. Product cross sections for formation of VS+ (O) and [V,C,S]+ (m)
as a function of kinetic energy in the center-of-mass (lower axis) and labo-
ratory (upper axis) frames. Arrows mark the onsets of the dissociation reac-
tions (7) and (10) at 4.50 and 11.87 eV, respectively.

reactants and thus is able to more efficiently activate bonds.18
It is possible that the significant reactivity of V+(5F) ob-
served in this and Weisshaar's study may be due to the high
polarizabilities34 of CS2 (8.74 A3) and C3HS8 (6.29 A3 vs
H2 (0.79 A3) and CH4 (2.60 A3), which leads to stronger
ion-induced dipole interactions. It is also possible that the
repulsive interactions arising from the occupied 4s electron
of the V+(5F) states are less severe with highly polarizable
molecules like CS2, in which the electron cloud is more eas-
ily distorted.

C. Assignment of cross-section features

The cooled DC/FT source generates a nearly pure
ground state V+ beam (Table 1), and results for reaction (1)
differ little from the extrapolated V+(5D ) cross section (Fig.
2). Hence, our subsequent discussion of reactions (1) and (2)
refers to the experiments with the cooled DC/FT source. The
cross sections for reactions (1) and (2) are plotted over an
extended energy range in Fig. 3. VC+, VS+, and CS+ prod-
ucts are also observed in minor quantities ("~ mx<0.02 A2)
as high-energy products (thresholds above 3 eV), but are
omitted for clarity. The most interesting aspect is the pres-
ence of multiple endothermic features in the cross section of
reaction (1), each suggesting a distinct mode of product for-
mation. A complete understanding of this reaction requires
both a qualitative assignment of these various features to
specific processes (discussed in this section) and a quantita-
tive description of their energy dependencies (see below).

The first endothermic feature in the VS+ cross section
corresponds to the formation of ground state VS+ in reaction
(1). This process has an apparent threshold near 0.4 eV,
peaks around 1.2 eV, and falls to approximately two-thirds
of its maximum intensity before the rise of a second endot-
hermic feature near 2.3 eV. Because no products other than
VS ++ CS are feasible in this energy range,26 the second fea-
ture must correspond to the formation of electronically ex-
cited products. The energy difference between the two fea-
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tures is inconsistent with excitation of the CS neutral
product, which requires 4.8 eV.3 Therefore, the second pro-
cess is assigned to the formation of electronically excited
VS+, and the energy difference between the two features
provides a measure of the adiabatic excitation energy be-
tween two electronic states of VS+.

The kinetic-energy dependence observed in the low-
energy part of the VS+ cross section is unusual. Although it
is energetically possible to form excited product states in
most ion-molecule reactions at elevated kinetic energies, in-
dividual product states rarely give rise to distinct features in
GIB experiments. Clearly, the routes to the two products in
question must differ in some fundamental way. Recent ab
initio calculations26 predict a 32 _ ground state for VS + cat-
ion with the first quintet state (5n ) lying 1.37 eV higher in
energy. Thus, the formation of ground state products from
ground state reactants in reaction (5) is spin forbidden, while
at higher energies the spin-allowed reaction (6) can occur,

V+(5D)+ CS2(12 +) ~ VS+(32 ~)+ CS(12 +) )
AVS+(5n)+cs(12 +). 6)

The calculated energy difference between the VS+(32 _)
and VS+(5n ) states is in good agreement with the observed
threshold difference between the two features in the VS+
cross section (Fig. 3), and we therefore assign these features
to reactions (5) and (6), respectively. The distinct fall and
secondary rise of the cross section may therefore be regarded
as a consequence of the spin-forbidden character of reaction
(5), which leads to the decline above 1.2 eV (see below),
combined with an enhanced reaction efficiency once the
spin-allowed process (6) is energetically accessible.

Beginning at around 2.8 eV, the [V,C,S]+ product be-
gins to form in reaction (2), and a portion of the total reac-
tivity shifts to this new channel. Chemical intuition implies
that the [V,C,S]+ product corresponds to a thiocarbonyl
complex V(CS)+ rather than an insertion species CVS+ (see
below). The onset of reaction (2) leads to a decrease in the
VS+ cross section near 3 eV, while the total cross section
continues to increase monotonically. The observation that
the VS++CS and [V,C,S]++ S product channels compete
directly suggests that these products evolve from a common
intermediate, most likely the S-V+-CS insertion species. If
we consider the reverse reaction and combine the VS+ and
CS products along the lowest energy pathway, it seems clear
that CS will approach the vanadium end of the VS+ diatom
and, likewise, that the S atom will prefer binding to the va-
nadium end of the V(CS)+ triatom. Further, the potential-
energy surface for the analogous reaction of V+ with CO2
includes the bond insertion intermediate, O-V+-CO, a spe-
cies that could also be probed by independent experimental
means.36 The conjecture of a S-V+-CS intermediate does
not preclude the possibility that more direct pathways for
forming VS+ and V(CS)+ also contribute to the observed
cross sections.

