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The kinetic-energy dependence of the Os* + O, reaction is examined using guided ion-beam mass spec-
trometry. The cross section for OsO* formation from ground state Os* (6D) is unusual, exhibiting two
endothermic features. The kinetic energy dependence for OsO* formation is analyzed to determine
Do(0s*—0)=4.96 4 0.02 eV, with the higher energy feature having a threshold 1.364+0.11eV higher in
energy. This bond energy is roughly consistent with previous values determined by bracketing measure-
ments. Formation of OsO,* is also observed with a pressure dependent cross section, establishing that it
is formed in an exothermic reaction of OsO* with O,. The nature of the bonding for OsO* and 0sO,* is
discussed and analyzed primarily using theoretical calculations at the B3LYP/def2-TZVPPD level of the-
ory. The ground state of OsO* is identified as either 6X* or I1, with the latter favored once estimates
of spin-orbit splitting are included. Bond energies for ground state OsO* are calculated at this level as
well as BHLYP, BLYP, BP86, and CCSD(T,full) levels along with using the Stuttgart-Dresden (SDD) and
Hay-Wadt (HW+) basis sets on osmium with a 6-311+G(3df) basis on oxygen. BLYP and BP86 theoretical
bond energies are higher than the experimental value, whereas B3LYP and CCSD(T,full) values are lower,
and BHLYP values are much too low. Potential energy surfaces for the reaction of Os* with O, are also
calculated at the B3LYP/def2-TZVPPD level of theory and reveal that ground state Os* (6D) inserts into
0, by forming a Os*(03) (*B,) complex which can then couple with additional surfaces to form ground
state OsO,* (2By). Several explanations for the unusual dual endothermic features are explored, with no
unambiguous explanation being evident. As such, this heavy metal system provides a very interesting
experimental phenomenon of both adiabatic and nonadiabatic behavior.
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1. Introduction

The properties of transition metal oxides have been widely stud-
ied [1-4] because of their use as catalysts in oxidation processes. An
important example is 0sO4, which can be used in organic synthesis
to add two hydroxyl groups across an alkene double bond with cis
stereochemistry [5]. The examination of such oxidation processes
as a means to convert methane to more readably accessible chem-
icals has garnered significant interest [6-10], with Schroder and
Schwarz providing comprehensive reviews of such processes in the
gas phase [11,12]. The gas phase is an ideal arena for detailed study
of the energetics of bond-making and bond-breaking processes
at a molecular level. Because solvent, metal supports, and their
interactions are absent, quantitative thermodynamic and intrinsic
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mechanistic information for various bond activation processes can
be obtained. For osmium in particular, Irikura and Beauchamp
have demonstrated that Os*, OsO*, 0sO,*, and 0sO4* all activate
methane, albeit by different pathways: dehydrogenation by Os*
and OsO™, dehydration by OsO,*, and H atom abstraction by 0sO4*
[13]. Recent theoretical work has explored the pathways for the
reactions of 0sO,* (n=1-4) with methane computationally [14].
Surprisingly, the thermochemistry of OsO* is poorly known,
even though there are several experimental and theoretical stud-
ies in the literature on OsO*. Early experiments by Dillard and
Kiser performed electron impact studies on osmium tetroxide and
from the difference in appearance energies for Os*, OsO*, and
0s0,* determined an Os*—O bond dissociation energy (BDE) of
5.6 +£0.5eVand an O0s*—0 BDE of 4.1+ 0.3 eV [15]. Similar experi-
ments by Watson et al. lead to values 0of4.94+1.2eVand 5.4+ 0.7 eV,
respectively [16]. Irikura and Beauchamp performed Fourier trans-
form ion cyclotron resonance (FT-ICR) studies on reactions of the
fragment ions of OsO4 with a multitude of species. On the basis
of exothermic oxygen atom transfer reactions observed between
0s0O* and C,H4 and 0sO,* and Hy, they determined upper limits of
4.86eV and 5.09 eV for the BDEs of OsO* and OsO,*, respectively.
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Consideration of the sequential bond energies for OsO4* then per-
mitted reasonable lower limits to be ascertained, such that they
assigned BDEs of 4.34+0.52eV and 4.57 £0.52 eV, respectively
[13]. Inductively coupled plasma/selected ion flow tube (ICP/SIFT)
experiments by Bohme and coworkers found that ground state Os*
reacted slowly with O, to form OsO,* and that reaction (1)

Os* +0, — 0sO* +0 (1)

occurred only for excited states of Os* at thermal energies [17].
Similarly, Schweikhard and coworkers have examined the thermal
reactions of Os* with O, in a Penning ion trap [18] and FT-ICR [19].
They too determined that only excited Os* ions react with O, to
form OsO* and that the OsO* product reacted subsequently to form
0s0,* in reaction (2).

0sO* +0y — 0s0,* +0 2)

Additionally, there are several theoretical papers on OsO* in the
literature [14,20-22].

The present study is designed to provide more quantitative
information about OsO*. By using guided ion beam tandem mass
spectrometry (GIBMS), the energetics, kinetics, and dynamics of the
interaction of osmium metal with O, can be obtained. In previous
studies in our laboratory, GIBMS has been used to systematically
study the kinetic energy dependent reactions of O, with atomic
cations of the first-row [23-31], second-row [25,29,32-37], and
third-row [29,38-42] transition metals and main group metals
[43-45].Inmany cases, analyses of the cross sections for the analogs
of reaction (1) have enabled determination of the BDEs of the
metal oxide cation, MO*. The present work extends these stud-
ies to include the metal ion Os*, and as such, is part of an ongoing
effort in our laboratory to understand the periodic trends in the
BDEs of metal oxides. As will be seen below, the kinetic energy
dependent cross section for reaction (1) is unusual, exhibiting two
strong endothermic features. The reasons behind this behavior are
explored in terms of spin-conservation and adiabatic versus nona-
diabatic behavior.

2. Experimental and theoretical section
2.1. General experimental

The guided ion beam tandem mass spectrometer on which these
experiments were performed has been described in detail pre-
viously [46,47]. Briefly, atomic osmium ions are generated in a
direct current discharge flow tube (DC/FT) source described below,
extracted from the source, accelerated, and focused into a mag-
netic sector momentum analyzer for mass selection of primary
ions. The mass-selected ions are decelerated to a desired kinetic
energy and focused into an octopole ion beam guide that uses
radio-frequency (rf) electric fields to trap the ions in the radial
direction and ensure complete collection of reactant and product
ions [48,49]. The octopole passes through a static gas cell with an
effective length of 8.26 cm that contains the reaction partner (here,
0,)atalow pressure (usually less than ~0.4 mTorr) so that multiple
ion—-molecule collisions are improbable. The unreacted parent and
product ions are confined radially in the guide until they drift to the
end of the octopole where they are extracted, focused, and passed
through a quadrupole mass filter for mass analysis of products.
Ions are subsequently detected with a secondary electron scintil-
lation ion detector [50] using standard pulse counting techniques.
Reaction cross sections are calculated from product ion intensities
relative to reactant ion intensities after correcting for background
signals [51]. Uncertainties in absolute cross sections are estimated
to be +20%.

The kinetic energy of the ions is varied in the laboratory frame
by scanning the dc bias on the octopole rods with respect to the

potential of the ion source region. Laboratory (lab) ion energies are
converted to energies in the center-of-mass frame (CM) by using
the formula Ecy = Ej,p x m/(m+ M), where m and M are the neutral
and ionic reactant masses, respectively. Two effects broaden the
cross section data: the kinetic energy distribution of the reactant
ion and the thermal motion of the neutral reactant gas (Doppler
broadening) [52]. The absolute zero and the full width at half max-
imum (FWHM) of the kinetic energy distribution of the reactant
ions are determined using the octopole beam guide as a retarding
potential analyzer, as described previously [51]. The distributions
of ion energies, which are independent of energy, are nearly Gauss-
ian and have a typical FWHM of 0.4-0.5eV (lab) in these studies.
Uncertainties in the absolute zero of the energy scale are+0.1eV
(lab) and +0.014 eV (CM).