As the kinetic energy of the reaction is increased further,
the VS+ and [V,C,S] + products may be formed with suffi-
cient excess internal energy that they dissociate in the overall
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FIG. 4. Branching fraction of the [V,C,S]+ product as a function of kinetic
energy in the center-of-mass (lower axis) and laboratory (upper axis)
frames. Arrows mark the onsets of reactions (2), (7), and (8) at 2.80, 4.50,
and 5.60 eV, respectively.

reaction (7), which is energetically equivalent to simple
cleavage of the S-CS bond (D 0=4.50eV),%6

V++CS22V ++S +CS. ©)

Once accessible, this dissociation channel decreases the
probability of forming stable product ions in reactions (1)
and (2), which leads to a decrease in both cross sections
above 4.50 eV.

Interestingly, the [V,C,S]+ cross section declines only
slightly and levels out near 5.6 eV. This behavior is more
clearly visible by plotting the branching fraction,
0-(VCS+)/o-(total), shown in Fig. 4. Note that the fraction of
[V,C,S]+ increases initially from its threshold, begins to
slow at 4.5 eV due to dissociation, and then starts to increase
more rapidly again near 5.6 eV. This second rise can con-
ceivably be attributed to an isomer or excited state of
[V,C,S]+ or an excited state of S (see below). One possibil-
ity is

V++CS2*CV S+ + S, (8)

in which the ionic product has both the C and S atoms bound
directly to the metal. This latter species could be formed
from a SV(CS)+ intermediate by cleavage of the C-S bond.

The VS+ cross section exhibits a third endothermic fea-
ture beginning near 8 eV (Fig. 3), consistent with the ex-
pected threshold2s for reaction (9),

V++CS2V'S ++C+S, ©)

7.37+ 0.04 eV above the onset for reaction (1), i.e., at about
8.2 eV. Reaction (9) is plausibly attributed to simple decom-
position of a CVS+ species by cleaving the V-C bond. This
would explain why the onset of reaction (9) coincides with a
slight decrease in the [V,C,S] + cross section above 9.5 eV.

Finally, the observed decrease in the total cross sections
above 12 eV is attributed to complete atomization of CS2
according to

V++CS2"V++C+28S. (20)

The associated thermodynamic threshold of 11.87+ 0.06 eV
is in good agreement with the experimental result.
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D. Surface-crossing behavior

As described above, competition and successive disso-
ciations provide a complete description of the [V,C,S]+
channel and the second and third features of the VS+ cross
section. Yet, neither dissociation nor competition can ac-
count for the early decline of the first feature in the VS+
cross section. We believe this unusual kinetic-energy depen-
dence can be explained by considering the effect of the
surface-crossing probability on the spin-forbidden reaction
(5). In the discussion that follows, the term adiabatic refers to
an event in which the reaction remains on a single potential-
energy surface as it evolves from reactants to products. In
this regard, an adiabatic surface is defined by consideration
of the full Hamiltonian including spin-orbit coupling terms.
For the V+/CS2 system, the lowest-energy adiabatic surface
is quintetlike in the reactant region, V+(5D)+ CS2(12 +),
and tripletlike in the product region, VS+(32 )
+ CS(12 +), and thus involves a spin inversion. The term
diabatic refers to an event in which the system retains its
original spin, thereby crossing between adiabatic potential-
energy surfaces at an avoided crossing. This type of diabatic
behavior is referred to as single-state reactivity (SSR), while
the adiabatic behavior is two-state reactivity (TSR).3 A cru-
cial aspect in the competition of SSR and TSR is that spin
inversion via the adiabatic pathway often allows access to
energetically favorable reaction pathways, while spin conser-
vation in the diabatic pathway is entropically preferred once
it is energetically feasible.

The formation of VS+ at the thermochemical threshold
for reaction (5) is an example of TSR because it requires spin
inversion en route from the V+(5D) + CS2(12 +) reactants to
the VS+(32 _)+ CS(12+) products. Therefore, the shape of
the first feature in the VS+ cross section should depend on
the behavior of the reaction at the crossing between the di-
abatic quintet and triplet surfaces. At low kinetic energies,
the reactants pass slowly through the crossing region, allow-
ing the electrons to adjust to different configurations along
the reaction coordinate. Under such conditions, spin inver-
sion can be efficient, and adiabatic behavior is expected. As
the nuclear motion speeds up at elevated energies, the reac-
tants pass more quickly through the crossing region, the elec-
trons have less time to adapt, and the Born-Oppenheimer
approximation begins to fail. Thus, as the kinetic energy of
the reactants increases, it becomes increasingly likely that
the reactants will behave diabatically during the collision
event. This increased probability for crossings between adia-
batic surfaces (i.e., spin conservation) at higher kinetic ener-
gies appears to be responsible for the premature decline of
the first feature associated with the formally spin-forbidden
reaction (5). Thus, the VS+ cross section decreases from the
maximum near 1.2 eV until formation of the excited quintet
state VS+(5n ) is energetically feasible near 2 eV.

In order to get more detailed insight into the potential-
energy surface of the [V,C,S2]+ system, density functional
theory is used to calculate the reactant and product com-
plexes, V(CS2+ and SV(CS)+, as well as the related transi-
tion structures (TSs) on the triplet and quintet surfaces (Fig.
5). The geometries and relative energies are given in Table
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TABLE IIl. Calculated geometries [A and deg] and relative energies [eV] for the [V,C,S2 + system. Values in
parentheses are derived from calculations at a higher level of theory; for details see Ref. 25.

Species rv-sl  rvC rSeC
V+(5D) + CS2('2 +) 1.56
V+(3P) + CSX('2 4) 1.56
V(CS2+, 1(5A") 2.35 2.22 1.64
V(CS2)+, 1(3A") 2.27 2.12 1.70
TS 1/2(5A") 2.25 2.01 2.49
TS 1/2(3A") 212 1.99 1.92
SV(CS)+, 2(5A") 226 204 3.38
SV(CS)+, 2(3A") 203 204 293
VS+(EN ) +cs(2+) 2.3
VSH(32 -)+CS(2+) 202

rcs2 ZSj-v-C  ZV-C-S2 Energya
156 0.00[0.00]

156 1.33[1.40]

157 42 125 -1.17

159 45 144 -0.67

153 71 180 0.07

156 56 161 -0.63

152 104 176 -0.04

152 92 180 - 1.06

154 2.28(2.03)[2.23]
154 1.22(0.66)[0.78]

aValues calculated at the B3LYP/6-311+G* level of theory. Experimental values are in brackets. Values in
parentheses are derived from calculations at a higher level of theory; for details see Ref. 25.

IIl. As expected, the V(CS2+ encounter complex 1 has a
5A " ground state correlating with V+(5D) + CS2 ground state
reactants. However, coordination of carbon disulfide to va-
nadium significantly lowers the triplet surface compared to
atomic V+, and 1(3A") is predicted to be 0.67 eV below the
V+(5D) + CS2 entrance channel. Except for the shorter V-S
bond length (rV-S) in the triplet, the calculated structures of
1(5A") and 1(3A") are quite similar (Table Ill). The same
conclusion can be drawn for the SV(CS)+ product com-
plexes, 2(3A") and 2(5A"), which have almost identical
bond lengths and angles except for r+-S, 2.03 A in the triplet
state compared to 2.26 A in the quintet state. However, the
order of stability is reversed for SV(CS)+ in that the ground
state is 3A". These differences simply reflect the relative
stability of the respective fragmentation channels, i.e., the 5D
ground state of atomic V+ correlates to the V(CS2)+(5A")
reactant complex and the 32 - ground state of the VS+ frag-
ment leads to the 3A" ground state of SV(CS)+. Note that the
B3LYP calculations overestimate the endothermicity of re-
action (1) by about 0.5 eV. This effect can largely be as-
cribed to limitations in the description of the fragments with
B3LYP, and is assumed to be negligible with regard to the
relative energetics of 1 and 2. Thus, the theoretical results

indicate the occurrence of TSR as the lowest-energy pathway
for bond activation of CS2 by vanadium cation. In complete
agreement with the conceptual implications of the TSR
model, the barrier for bond activation is calculated to be
significant on the high-spin, quintet surface, but small for the
low-spin complex, i.e., TS1/2(5A") is ~1 eV above 1(5A")
while TS1/2(3A") is only 0.04 eV above 1(3A"). Because
the order of stabilities is the opposite for the product com-
plexes 2, the barriers for the reverse processes are low for the
quintet, but high for the triplet species. In fact, within the
estimated uncertainty of the computational method, the glo-
bal minimum of the [V,C,S2]+ system could be either
1(5A") or 2(3a™").