2.2. lon source

Os*ions are produced ina DC/FT source [47], consisting of a cath-
ode held at a high negative voltage (1.2-1.6 kV) over which a flow
of approximately 90% He and 10% Ar passes at a total pressure of
0.3-0.5 Torr. The dc-discharge ionizes Ar and then accelerates these
ions into the cathode made of iron with a osmium/vanadium alloy
disk attached to the cathode. All experiments were conducted with
the most abundant isotope, 1920s at 40.8%. As the ions are swept
down the meter-long flow tube, they undergo ~10° thermalizing
collisions with He and Ar. The presence of excited electronic states
can often be observed as low-energy features in the cross sections.
No such features were observed in previous studies of Os* with
H,, HD, and D, [53] nor in ongoing work with CH4 and CDy4. In
addition, results were checked by adding N,O to the flow tube as
a cooling gas with no change in the cross sections observed. When
compared to a surface ionization source, the DC/FT source has been
found to generate Sc* [54], Fe* [55], Co* [56], Ni* [57], Ru* [58], Rh*
[58], and Pd* [58] ions with an average electronic temperature of
700+ 400K, and Y*, Zr*, Nb*, and Mo* ions with an average elec-
tronic temperature of 300 + 100 K [59]. Therefore, Os* ions created
under such conditions are believed to be in the ground state elec-
tronic term, 8D (6s15d6)[60,61], and largely in the lowest spin-orbit
level (Table 1). These estimated populations are consistent with
the failure to observe any evidence for electronically excited Os*
species in previous studies [53] and lead to a negligible uncertainty
(<0.01eV) in the electronic energy of the Os* reactant.

2.3. Data analysis

The cross sections of endothermic reactions are modeled using
Eq. (3) [62-65],

n
oB)=op Y SEFEFol )
where oy is an energy-independent scaling factor, E is the relative
kinetic energy of the reactants, n and m are adjustable parame-
ters that characterize the energy dependence of the process (with
m generally set equal to unity) [62], and Eq is the 0K threshold
for reaction of electronic, vibrational, and rotational ground state
reactants. The model involves an explicit sum of the contributions
of individual ro-vibrational states of the O, reactant (v=1580cm™!,
B=1.4456 cm~1) [66], denoted by i, having energies E; and popu-
lations g;. As noted above, contributions from excited electronic
states of Os* are negligible. Before comparison with the experimen-
tal data, Eq. (3) is convoluted with the kinetic energy distributions
of the reactant ions and neutrals at 300K [51]. The o, n, and
Eo parameters are then optimized using a nonlinear least-squares
analysis to give the best reproduction of the data. Error limits for
Eq are calculated from the range of threshold values for different
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Table 1
Electronic states of atomic osmium cations.
State Configuration ] Energy? (eV) Population (%)
300K 700K 1100K
5D 6s'5d° 9/2 0.000 100.0 99.931 98.901
7/2 0.445 0.0 0.050 0.720
5/2 0.487 0.0 0.019 0.348
3/2 0.693 0.0 0.000 0.026
1/2 0.823 0.0 0.000 0.003
6s 6s25d5° 5/2 0.978 0.0 0.000 0.002
4D 6s15d6 avg 1.475P¢ 0.0 0.000 0.000
4F 5d7 avg 1.648>4 0.0 0.000 0.000

2 From Ref. [60], except as noted.
b State assignments from Ref. [61].
¢ Weighted average of spin-orbit levels, 7/2, 5/2, and 3/2 (1/2 missing).

d Weighted average of spin-orbit levels, 7/2 and 5/2 (9/2 and 3/2 missing). Also the 7/2 level (at 1.637 eV) should lie at the energy of the *F state before spin-orbit splitting

in the absence of perturbations from other states.

data sets over a range of acceptable n values combined with the
absolute uncertainty in the kinetic energy scale.

2.4. Theoretical calculations

Most quantum chemistry calculations reported here were com-
puted using the B3LYP hybrid density functional method and
performed with the GAUSSSIAN 09 suite of programs [67]. The
B3LYP method is based on the hybrid gradient-corrected exchange
functional proposed by Becke [68] combined with the gradient-
corrected correlation functional of Lee et al. [69]. Additional density
functionals used include Becke half-and-half LYP [70] (BHLYP),
BLYP [71], and BP86 [72], along with coupled cluster with single,
double, and perturbative triple excitation (CCSD(T,full)) [73-76].
Here, the BP86 functional is chosen specifically because it was
found to perform well for a variety of transition metal com-
plexes [77] and has been found to yield reasonable upper limits on
the thermochemistry of organometallic species in previous work,
where B3LYP gives reasonable lower limits [78]. The def2-TZVPPD
basis set was used for oxygen in most calculations, with very sim-
ilar results obtained in earlier calculations using the 6-311+G(3df)
basis set [79] both being triple-¢ with diffuse and polarization
functions. These basis sets give good results for the thermochem-
istry of O, with an O—O bond energy calculated using B3LYP as
5.26 and 5.28 eV, respectively, compared to the experimental value
of 5.115eV, Table 2 [80]. Notably other approaches fare less well
with BHLYP yielding very low values (near 4.3 eV), and BLYP and
BP86 yielding high values (near 5.8 and 6.1 eV, respectively). Even
the CCSD(T,full) approach is off somewhat with bond energies of
4.88eV and 4.96 eV for the two basis sets, respectively. Increasing
the size of the basis set to def2-QZVPPD leads to excellent agree-
ment for CCSD(T,full) with a bond energy of 5.04 eV, while this basis
set affects the results for the four DFT approaches very little, Table 2.

For osmium, several basis sets were used, all using relativistic
effective core potentials (ECPs) that are small core (60 electrons)
such that the 5s, 5p, 5d, and 6s orbitals are explicitly considered. The
def2-QZVPPD, def2-TZVPPD (which is equivalent to def2-TZVPP)
[81], and Stuttgart-Dresden (SDD) [82] use ECPs developed by
Andreaetal. [83], whereas the HW+ basis set uses that of Hay-Wadt
(HW) [84]. The def2 basis sets include f and g type polarization
functions on Os, whereas neither the HW+ nor SDD basis set do.
(The def2 and SDD basis sets were obtained from the basis set
exchange of the Environmental and Molecular Sciences Laboratory,
EMSL|[85,86].) The HW-ECP is optimized for neutral atoms, whereas
the HW+ basis used here was developed by Ohanessian et al. [87] to
account for the differential contraction of the s orbitals compared
to the d orbitals resulting from the positive charge. In all cases, the
thermochemistry calculated and cited here for OsO* and OsO,* is

corrected for zero point energy effects, after scaling the frequencies
by 0.989 [88].

One means of testing the validity of the theoretical results is to
compare the theoretical results for the excitation energies of the
various states of Os* to experimentally measured values, Table 2.
Experimentally, the weighted average over all spin-orbit levels for
the 5D (6s'5d®) ground state is 0.363 eV above the 5Dgj, ground
level, Table 1. Experimental excitation energies (again weighted
averages over all spin-orbit levels) to the 6S (6s25d°), 4D (6s!5d°%),
and 4F (5d7) excited states are 0.615, 1.112, and 1.285 eV, respec-
tively (Table 1). Note that the values for the quartet states are
somewhat tenuous because some spin-orbit levels have not been
identified. Calculations properly identified the ground state as the
6D except for CCSD(T,full) calculations using the SDD and HW+
basis sets, Table 2. In contrast, the CCSD(T,full) calculations using
the def2 basis sets yield excitation energies in reasonable agree-
ment with experiment, with average deviations below 0.2 eV. Thus,
the lack of f~ and g-polarization functions suggest that the HW+
and SDD basis sets are insufficient for a meaningful recovery of
electron correlation at the CCSD(T,full) level. The DFT/HW+ calcu-
lations also perform reasonably well with average deviations below
0.2 eV, with BHLYP/HW+ having an average deviation below 0.1 eV.
Overall, the CCSD(T,full)/def2 calculations appear to yield the best
performance.

3. Results
3.1. Reaction of Os* with O,

Fig. 1 shows cross sections for the reaction of Os* with O, at a
pressure of 0.42 mTorr yielding OsO* and OsO,* as a function of
kinetic energy. The OsO* cross section exhibits two features. The
first feature has an apparent threshold near OeV, reaches a max-
imum near 0.4eV and then starts to decline. The second feature
has an apparent threshold near 1.2 eV, reaches a maximum near
5eV, and then starts to decline because the OsO* product ion can
dissociate further in reaction (4),

Ost+0; — 0sO"+0 — Os*+0 + O (4)

which has a thermodynamic threshold of 5.115eV=Dg(0;).
Notably the endothermicity of reaction (1) observed here agrees
with the observations of Bohme and coworkers and Schweikhard
and coworkers, in which an excited state of Os* was needed in order
to form OsO* at thermal energies [17-19]. Our cross sections for
reaction (1) at thermal energy can be converted to a rate coeffi-
cientof 5+ 1 x 10~12 cm3 molecule~! s~!, two orders of magnitude
smaller than the collision limit, which is small enough to agree with
the failure to observe this process in the previous studies.
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Table 2

Bond energy of O, (*¥ ) and excitation energies for the atomic osmium ion (eV) calculated at several levels of theory.
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State Basis set B3LYP BHLYP BLYP BP86 CCSD(T.full) Exp.
Do(02,3%;7) def2-QZVPPD 527 4.27 5.80 6.07 5.04 5.12
def2-TZVPPD 5.26 4.25 5.79 6.06 4.88
G 5.28 4.28 5.81 6.08 4.96
6D(6s'5d6) def2-QZVPPD 0.0 0.0 0.0 0.0 0.0 0.00*
def2-TZVPPD 0.0 0.0 0.0 0.0 0.0
SDD 0.0 0.0 0.0 0.0 2.54
HW+ 0.0 0.0 0.0 0.0 0.49
65(6s25d°) def2-QZVPP 1.00 0.96 0.97 - 0.73 0.62?
def2-TZVPP 1.01 0.97 0.98 1.25 0.79
SDD 1.05 1.01 1.03 1.25 2.82
HW+ 0.70 0.60 0.72 0.95 0.60
4D(6s'5d®) def2-QZVPP 1.18 1.14 0.82 0.98 0.97 1.11°
def2-TZVPP 1.18 1.14 1.14 1.50 0.92
SDD 0.81 0.83 0.77 0.94 0.0
HW+ 1.05 1.13 0.97 1.11 0.0
4F(5d7) def2-QZVPP 0.75 0.82 0.68 0.77 0.90 1.28¢
def2-TZVPP 0.76 0.82 0.81 0.80 0.88
SDD 0.76 0.82 0.69 0.79 1.98
HW+ 0.92 1.03 0.82 0.89 1.84

2 Statistically weighted mean of spin-orbit levels. Referenced to the ground term, 0.363 eV above the Dy, level. See Table 1 for references.

Fig. 1 also shows the cross section for the formation of 0sO;*.
The magnitude of this cross section was found to depend linearly
on O, pressure, such that it disappears when extrapolated to zero
pressure. Thus, this product is formed in the sequential reaction
(2) or by a termolecular association process. We exclude the lat-
ter process because Koyanagi et al. find the termolecular process in
He at 0.35 Torr has an apparent bimolecular rate constant of only
3.7 x 10712 cm3 s~1[17], such that the termolecular process with an
0, pressure that is three orders of magnitude smaller would not be
observed. More insight into this process can therefore be obtained
by interpreting the raw data as if the OsO* species is the reactant
and the intensities are again converted to an absolute cross sec-
tion. Fig. 2 shows the data taken at P(O;)=0.42 mTorr interpreted
in this fashion. Data taken at P(O,)=0.19 mTorr is quantitatively
similar in magnitude and energy dependence but more scattered.
It should be realized that this interpretation is not precisely correct
inthat the kinetic energy of the OsO* productis no longer accurately
reflected by the energy axis shown (that of the Os* + O, reactants).
Nevertheless, the OsO,* cross section obtained falls off uniformly
with energy below 1.5 eV, with an energy dependence below 0.5 eV

Energy (eV, Lab)

0.1 1 10 100

10, et . . .
j:‘o/zja"\/\

19 OsO* I]\ 3

a N A A AA
0s0,* ““‘\%‘ :
kY s

0.01 4 A 3

Cross Section (10'16 Cm2)
o
B

0.001

0.01 0.1 1 10
Energy (eV, CM)

Fig. 1. Cross sections for the reaction of Os* (°D) with O, at a pressure of 0.42 mTorr
as a function of kinetic energy in the center-of-mass frame (lower axis) and labo-
ratory frame (upper axis). Formation of OsO* (circles), 0sO,* (triangles), and their
total (line) are indicated. The arrow shows the O, bond energy at 5.115eV.

comparable to that expected for ion-neutral collisions according to
the Langevin-Gioumousis-Stevenson (LGS) model [89], Eq. (5),

o )1/2 (5)

Olcs = Te ( 2megE

where e is the charge on the electron, o is the polarizabil-
ity volume of the neutral reactant molecule (1.57A3 for 0,)
[90], and gy is the permittivity of vacuum. The experimen-
tally observed magnitude for the cross section of reaction (2)
is about 16 3% of the collision prediction. Our results are con-
sistent with those of Schweikhard and coworkers that OsO*
reacts with O, at thermal energies, although they obtain a
rate constant of 5.0+0.3 x 101! cm3 molecule~'s=1 [19]. (Here
the quoted uncertainty is only the statistical uncertainty,
whereas a systematic uncertainty is probably on the order of
1.0 x 10~ cm3 molecule~!s~1.) Compared to the collision rate,
kics=5.6 x 10719 cm3 molecule~! s—1, this indicates a reaction effi-
ciency of 9 + 2%, which is somewhat lower than our value. Some
deviations in these measurements can be expected because of the
uncertainty in our energy scale and, in the FT-ICR experiments, the
0s0* is formed by thermal reactions of electronically excited Os™,

Energy (eV, Lab)
0.1 1 10 100

-
o
1

-
1

0sO* + 0 —=
0s0,* + 0

Cross Section (10'16 cm2)
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Fig. 2. Estimated cross section for reaction (2) determined as described in the text
as a function of kinetic energy in the center-of-mass (lower axis) and laboratory
(upper axis) frames. The arrow indicates the O, bond energy at 5.115eV. The line
shows the Langevin-Gioumousis-Stevenson collision cross section divided by six.
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which can alter the internal energy of the OsO* reactant compared
with that formed in our work.

The cross section for reaction (2) shown in Fig. 2 also exhibits
a high energy feature starting about 1.8 eV. Although it is possible
that this corresponds to formation of an excited state of OsO,*, it
is also plausible that this simply follows from the second feature
in the primary OsO* product cross section. This latter possibility
recognizes the fact that the OsO* products formed at threshold in
this second feature have little kinetic energy and hence should react
efficiently in an exothermic process. This is again a reflection that
the energy scale shown may not be accurate.