Inspection of Fig. 5 allows us to estimate the position of
the minimum energy crossing point (MECP) between the
quintet and triplet surfaces.37,38 We have not attempted to
explicitly locate the MECP by theory, because it is expected
to be situated between the closely spaced 1(3A"™) and TS
1/2(3A") species. Therefore, we estimate that the MECP lies
at - 0.6+ 0.1eV relative to the V+(5D) + CS2 entrance chan-
nel. A crude estimate for the spin-orbit coupling constant
(HSO at the MECP geometry can be gained by further ab
initio calculations which explicitly treat the different spin-
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orbit states (see computational details). It is expected that the
main contribution to spin-orbit coupling (SOC) comes from
the heavy atoms involved. Therefore, it appears a reasonable
compromise to approximate the coupling constant for the
triplet and quintet species at the MECP by calculating the
SOC between triplet and quintet VS+ at rV-S=2.12A, i.e,
taking the average of rV-S in the triplet and quintet states of
bare VS+ and assuming that the contribution of the CS unit
to the SOC is negligible. These calculations yield a coupling
constant of ~20 cm-1 (0.0025 eV) as the average over all
possible spin-orbit states of diatomic VS+. Thus, the spin-
orbit coupling lies in the weak-coupling limit.4

In the subsequent discussion, we therefore consider that
the spin-forbidden reaction (5) is strongly influenced by in-
teraction of the two adiabatic potential-energy surfaces at the
MECP. However, the calculated potential-energy surface
may allow for an alternative mechanism. Specifically, bond
activation in the [V,C,S2]+ system may proceed entirely on
the quintet surface to form SV(CS)+(5A"), and spin inver-
sion to the triplet surface occurs via coupling of the rovibra-
tional modes of the ground and excited SV(CS)+ states. Such
a process is referred to as intersystem crossing (ISC), i.e.,
conversion of electronic into rovibrational energy.39 I1SC
seems conceivable in light of the similar geometries of
2(3A") and 2(5A™"), which primarily differ in rV-S, such that
the V-S stretch may allow for coupling of the two surfaces.
In the gas phase, ISC is usually considered to be important
only for molecules much larger than [V,C,S2] +. Further, the
significant energy gap between SV(CS)+(3A") and
SV(CS)+(5a ") implies that the triplet ground state would be
formed in a high vibrational level, i.e., v* 15 on the basis of
a calculated harmonic V-S stretch of 537 cm-1 in
SV(CS)+(3A"). This large change in the vibrational quan-
tum number is likely to significantly reduce the overlap of
the respective wave functions. For the time being, we cannot
assess this aspect more accurately due to the lack of an ap-
propriate formalism to describe ISC in [V,C,S2] +.

Several models have been developed to quantitatively
describe the probability of surface crossings. In the limit of a
one-dimensional potential-energy surface, the crossing prob-
ability can be described by the Landau-Zener (LZ) model,40

Pi.= exp{- [c/(E- EC)]¥Z}. (11)

In Eq. (11), P LZis the probability of crossing between adia-
batic potential-energy surfaces during a single pass through
the avoided crossing region, c is a surface coupling term that
depends on the energy gap between the adiabatic curves
(2HSD and inversely on the difference in the slopes of the
diabatic curves at the crossing point, E is the relative kinetic
energy of the reactants, and E c is the potential energy of the
crossing point. As discussed in the Appendix, the total LZ
probability for forming a spin-forbidden product, p N, is de-
pendent on the number of passes, N, the system makes
through the intersection region. Nevertheless, the energy de-
pendences of p j, p2, and P» are all approximately [c/(E
- E ¢)]112 in the weak-coupling limit of small ¢ (see the Ap-
pendix).