3.2. Analysis of the OsO* cross section

The first endothermic feature in the OsO* cross section presum-
ably corresponds to the formation of ground state OsO* in reaction
(1). This process has an apparent threshold near 0 eV, peaks around
0.4 eV, and falls to approximately 50% of its maximum intensity
before therise of a second endothermic feature near 1.2 eV. Notably,
this decline in the cross section at low energies cannot be attributed
to decomposition of the product ion, as reaction (4) is inaccessible
below Dg(0,)=5.115eV. Furthermore, because no products other
than OsO* + O are feasible in this energy range, the second feature is
plausibly assigned to the formation of electronically excited prod-
ucts. The energy difference between the two features is smaller
than the excitation of the O neutral product, which requires 1.97 eV
to form the 1D state [91]. Therefore, we tentatively assign the sec-
ond cross section feature to the formation of electronically excited
0s0*, an assumption explored thoroughly below.

The kinetic-energy dependence observed in the low energy part
of the OsO* cross section is unusual. Although it is energetically
possible to form excited states in most ion-molecule reactions
at elevated kinetic energies, it is unusual for individual product
states to give rise to distinct features in GIB experiments. Clearly,
the routes to the two products in question must differ in some
fundamental way. In previous work, we have observed a similar
phenomenon for reaction of V* with CS, [92]. Again two features
were observed in the cross section for formation of VS*, with the
lower energy feature peaking sharply at low energies. Here, the two
features were attributed to reactions (6) and (7).

V*+(°D) + CSy(1Zg™) - VSH(ET) + cs(P =) (6)
V*(°D) + CSy(' Zg*) — VSH(°II) + CS(' =+) (7)

Here, formation of the VS* (3X-) ground state is spin forbid-
den, whereas formation of VS* (°I1) is spin-allowed, which can
explain why the latter process is easily observed as a distinct fea-
ture in the cross section even though it is much more endothermic
than the former process. This work also demonstrated that the
sharp peak in the cross section for reaction (6) could be explained
by the energy dependence of the spin-orbit coupling needed to
permit this reaction to occur. Within a Landau-Zener framework,
this leads specifically to o1z(E)=o(E)/E'/2, which can be repre-
sented using Eq. (3) by letting m be 0.5 greater than its usual
value of m=1.0. Arelated phenomena was observed in the reaction
of S* (#S)+H, — SH*(3X-)+H (2S) [93], where two endothermic
features were again observed with the low energy one peaking
sharply. Here, the higher energy feature could be explained as a
spin-allowed reaction along a quartet surface exhibiting a barrier,
whereas the lower energy feature requires changing to the doublet
surface associated with the ground state of the H,S* (2B;) inter-
mediate. On the basis of these comparisons, the behavior observed
for the formation of OsO* in reaction (1) is consistent with a spin-
forbidden reaction at low energies followed by a spin-allowed
reaction at higher energies.

Table 3

Parameters of Eq. (3) used to model reaction (1).?
o) m n Eo (eV)
33+0.2 1.0 0.35 £+ 0.05 0.161 £ 0.04¢
3.2+0.2 1.5 0.69 + 0.1 0.15¢ + 0.02¢
32+0.2 2.0 1.04 +£ 0.1 0.154 + 0.02;
7.3 £ 0.6 1.0 1.05 + 0.06 1.52 £ 0.11

2 Uncertainties are two standard deviations.

The endothermic cross sections for reaction (1) are analyzed in
detail using Eq. (3) as described above, with optimum values of the
fitting parameters listed in Table 3. In the low energy region, mul-
tiple data sets and zero pressure extrapolated data were analyzed
using Eq.(3)and mvalues of 1.0, 1.5, and 2.0. As noted above, a value
of m=1 is generally sufficient to reproduce the energy dependence
of reaction cross sections [62], whereas m = 1.5 includes the approx-
imate Landau-Zener energy dependence [92],and m =2 was tried to
provide a feel for what range of m values might be useful. To repro-
duce the data over the range of 0-1 eV, the values of the parameter
n then vary as 0.3540.05, 0.69 + 0.1, and 1.04 + 0.1, respectively.
The quality of the reproduction was comparable for m=1.5 and 2.0,
and slightly worse for m=1.0. Fig. 3 shows zero-pressure extrapo-
lated data reproduced using the model with m =1.5. Notably the Eg
threshold values vary little with the n and m parameters, Table 3,
yielding an average value of 0.157 +0.024 eV (two standard devia-
tions).
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Fig. 3. Zero-pressure extrapolated cross sections for reaction (1) as a function of
kinetic energy in the center-of-mass frame (lower axis) and laboratory frame (upper
axis) on both log (part a) and linear (part b) scales. The best fits to the data using Eq.
(3) with parameters of Table 3 (m=1.5 at low energies) are shown as dashed lines.
The solid lines show these models convoluted over the kinetic and internal energy
distributions of the reactant neutral and ion. The arrows show the O, bond energy
at5.115eV.
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Because the rotational, vibrational, translational, and electronic
energy distributions of the reactants are explicitly included in the
modeling, the Ey thresholds determined using Eq. (3) correspond
to OK. From the thresholds measured, the OsO* BDE at 0K can be
calculated using Eq. (8).

Do(0st—0) =Dy(0—0) —E (8)

This equation assumes that there are no activation barriers in
excess of the endothermicity of reaction (1), an assumption that
is often true for ion-molecule reactions because of the long-range
attractive forces [51,64]. This assumption is also confirmed by the
theoretical calculations of the potential energy surfaces for this
reaction (see below). Thus, from the threshold of 0.16+0.02eV,
Eq. (8) indicates that Dy(0sO*)=4.96 +0.02 eV.

Our bond energy is in rough agreement with the value of
5.6 +£0.5eV determined by Dillard and Kiser [15], good agreement
with the 4.94 1.2 eV value of Watson et al. [16], but lies slightly
above the upper limit of 4.86 +0.01 eV determined by Irikura and
Beauchamp in FT-ICR studies [13]. This limit was determined on
the basis of observing the reaction 0sO*+CyHy — Os* +[Cy,Hy,0]
at thermal energies; however, the rate of this reaction is not pro-
vided, such that it is plausible the reaction is inefficient and occurs
as a result of excited (electronically or vibrationally) OsO* formed
by electron ionization of OsOy.

If any of the fits to the low energy feature are extended to
higher energies and subtracted from the data, the remaining high
energy feature can then be analyzed independently. Utilizing all
low-energy models (m=1, 1.5, and 2), the high energy feature can
be accurately reproduced using Eq. (3) with m=1.0, n=1.05 £+ 0.06,
and Eg=1.52+0.11eV. The difference in the threshold energies
is 1.364+0.11 eV. Modeling of the high energy feature above 5eV
includes consideration of the decline in the cross section associ-
ated with reaction (4). A statistical model for this process includes
two parameters: the energy onset for reaction (4), Ep, and a param-
eter p that controls the shape of the cross section in this region
[43]. Here, the data are accurately reproduced when Ejp is held to
Dg(02)=5.115¢eV, and p=0. Fig. 3 shows that the low-energy fea-
ture, the high-energy feature, and the decline in the cross section
at high energies are reproduced nicely by these models. Similar
reproductions are found for all data sets.

3.3. Theoretical results for 0sO*

B3LYP/def2-TZVPPD calculations performed here indicate that
the ground state of 0s0* is ® ©* with a bond length of 1.730A and a
valence electron configuration of 162174182201272. In this desig-
nation of the molecular orbitals (mos), the Os (5s, 5p) and O (1s, 2s)
core electrons are not included, the 10 and 17 are the Os—0 bonding
mos, with 277 and 30 being the antibonding counterparts. The 18 is
pure 5d nonbonding and the 2o is mostly Os(6s) nonbonding. Given
these identifications, the 8 £* state has six electrons in bonding mos
and two in antibonding mos for a bond order of two. This is reason-
able given the relatively strong bond energy of 4.96 eV measured
here. Further, this bond energy is approximately two-thirds that of
HfO*, TaO*, and WO*, 6.91+0.11, 7.10+0.12, and 6.77 £ 0.07 eV,
respectively, which have triple metal oxygen bonds [38,39].