In the Landau-Zener model, the single dimension refers
to the relative translational motion of the reactants. For mul-
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FIG. 6. Cross section for VVS+ formation (O) in reaction (12) as a function
of Kkinetic energy in the center-of-mass (lower axis) and laboratory (upper
axis) frames. The Langevin-Gioumousis-Stevenson (LGS) cross section
(the broken line) declines as E -05, while the exothermic VS+ cross section
declines approximately as E-1 (the solid line).

tidimensional surfaces, it is possible that the component of
the nuclear velocity perpendicular to the surface-crossing
seam, which determines the crossing probability,41-43 is
more like a vibration than a translation. A priori, we cannot
deduce whether the crossing mechanism is primarily depen-
dent on the translational or vibrational motion of the system,
but this determination is unnecessary for our threshold analy-
sis. For example, vibrationally coupled, spin-forbidden
charge-transfer reactions can also exhibit E- 42 energy
dependencies.44 Further, in a statistical limit, it has been
shown that the crossing probability between diabatic surfaces
of different spin multiplicities has an (E- Ec)~12 depen-
dence for weakly coupled diabatic surfaces regardless of the
dimensionality of the hypersurface, where E is the total en-
ergy available to the system.434546 In the present experi-
ments, E is essentially the translational energy of the reac-
tants. Thus the (E - Ec)-1/2 energy dependence is a general
approximation to the surface-crossing behavior that is appro-
priate for a variety of crossing mechanisms.

Some experimental confirmation of the simple
(E - Ec)~12 energy dependence for surface crossing in the
present system comes from recent studies of reaction (12),2%6
which is isoelectronic with reaction (1),

V++ COSMVS ++CO. (12)

Results for this exothermic process are shown in Fig. 6.
Cross sections for exothermic ion-molecule reactions typi-
cally decline with an energy dependence proportional to
E -1/2, as predicted by the Langevin-Gioumousis-Stevenson
(LGS) model47 for collisions between ions and polarizable
molecules:

gs(E)=ve (2alE) ¥ (13)

where a is the polarizability of the neutral molecule and e is
the electron charge. The energy dependence of the exother-
mic feature associated with reaction (12), however, declines
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approximately as E-1. This appears to represent the com-
bined effect of both the surface crossing and LGS behaviors
(in the limit that E > Ec).

To incorporate this surface-crossing energy dependence
into our threshold analysis of reaction (5), we multiply
Eq. (3) by E -1/2,

r(E)Iz=E -m ~a(E), (14)

which is equivalent to using Eq. (3) with m = 1.5. This ap-
proach is particularly convenient and flexible, because ad-
justments to n during optimization can compensate for small
errors introduced by the E - 122 approximation to the actual
crossing behavior. E - 12 is used instead of (E - Ec)- 12 (de-
rived from statistical considerations4345) or p N (derived in
the Appendix) because Ec and ¢ are uncertain.

To determine whether the E - 12°r(E) approximation
provides a reliable estimate of the threshold of a cross sec-
tion having the form pn ~(E), we simulated experimental
cross sections by calculating 36 differentp N+r (E) test cross
sections.48 Thep \, p 2, and p » functions used ¢ values rang-
ing from 0.001 to 1 eV and Ec values from -0.6 to 1.0 eV.
The arbitrary trial function of r(E)=(E- EQ)7E used EO
=0.78 eV and n= 0.5. We then convoluted the test curves
with typical GIB experimental conditions to yield C[pN
er (E)] test curves, where C is the convolution operator.
These convoluted test curves were then modeled using Eqg.
(3) with m= 1.5 and an average threshold of 0.77+ 0.01 eV
was obtained. We also examined the effect of different n
values (0.25 and 1.0) for the trial function and observed
equally good results (deviations less than 0.01 eV from the
trial E0 value). Therefore, as long as the spin-forbidden pro-
cess exhibits a power-law energy dependence, the empirical
modeling appears to be capable of providing a reliable esti-
mate of the energy threshold, certainly within any typical
experimental error. For convenience, threshold analyses us-
ing Eq. (14) are subsequently referred to as LZ analyses,
even though our approach is not uniquely based on the
Landau-Zener model.

E. Landau-Zener analysis of the VS+ cross section

Extensive LZ analyses of the first feature in the quintet
VS+ cross sections of several data sets (SI and DC/FT) using
Eq. (14) with r 0(5F )/r0(5D) reactivity ratios from 0 to 1.0
reproduce the data well with r 0(5F)/ro(5D) = 0.75+ 0.25.
A typical LZ fit to the DC/FT (cooled) data is shown in Fig.
7. Note that the convoluted fit obtained using Eq. (14) is able
to reproduce both the threshold region and the decline of the
first feature because it incorporates the E-1/2 surface-
crossing probability. By contrast, only the threshold region
below 1 eV can be modeled using Eqg. (3); the decline at
higher energies is not faithfully reproduced.

Table IV compares the fitting parameters obtained in the
LZ analysis using Eq. (14) (m = 1.5) with those obtained
using Eq. (3) (m= 1.0), and shows that the values of r 0,
EO0, and n obtained from the two models are the same within
experimental uncertainty. Both models yield n™ 0.5, the the-
oretical value of n derived from microscopic reversibility
arguments for endothermic ion-molecule reactions.49 Based
on these results, we conclude that the decline of the first
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FIG. 7. Total cross section (O) for reactions (1) and (2) as a function kinetic
energy in the center-of-mass (lower axis) and laboratory (upper axis)
frames. The estimated 0 K cross sections for formation of VS+(3X-) and
the sum of VS+(5) + [V,C,S]+ are shown by the broken lines. The full line
shows the sum of these after convolution over the experimental energy
distributions.

feature is governed by the energy dependence of the surface-
crossing step in the spin-forbidden reaction (5), and that the
E - 12 approximation is adequate to quantitatively describe
the energy dependence of the adiabatic behavior in this sys-
tem.

Different values of m, ranging from 1.0 to 2.0, were used
to examine the possibility that the adiabatic behavior has an
energy dependence other than E -1/2. The measured thresh-
olds are not very sensitive to these changes (within 0.01 eV),
though the optimized values of n vary substantially (from
0.25 to 0.65) to compensate for the different m values. The
best fits to the data are obtained with m = 1.5, and the fits
grow progressively poorer as m deviates from 1.5. This is an
experimental confirmation of the E - 12 power-law depen-
dence for the spin-forbidden process.

Our extensive analysis of the threshold region of the
VS+ cross section with different models and different
r o(5F )/ro(sD) reactivity ratios leads to a conservative es-
timate of the threshold for reaction (5) of 0.78+ 0.08 eV.
From this threshold, we calculate DO(V+-S)=3.72
+0.09eV, in good agreement with DO(V+-S)=378
+ 0.10 eV derived in a comprehensive experimental and the-
oretical study of VS+ thermochemistry.26 The agreement be-
tween these values also implies that the spin-forbidden for-
mation of ground state VS+(32 -) from ground state
V+(5D) does not have a barrier in excess of the reaction

TABLE IV. Summary of fitting parameters for the V++CS2 reactions.

Products Model Eq. ro EO n
VS+(3X-)+CSa 3 (m=1) 71 (1.4) 0.75 (0.05) 0.52 (0.12)
VS+(3X-)+CS 14 (m=15 76 (11 0.81(0.04) 0.48 (0.06)
VS+(5n) + cs 34 (m=1) 5.6 (1.6) 223 (0.14) 12 (0.2
V(CS)++S 34 (m=1) 19 (04) 280 (0.07) 18 (0.2
CVS++S 3 (m=1) 16 (0.7) 5.60 (0.20) 0.84 (0.07)

aAverage of values in the bottom half of Table II.
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endothermicity. In other words, the intersection of the diaba-
tic ground state reactant and product potential-energy sur-
faces lies well below the product asymptote. This conclusion
coincides with the theoretically predicted surfaces shown in
Fig. 5.

By subtracting a fit of the first feature due to reaction (5)
from the experimental VVS+ cross section, one can estimate
the shape of the second feature associated with the spin-
allowed reaction (6). This procedure is problematic because
the high-energy (above 2 eV) behavior of reaction (5) is
unknown and the competitive formation of the [V,C,S]+
product further perturbs the energy dependence of the VS+
cross section. Both factors complicate the modeling of the
second feature. To overcome these problems, we first make
the reasonable assumption that process (5) is attenuated to
some degree by competition with reaction (6) and examine
several possibilities for the high-energy behavior of reaction
(5). We then subtract these estimates from the total cross
section, rather than the VS+ cross section, which is equiva-
lent to estimating the shape of the cross section for reaction
(6) in the absence of competition from the [V,C,S]+ chan-
nel. The resulting cross sections for reaction (6) are then
analyzed with Eq. (3) (m=1). An example of this type of
analysis is shown in Fig. 7. We find that the threshold deter-
mined for the second feature is not very sensitive to varia-
tions in the assumed high-energy behavior of reaction (5).
The average values of <0, EO, and n obtained from several
acceptable fits of the second feature are given in Table IV.