In addition to the 6X* state, there is also a low-lying 4®/T1
state that involves moving an electron from the 27 antibonding
orbital to the 1§ nonbonding orbital, such that it has a bond order
of 2.5 and a shorter bond, 1.657 A. In previous theoretical stud-
ies, the ground state of OsO* was usually assigned as the 6X*.
For instance, Yao et al. calculate excitation energies to the quar-
tet state of 0.03eV and 0.21eV at the BLYP/SDD/6-311+G(d) and
B3LYP/SDD/6-311+G(d) levels, but the quartet is the ground state
by unspecified amounts when using B3PW91, BPW91, B3P86, BP86,
MPW1PW091, PBE1PBE, and SVWN approaches [20]. Li et al. put the
quartet 0.18 eV and 0.10 eV above the sextet at the B3LYP/TZVP and
CCSD(T,full)/6-311+G(d) levels [21], and Wang et al. calculate an
excitation energy of 0.12 eV at the B3LYP/SDD/6-311+G(3df) level
[22]. In contrast, Zhang et al. have the quartet being the ground
state with the sextet lying only 0.02 eV higher in energy at the
B3LYP/LANLDZ+{/6-311G(d) level [14]. Given these low excitation
energies, there is obviously some question as to the true iden-
tity of the ground state. To test this, we calculated the 6 -4 ®/I1
excitation energy at several different levels of theory using several
different basis sets (including def2-QZVPPD) with the results com-
piled in Table 4. For B3LYP, BHLYP, and CCSD(T.full) approaches,
the 6X* remained the ground state with excitation energies to the
4®/T10f0.02-0.43 eV. However, the BLYP and BP86 functionals find
the reverse (except for BP86/SDD/G) with the sextet lying above the
quartet by 0.01-0.14eV.

Complicating the ground state assignment is the fact that the
4®/I1 state should have spin-orbit splitting, which could conceiv-
ably drop the lowest spin-orbit level below that of the 62"5/2
state, which has no first-order spin-orbit interactions. To explore

Table 4
63+ — 4TI excitation energy and bond energies of 0sO* (°X*) and OsO* (*IT) (eV) calculated at various levels of theory.
Basis set? B3LYP BHLYP BLYP BP86 CCSD(T,full)
6%+ 4T b def2-QZVPPD 0.02 (~0.54) 0.25(-0.32) ~0.14(-0.70) —0.06(-0.63)  0.09 (—0.47)
def2-TZVPPD 0.02 (—0.54) 0.25(-0.32) -0.14(-0.71)  —0.07 (-0.64) 0.19(-0.38)
def2-TZVPPD/G 0.02 (~0.55) 0.25(-0.32) ~0.14(-0.71) —0.07(-0.64)  0.10(—0.46)
SDD/G 0.13 (-0.44) 0.35(-0.21) ~0.05 (—0.62) 0.02(-0.54)  0.43(-0.14)
HW*/G 0.10 (~0.47) 0.35(-0.23) ~0.08(~0.65) —0.01(-0.57) 0.42(-0.15)
Do(0s0*, 65+ )¢ def2-QZVPPD 448(4.12) 3.31(2.95) 5.18 (4.82) 5.38 (5.02) 4.44(4.08)
Do(0sO*, 4TT )b+ 4.46 (4.66) 3.06 (3.26) 5.32(5.52) 5.45 (5.65) 435 (4.55)
def2-TZVPPD 4.46(4.10) 3.29(2.93) 5.16 (4.80) 5.33(4.97) 4.33(3.97)
4.44 (4.64) 3.04(3.24) 5.30 (5.50) 5.41(5.61) 4.15 (4.35)
def2-TZVPPD/G 4.45(4.09) 3.28(2.92) 5.15 (4.79) 5.34 (4.98) 4.30(3.94)
443 (4.63) 3.03(3.23) 5.29 (5.49) 5.42 (5.64) 4.20 (4.40)
SDD/G 4.27(3.91) 3.06(2.70) 5.00 (4.64) 5.19(4.83) 4.38(4.02)
4.14 (4.34) 2.71(2.91) 5.05 (5.25) 5.16 (5.36) 3.95 (4.15)
HW*/G 4.33(3.97) 3.12(2.76) 5.05 (4.69) 5.26 (4.90) 4.53(4.17)
423 (4.43) 2.78 (2.98) 5.13(5.33) 5.27 (5.47) 411(4.31)

Bold values indicate the ground state bond energy.
2 G indicates 6-311 +G(3df) basis set used on oxygen.

b Values in parentheses have been corrected for the approximate 0.57 eV spin-orbit splitting of the 0sO* (#I15),) state. See text.
¢ Values in parentheses have been decreased by the experimental average energy of all spin-orbit levels for Os* (°D), 0.363 eV. See text.
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this possibility further, we note that the spin-orbit splitting of
the OsN molecule, isoelectronic with OsO*, in its 4® state has
been measured [94,95]. The 4®;, and “®s, states are split by
979.26 cm~!, which in this case should equal three times the spin-
orbit splitting constant, A(®)=326.42cm~! (where we assume
that ES°=A A Ms with A being the orbital angular momentum
quantum number and Ms the spin quantum number associated
with a particular £2= A + Ms level [96]). (Note that A(®) should be
approximately {54 (0s)/9-3045cm~1/9 [95,96] =338 cm~!, where
¢sq is the atomic spin-orbit constant, in good agreement with the
experimental value.) Ignoring any interactions with other states,
this places the 4®g), level 4.5 x A=1468.89 cm~! (0.182 eV) below
the unperturbed 4® state. If the spin-orbit splitting is similar
in 0sO*, then the 6X*5; —4®g), excitation energy should be
lowered by this amount. For a I1 state, the spin-orbit splitting
constant, A(*IT) should equal ¢54 (Os) and the #I5, level should
lie 1.5 x A(*T1)=4568 cm~1(0.566 eV) below the unperturbed state.
In this case, the 8X*5, — 4I15), excitation energy should be low-
ered by this amount. It might also be noted that the internally
contracted multireference configuration interaction (CMRCI) cal-
culations of Ram et al. on OsN indicate that the #II state lies
1800cm~1=0.223 eV below the 4® state [94], hence we assume
that the low-lying quartet state of OsO* is also most accurately des-
ignated as 4I1. The estimated spin-orbit correction for the 41'[5/2
state means that it becomes the likely ground state for all cal-
culations and basis sets used, Table 4, with the excitation to the
6% %5, state ranging from 0.14eV to 0.71eV. The other spin-orbit
components of the 41T state, the §2=3/2, 1/2, and —1/2 levels, are
estimated to have excitation energies of about 0.378, 0.755, and
1.133 eV above the 41'15/2 ground level.

The OK bond energy of the 6%* state calculated at the
B3LYP/def2-TZVPPD level of theory is 4.46 eV, somewhat below the
4.96 +0.02 eV experimental value determined above. Use of differ-
ent basis sets (SDD and HW+) and theoretical approaches (BHLYP,
BLYP, BP86, and CCSD(T,full)) were also explored, with results com-
piled in Table 4. Clearly, the B3LYP and CCSD(T,full) approaches
yield comparable results ranging from 4.27eV to 4.53eV. The
BHLYP approach yields BDEs that are all >1.6eV below the exper-
imental value, which is consistent with previous results for the

multiple metal ligand bonds [39,97]. For the BLYP and BP86
approaches, the predicted ground state is now the #I1, with BDEs
that are somewhat higher than experiment, ranging from 5.05 eV to
5.32eV and 5.16eV to 5.45 eV, respectively. One possible explana-
tion for discrepancies between experiment and theory is spin-orbit
interactions, which are not explicitly included in the present cal-
culations but were estimated above. The theoretical bond energies
are calculated with respect to the average energy of all spin-orbit
levels of the Os* (°D) state, lying 0.363 eV above the ®Dg, ground
state level, which is the appropriate asymptote for the experimen-
tal bond energy. For 0sO* (6X*), there is no first-order spin-orbit
splitting (although interactions with nearby levels could perturb
this), such that corrected theoretical BDEs for this state should
be decreased by 0.36eV, as indicated in Table 4. Complicating the
proper comparison between theory and experiment is the fact that
the 4TI state should exhibit first-order spin-orbit splitting, esti-
mated above, such that the BDEs of the T1 state should be increased
by 0.566-0.363=0.20eV, as also shown in Table 4. (If the 4® state
is the ground state, then the calculated BDEs should be lowered
by 0.363-0.182 =0.18 eV.) With this correction, all levels of theory
now suggest that the bond energy measured experimentally is that
of the #I1 state, with BDEs calculated at the B3LYP and CCSD(T,full)
levels being somewhat lower than experiment and those at the
BLYP and BP86 levels somewhat higher than experiment, Table 4.

Additional doublet, quartet, and sextet excited states were also
located at the B3LYP/def2-TZVPPD level of theory and are listed
in Table 5. Variation of the orbital occupation in the 41T state led
to another quartet state lying 0.05eV higher in energy, but oth-
erwise very similar bond length. This is similar to the behavior
calculated by Ram et al. for the 4IT and 4® states of OsN (where
the calculated excitation energy is 0.22eV) [94], hence we assign
this other state as 4®. Other states of OsO* located have excita-
tion energies of 0.29-3.63 eV above the 6 ©*, Table 5. It can be seen
that most states identified as having bond orders of 2 have bond
lengths of 1.71-1.77 A. The 2X* and 2 A states having bond orders
of 3 decrease the bond length to ~1.6 A, whereas the states with
bond orders of 2.5 have intermediate bond lengths of 1.64-1.70 A,
Two states with bond orders of 1.5 have longer bonds, 1.79-1.86 A.
If the antibonding 3¢ orbital is occupied, the bond lengths increase:

Table 5
Theoretical results for OsO* calculated at the B3LYP/def2-TZVPPD level of theory.
State Configuration Bond order <s2> r(0s—0) (A) w (cm~1) Ee (€V)
63+ 10217418%201272 2 8.76 1.730 914 0.00
411 102174183201 27! 2.5 3.77 1.657 1035 0.02
4P 10217418%201 27! 2.5 3.77 1.656 1032 0.07
25 102174154201 3 0.75 1.589 1167 0.29
21 10217418427 2.5 1.60° 1.652 1051 0.51
M 102174183201 2721 25 1.77° 1.659 1028 0.51
2A 10217418%202 3 0.76 1.609 1097 0.69
4A 102174183272 2 4.44> 1.720 921 0.71
21 10217418427 2.5 0.76 1.639 1087 0.80
20 10217418%201 27! 2.5 1.75 1.654 1051 0.81
4zt 10217418%201272 2 4.76° 1.744 861 0.86
4A 10217418%272 2 3.76 1.709 954 0.90
411 10217416%20227! 2.5 3.84 1.684 919 1.01
2A 102174183272 2 1.76° 1.714 934 1.41
4%t 102174162201 272 2 3.77 1.726 924 1.42
4A 10217418%201 2722 2 3.93 1.762 725 1.65
4r 102174182201 272 2 3.76 1.731 902 2.05
r 102174183272 2 0.78 1.711 923 2.15
4A 1021418320130 2.5 3.84 1.697 883 292
ST1 1021741622012 30! 2 9.12 1.833 587 2.94
411 102174182273 1.5 3.79 1.789 790 3.04
4A 1021741820227 2 3.76 1.765 846 3.22
811 102173162201 27230" 1 15.76 2.116 447 339
5 1017418320122 1.5 8.76 1.860 690 3.63

2 Calculated frequencies scaled by 0.989.
b Spin-contaminated.
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Table 6
Theoretical results for 00sO* calculated at the B3LYP/def2-TZVPPD level of theory.?

State Configuration <s2> r(0s—0) (A) £00s0 (°) o (cm~1)° Ecel (€V)
2By 1a121by%1a5%2a1%1b1%22b323a,22b, ! 0.94¢ 1.661 116.5 269, 965, 1065 0.00

4B, 1a;21b%1a,22a,%1b122b,%3a,'2b, 4a,! 3.75 1.678 126.6 296, 962, 1030 0.23

27, 1a:21by%1a,%2a,%21b122b523a,'2b, 2 0.76 1.670 124.2 296, 983, 1056 0.24

4B, 1a121by%1a5%2a1%21b1%22b323a,'2b1 1 2a,! 3.76 1.697 (1.697) 104.5 (104.7) 369, 921, 999 0.61 (0.00)
274 1a121b2%1a5%2a1%1b1%22b>230a1%4a; ! 0.76 1.668 114.6 300, 973, 1046 0.80

2A; 1a:21by21a,%2a121b122b323a;22a;" 0.87 1.682 (1.681) 99.5(99.7) 388, 1003, 1017 1.34(0.66)
4A; 1a121by%1a5%2a1%21b1%22by23a; '4a, ' 243! 3.79 1.710 104.4 320, 947, 952 1.90

6A, 1a121b2%1a5%2a1%1b1%22b,"'3a;'2b; '4a, 1 2a,! 8.77 1.782 95.4 147, 555, 858 1.91(1.27)
47,4 1a;21b3%1a,%22a,%1b122by"3a,%2b1 4a, ! 3.76 1.705 147.6 247i,107, 947 1.97

2B, (2%%) 1a121by%1a,%2a,%21b122by"'3a,22b¢ 2 1.48¢ 1.697 180.0 94,562,978 2.10

SA” (5A;) 1a121by%1a5%2a1%1b1'2b,23a,'2b, '4a, 1 2a,! 8.76 1.717,1.905 126.4 201, 586, 891 2.68

2A, 1a;21b3%1a,22a,%1b122b,"3a,%2b, 4a,! 1.76¢ 1.702 156.5 114, 283, 963 2.82

4A; 1a:21b2%1a5%2a,%21b122b323a;'2b,13b,! 3.76 1.735 121.8 250, 783, 939 2.87

2A; 1a121by%1a5%2a1%21b122b323a,'2b, 13by! 1.82¢ 1.743 121.0 250, 699, 884 3.26

6A” (BA)e 1a121by%1a5%2a1'1b122b,23a;'2b; '4a,13b,! 8.78 1.778,1.879 180.0 233i, 194i, 203, 824 3.27

2B, 1a:21by21a,%2a1%21b122b323a;23b;, ! 0.79 1.720 112.1 268, 840, 963 3.36

5B, 1a121by%1a3%2a;1'1b122b,23a,'2b, '4a, 1 2a,! 8.83 1.799 135.9 209, 717, 803 3.42

4B, 1a;21b3%1a22a,21b122b,23a;'4a, ' 3by! 4.87¢ 1.828 148.2 124, 497,743 3.49

6B, 1a;21b3%1a,"2a,%1b122by23a,'2b, '4a; ' 2a, ! 8.77 1.826 102.9 209, 784, 1583 3.70

5B, 1a121b2%1a2%2a121b122by"'3a;'2b; '4a,13b,! 8.77 1.776 156.1 136, 850, 3496 3.79

6B, 1a121b2%1a5%2a1%21b1%22by"'2a,'3a;12b, 13b,! 8.88 1.832 103.5 255i, 181, 760 4.10

SA” (8A;) 1a;21b3%1a,22a,%1b1'2by"2a'3a;,'2b,'3by 14a; ! 15.77 1.737, 2.566 82.3 82,195, 893 4.56

A, 1a121b2%1a,%2a1%21b122b,22b112a;13b, ! 3.82 1.788 111.1 251, 608, 797 493

@ Values in parentheses are from [14].