Combining these results, we estimate the adiabatic exci-
tation energy from the VS+(32 _) ground state to the
VS+(5n ) excited state as the energy difference between the
thresholds of the first (0.78+ 0.08 V) and second features
(2.23£0.14eV) in the VS+ cross section. This value, 1.45
+0.16 eV, is in good agreement with the theoretically calcu-
lated value of 1.37 eV.26

F. Analysis of the [V,C,S]+ channel

As mentioned above, the experimentally observed
[V,C,S] + cross section shown in Fig. 3 is believed to be a
composite of two features, attributable to the formation of
V(CS)+ in reaction (2) and to formation of either an excited
state of V(CS)+ or to the CVS+ isomer according to reaction
(8), respectively. Analysis of the lowest-energy region of the
[V,C,S] + cross section with Eq. (4) yields an average thresh-
old of 2.80+ 0.07 eV which we attribute to the formation of
the thiocarbonyl complex V(CS)+. The optimized fitting pa-
rameters are given in Table IV and the reproduction of the
data is shown in Fig. 8. From this threshold and
DO(SC-S) =4.50+£0.04eV, we calculate DO(V+-CS)
= 170+ 0.08 eV. Preliminary B3LYP/6-311+ G* calcula-
tions predict a quintet ground state of V(CS)+(5A) with
DO(V+-CS) = 144eV. The use of Eq. (4) allows us to
model the decline in this cross section due to dissociation of
the V(CS)+ product to V++ CS starting at 4.5 eV. Such a
model is somewhat speculative because there is only a very
narrow energy region over which this cross section declines.
Nevertheless, by subtracting this model from the [V,C,S]+
cross section, we can estimate the cross section for the sec-
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FIG. 8 Cross section for [V,C,S]+ formation (m) in reaction (2) as a
function of kinetic energy in the center-of-mass (lower axis) and laboratory
(upper axis) frames. The estimated 0 K cross sections for formation of
V(CS)+ and CVS+ are shown by the broken lines. The full line shows the
sum of these after convolution over the experimental energy distributions.

ond process that appears to contribute at higher energies.
Analysis of the high-energy portion of the [V,C,S]+ cross
section with Eq. (3) yields an approximate threshold of 5.6
+0.2eV. Figure 8 shows that the composite of these two
cross sections reproduces the data in detail over an extended
range of energies.

This thermochemistry can now be used to analyze the
high energy portion of the [V,C,S]+ channel in more detail.
The energy difference between the two experimentally ob-
served processes, 2.8+ 0.2 eV, is inconsistent with the theo-
retically determined excitation energy of 0.81 eV from the
V(CS)+(5A) to the V(CS)+(3%) excited state or the known
excitation energy of 115 eV for the S(3P)-S(1D)
splitting.50 We are tempted to attribute the second process to
the formation of CVS+ in reaction (8), but preliminary cal-
culations suggest that the structure of the high energy isomer

could either be inserted CVS+ or a side-on coordinated CS
ligand.5L

IV. SUMMARY AND CONCLUSIONS

The kinetic-energy dependence of the V++ CS2reaction
is examined using guided ion beam mass spectrometry. Dif-
ferent ion sources are used to systematically vary the elec-
tronic state distribution of the V+ reactant. Compared to the
V+(5D ) ground state, the V+(5F) first excited state is found
to be about 75+ 25% as reactive toward CS2.

The cross section for VS+ formation exhibits distinct
endothermic features corresponding to the spin-forbidden
formation of ground state VS+(32 _) and the spin-allowed
formation of excited state VS+(5n ). The difference in the
thresholds of these two features, 1.45+ 0.16 eV, is in good
agreement with the theoretically predicted excitation energy
between the VS+(32 _) and VS+(5n ) states of 1.37 eV.%6
Because the formation of the VS+(32 _) ground state re-
quires a spin inversion, this process is an example of two-
state reactivity. An E ~12 approximation appears to be ad-
equate to quantitatively describe the Kkinetic-energy
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dependence of the adiabatic behavior in this system and
agrees nicely with theoretical predictions.434546