Calculated frequencies scaled by 0.989.

Spin-contaminated.

Stable only at C,, symmetry. Has an imaginary asymmetric stretch.

Stable only at 180° and C,. Has an imaginary bend and asymmetric stretch.

b

d
compare 4® and 4A with an increase of 0.04A and 6¥* and 6I1
with an increase of 0.10 A. We also searched for the lowest energy
octet state, locating the 8T at 3.39eV above the ground state.
Not surprisingly, this state has a bond order of only 1 such that
the bond length extends to 2.12 A. Examination of the vibrational
frequencies find that they also track reasonably well with the bond
order, ~1130cm~! for 3, ~1050cm~! for 2.5, ~900cm~! for 2,
~740 cm~! for 1.5, and 450 cm~! for 1 with the greatest exceptions
again associated with occupation of the 3¢ mo. Finally, although
these calculations should provide useful guidelines for the pres-
ence of excited states, they are limited to single configurations and
therefore do not address the true multiconfiguration character of
these states, as nicely illustrated by the CMRCI calculations of Ram
et al. on the isoelectronic OsN molecule [94].

3.4. Analysis of the 0sO»* cross section

As discussed above, the 0sO,* product is formed in the
secondary reaction (2). This process appears to be barrier-
less, as shown in Fig. 2. Thus, these results indicate that
Do(00s*—0) > Dg(0—0)=5.115eV. This agrees with the 5.4+ 0.7 eV
value obtained from appearance energy determinations by Wat-
son et al. [16], but not that of Dillard and Kiser, 4.1+0.3eV [15].
Irikura and Beauchamp assigned this BDE as 4.57 £0.52 eV, with
an upper limit of 5.09eV determined on the basis of observing
the reaction OsO,* + H, — 0sO* +H,0 (20% efficiency) [13]. Given
this efficiency, it is possible that only excited states (vibrational or
electronic) actually undergo this reaction, such that these results
are probably consistent as long as Dg(00s*—0) is close to 5.1eV.
This is consistent with the theoretical results described in the next
section.

3.5. Theoretical results for 0sO5*

In previous theoretical work on 0sO,*, Jiang et al. located a
ground state quartet with doublet and sextet states lying 0.66 eV
and 1.27 eV, respectively, higher in energy [14]. Wang et al. found
that a quartet (unspecified geometry) is the ground state, although

it is not apparent whether doublet spin species were examined
[22]. For 0OsO,*, our calculations predict the ground state to be
2B,, with equal Os—O bond lengths of 1.661A and a bond angle
of 116.5°, Table 6. The valence electronic configuration of this state
is 1a121by%1a22a;21b122b,23a,22b; 1. The bonding in metal diox-
ides has been described previously by Kretzschmar et al. (although
they use x as the symmetry axis with the molecule in the xz
plane, such that b; (out-of-plane) and b, (in-plane) designations
are switched compared with the nomenclature adopted here) [98].
Here, we utilize the conventions recommended previously [99], in
which the molecule has C;, symmetry along the z-axis with the
molecule lying in the yz plane. Core electrons on Os (5s, 5p) and O
(1s, 2s) are not included in these mos. The 1a; orbital is bonding
and formed from the 5d,? orbital of Os and the 2p; of each oxygen
atom, thus forming in-plane Os—O 7 bonds. There are two doubly
occupied, o-bonding mos (1b, and 2a; ) resulting from interaction
of the Os(5dy;) and Os(5dx?_,?) orbitals with in-phase and out-of-
phase combinations of the O(2py) orbitals on each oxygen atom.
The 1a, and 1b; mos are doubly occupied out-of-plane w-like mos,
which involve the Os(5dxy) and Os(5dyx;) orbitals combined with
out-of-phase and in-phase combinations of the O(2px) orbitals,
respectively. The 2b, mo, which is mostly nonbonding in charac-
ter, is formed from an out-of-phase combination of O(2p;) orbitals.
The 3a; orbital, also largely nonbonding, is a 6s-5dx2 hybrid along
with a little O(2py) character. Higher lying mos include 2bq, 4ay,
2a,, 3b,, and 5a;, which are antibonding versions of the 1bq, 2ay,
1ay, 1b,, and 1a; bonding mos, respectively. From this, the 2B; state
has 10 electrons in bonding and 1 electron in antibonding mos such
that each Os—O bond has a bond order of 2.25. This is reasonable
when one compares the 1.661 A bond length for each 0s—0 bond
in the 2B; state with those listed for the OsO* species having bond
orders of 2.5, Table 5. Further, this bond order characterization is
commensurate with the bond energy. At the B3LYP/def2-TZVPPD
level of theory, the 2B, state is calculated to lie 4.27 eV below the
Os* (6D)+ 0, reactant asymptote and to have a Dg(00s*—0) BDE
of 5.06 eV. This theoretical value compares favorably to the experi-
mental limits of >5.12 eV (measured here) and <5.09 eV (measured
previously) [13].
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Table 7
Theoretical results for Os*(0) calculated at the B3LYP/def2-TZVPPD level of theory.

State Configuration <s2> r(0s—0) (A) r(0—0)(A) 20050 (°) o (cm~1)? Erel (€V)°

4B, 1a1%1b2%10a2%2a121b123a122b, '4a, 1 2a,! 3.77 1.862 1.416 44.7 594, 600, 987 3.11

47, 1a121by21a,%22a,%1b123a,'2b1%4a; ' 2a,! 3.77 1912 1.348 413 212,535, 1046 3.38

27, 1a121by%10a2%2a121b123a,22b1%4a, ! 1.51¢ 1.958 1.289 384 391, 473, 1220 341

2By 1a1%1b2%10a2%2a121b123a,22b, 14a,? 1.39¢ 1919 1.310 39.9 357,432,1164 3.57

4A 1a'?2a?1a"?3a'?2a"%4a'?5a''3a"" 64’ 4.46¢ 1.880, 2.689 1.264 249 166, 555, 1171 3.62

SA 1a'?2a?1a"?3a'?2a"%4a''5a'' 3a"" 4a" 1 6a’! 8.76 1.908, 2.271 1.311 35.2 254, 586,1104 3.63

A 1a'?2a*1a"?3a’?2a"%4a'' 5a'' 3a"?6a’! 4.47¢ 1.877,2.737 1.258 234 159,494, 1193 3.65

6A,d 1a121b2%1a322a,%21b122b,"3a,12b1 '4a; ' 2a; ! 8.76 2.022 1.363 394 1053i, 353, 1038 3.88

2A” 1a'22a’?1a’?3a'?2a"%4a’?5a'?3a""! 2.10¢ 1.859,2.883 1.225 16.7 188, 408, 1375 3.90

2N 1a'?2a*1a'?3a’?2a"?4a'*5a' 3a'"? 2.05¢ 1.846, 2.895 1.225 15.7 185, 409, 1366 3.92

6A” 1a'?2a*1a"?3a’?2a" 4a'*5a'' 3" 4a"" 164’ 8.76 1.953,2.510 1.292 30.5 143,570, 1103 4.05

6B, 1a1%21b321a,%22a,%1b123a,'2b, '4a; ' 2a,'5a; ! 8.80 2.006 1.297 37.7 332,1171,1291 438

2 Calculated frequencies scaled by 0.989.

b Energy relative to the 0s0,* (2B ) state of Table 6.

¢ Spin-contaminated.

d Stable only at C;, symmetry. Has an imaginary asymmetric stretch.