The Kinetic-energy dependence of the [V,C,S] + product
implies that ground state V(CS)+ and probably a high-energy
isomer are formed. This suggests that the activation of the
CS2 molecule by V+ proceeds through an inserted
S-V+-C-S intermediate. An analysis of the features in the
[V,C,S]+ cross section leads to DO(V+-CS)= 170
+ 0.08 eV for the thiocarbonyl complex V(CS)+.
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APPENDIX: LANDAU-ZENER SURFACE-CROSSING
PROBABILITY FOR MULTIPLE TRAVERSALS

In the LZ model, the total probability for forming a spin-
forbidden product, p N, is dependent on the number of
passes, N, the system makes through the intersection region.
For a single traversal of the intersection region this is given
by Eqg. (Al), where P is the crossing probability according to
the Landau-Zener model,

pl1=1- P. (A1)

For atomic reactants, two traversals must occur (one as the
reactants approach and a second as they separate). For spin
inversion to occur in this case, the system must behave adia-
batically during the approach and diabatically during the
exit, or vice-versa. Thus, the net probability for a spin-
forbidden event is the product of the adiabatic and diabatic
traversal probabilities,

p2=2P (1- P). (A2)

The factor of 2 accounts for the fact that the adiabatic tra-
versal may occur either during the approach or the exit. For
multidimensional potential-energy surfaces such as those ap-
propriate for the [V,C,S2]+ system, more traversals may be
possible. The calculated potential-energy curves for the
[V,C,S2]+ system are shown in Fig. 5. In the discussion that
follows, we consider only transitions between these diabatic
ground state surfaces.

As the reaction energy increases to the threshold energy
for VS + formation, a fraction of the system’s population, 1
- P, follows the adiabatic pathway to products, while the
remaining fraction, P, continues to move upwards to position
A on the diabatic quintet surface. The fraction that proceeds
to products is effectively removed from consideration, while
the fraction at position A remains active and will traverse the
intersection again on the way down. At the intersection, the
active fraction is again divided, with (P )2 of the original
population returning to reactants and P (1 - P) of the origi-
nal population crossing to position B on the diabatic triplet
surface. Clearly, the active population will continue to oscil-
late between points A and B, and with each traversal more
and more of the population eventually finds its way out the
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FIG. 9. Adiabatic behavior probabilities predicted by the Landau-Zener
model as a function of kinetic energy relative to Ec for a single pass through
the surface intersection (pj) and for an infinite number of passes (p,,). For
both curves, ¢=0.05eV. The function, 0.5(E-£c¢)-0,5, is also shown for
comparison.

entrance or exit channels. The total fraction of the original
population that goes on to products, p M is given by an in-
finite sum:

p»=1-P+P2(1- P)+P2(1- P)3+P2(1- P)5+ ....
(A3)
The total fraction that returns to reactants is given by
1-p»=P2+P2(1- P)2+P2(1- P)4+P2(1- P)6+ ... .
(A4)
These quantities can be expressed in closed form as:
p.= (- P)[2/(2- P)], (A5)
1-p»=P/(2- P). (A6)

As the reaction energy increases to the energy of the
VS+(5n )+ CS exit channel, the probability for multiple tra-
versals reduces. In the limit of a one-dimensional surface, the
total probability for forming products at these energies is
simply p 1= 1- P. Of course, this simplistic approach ig-
nores the possibility of other surface crossings, as well as
other dimensions on the [V,C,S2]+ hypersurface. Neverthe-
less, it is interesting to note that pj, p2, and p M, which
represent the limits of the possible behavior of the system, all
approach an (E - Ec)~12 energy dependence at higher ki-
netic energies. This is most easily seen by noting that p 1,
p 2, and p » contain the term (1 - P), which is approximately
[c/(E-Ec)]¥2 in the weak coupling limit (small c). At
higher energies, P approaches unity such that Egs. (Al),
(A2), and (A5) have energy dependencies of [c/(E
-E ¢)]12 This conclusion, derived from a rather simplistic
description of the potential-energy surface, is in agreement
with the results of more sophisticated models.4345

To illustrate the energy dependence of the LZ surface-
crossing probability, p 1 and p Mare plotted as a function of
the reactant kinetic energy in Fig. 9 for a case where
¢=0.05eV. Note that the probability of a net surface tran-
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sition has a maximum when the reactant kinetic energy is
close to the potential energy of the crossing barrier Ec, i.e.,
when the reactants pass slowly through the crossing region.
Above Ec, p1 and p M decline approximately as (E
- Ec)-1/2, which is approximated by E - 12 when E> Ec.
This appears to be an adequate first approximation of the
adiabatic behavior in the [V,C,S2]+ system.
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