Table 6 lists the geometries and energies of various stable states
of osmium dioxide cations, 00sO*, calculated at the B3LYP/def2-
TZVPPD level of theory. The first excited state of OsO,* is calculated
to be a B state lying 0.23 eV above the ground state and having
an Os*—0 bond length of 1.678 A and an angle of 126.6°. This state
is formed by moving an electron from the 3a; to the 4a; orbital.
The 2A; state, nearly isoenergetic with the 4B, has an Os*—0 bond
length of 1.670A and an angle of 124.2° and is formed by a 3a;
to 2b; excitation. Other excited states with Cy, symmetry were
located with excitation energies of 0.61-4.93 eV above the ground
state, bond lengths of 1.67-1.83 A, and bond angles of 95.4°-180.0°.
The 4B,, 2A;, and 6A; are the states previously located by Zhang
et al. [14], identified on the basis of the nearly identical geome-
tries and excitation energies, Table 6. Of the states we located, only
one is linear, at 2.10eV above the ground state. In G, symmetry,

this state has a 2B, designation but is 2X* in Cs,, symmetry with
a 16217427420118% orbital occupation. It can also be noted that
the 4A, state at 1.97 eV and the ®B, state at 4.10eV are stable only
if C;, symmetry is maintained, because these states have imag-
inary asymmetric stretches that permit them to collapse to the
lower lying 4B, and 6A; states, respectively. Finally, two related
6A” states were located having only Cs symmetry, such that the two
0s—0 bonds are different lengths. The 6A” state at 2.68 eV is given
in Table 6 with its orbital occupancy indicated by the C, symmetry
equivalents. As this state bends toward linearity, it becomes degen-
erate with the other A" state, which has a minimum at 180°, where
it becomes a A state with a 10217%27320218%30137! orbital
occupation. Thus, the 6 A state has an imaginary frequency (a bend),
such that it collapses to the lower 5A” state. We also located the
lowest energy octet state, 8A”, which is strongly distorted with one

4 . . . . . . . .
] All
3t A 3 4
2D 2p
2F L .
4D 4—

11 [ ‘D 4
< o ~ OsO* (62*) +0 . 0sO* (631 +0
) N
O % R =< e 1
2 N 0s* (°D) + O, (%) \ s Os* (6D) + 0, (")
) . \—
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i L N
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2 L
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0 30 60 90 120 150 180 0 30 60 90 120 150 180

0-0s*-0 bond angle
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Fig. 4. B3LYP/def2-TZVPPD calculations of the potential energy surfaces for the interaction of Os* with O, in C;, symmetry as a function of the 0—0s*—O bond angle in
degrees. The surfaces are separated into A’ (part a) and A” (part b) symmetry with doublet, quartet, and sextet states indicated by black full, blue long dashed, and red
short dashed lines, respectively. Horizontal dotted lines indicate the experimental energy zero, corresponding to the Os* (6D)+0, (3X-) reactants at 0.0eV, and the two
experimental energy thresholds determined for formation of OsO* + O products, 0.16 and 1.52 eV above the reactants. Circles indicate avoided crossings in Cy, (filled) and Cs

(open) symmetry.
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short, 1.737 A, and one long, 2.566 A, 0s—0 bond. As expected, such
a high spin state lies quite high in energy such that octet surfaces
were not explored.

In addition to this set of osmium dioxide cation states, there are
also anumber of states best characterized as adducts of Os* with O5.
These are collected in Table 7 and are typified by small 00sO bond
angles (<45°), short 00 bond distances (1.22-1.42 A compared to
free O, at 1.204 A), and larger Os—0 bond lengths (1.85-2.02 A) than
the dioxides. Half of these states retain C,, symmetry, whereas the
others are bent such that the two Os—O bond lengths are unequal.
All are stable except for the 6A; state, which has in imaginary asym-
metric stretch such that it collapses to the 6A’ state. All of these
states, except the highest lying B, are bound relative to the Os*
(°D)+0; reactants and can be viewed as the complexes formed in
the entrance channel of the Os* + 0, reactants.

3.6. Potential energy surfaces for Os* + 05 on the way to forming
0sO* +0

Calculated potential energy surfaces for the interaction of Os*
with O, (3%47) are shown in Fig. 4. They are separated into sur-
faces having A” and A” symmetry as only curves within these
groups will strongly interact under experimental conditions for
this triatomic system, which necessarily has a plane of symme-
try. In most cases, species have Cy, symmetry throughout. In the
interaction between Os* (°D) with O, (3Xg~), the first step is for-
mation of association complex intermediates, Os*(0,) (*B,) on
the A’ surfaces and Os*(0;) (4A;) on the A” surfaces, which have
energies 1.16 eV and 0.89 eV below the Os* (°D) + 0, (3 ;) asymp-
tote. The former intermediate has OsO bond lengths of 1.862 A,
a bond angle of 44.7°, and a valence electron configuration of
1a121by21a522a;%21b123a122b114a;12a, 1. The latter intermediate
excites an electron from the 3a; to the 2b; mo and extends the
bonds to 1.912 A. As the 00sO bond angle gets larger, the poten-
tial energy surfaces evolve into the more strongly bound osmium
dioxide cationic species, with the 2A; and 2B; states being the low-
est in energy on the A’ and A” surfaces. Note that doublet states
of 0sO,* cannot be formed in spin-allowed processes from the
ground state Os* (6D)+ 0, (32~ ) reactants and therefore can only
be accessed by a curve crossing with one of the quartet or sex-
tet surfaces. Importantly, all of the OsO,* surfaces have minima
that lie below the OsO*+0O product asymptote, calculated to be
0.80eV (0.62 eV including estimated spin-orbit energies) above the
Os* + 0, asymptote at this level of theory (0.16 eV experimentally).
Using the CCSD(T,full)/def2-QZVPPD approach, the calculated
endothermicity is 0.59 eV (0.49eV including estimated spin-orbit
energies).

Formation of 0sO* (6X*)+0 (3P) products can evolve in spin-
allowed pathways from any of the quartet or sextet species and
0s0* (*I1/®)+0 (3P) can be formed from doublet, quartet, and
sextet intermediates. These dissociation pathways require break-
ing Gy, symmetry such that they are not conveniently shown in
Fig. 4. The observation that the thresholds for formation of OsO*
in the reaction of Os* with O, are consistent with the thermo-
chemistry determined in the literature indicates that there are no
barriers in excess of the endothermicity of the reaction, consistent
with the qualitative character of the lowest energy PESs shown in
Fig. 4. Furthermore, explicit calculations of the surfaces for 00s*—0
bond cleavage from the four lowest OsO,* states show no reverse
activation barriers.

4. Discussion

The behavior observed for reaction (1), Fig. 1, is unusual in that
two endothermic features are observed and the first declines well

before the onset of reaction (4). Several plausible explanations are
discussed here, although it will be seen that none appear to be
definitive.

1) One potential explanation for the two features is the presence
of excited states of Os*. We discount this possibility because
no evidence for such excited states is observed in other systems,
reactions with H [53] and CHy. Further, addition of a quenching
gas (N, 0) to the source region yielded no change in the cross
sections observed.

2) The high energy feature could correspond to formation of
ground state O (3P) at low energies and O (! D) at high energies.
However, the excitation energy of 1.36+0.11eV measured
here is well below the 1.97 eV associated with this excitation
[91].

3) On the basis of a comparison with previous results for reac-
tions of V*+CS, [92], this behavior is plausibly assigned to an
overall spin-forbidden reaction at low energy and an overall
spin-allowed process at high energies, thus forming two dif-
ferent electronic states of the OsO* product ion. This would
potentially explain the appearance of two features as well as
the rapid decline in the first feature at low energies. Belying
this explanation is the fact that both reactions (9) and (10) are
spin-allowed.

0s™(°D) + 0,(3%¢") — 0s0*(°%*) + 0(3P) (9)
0s*(°D) + 0,3Zg™) — 0sO*(*I1/®) + O(3P) (10)

such that formation of ground state products (no matter what
their identity) from ground state reactants is spin-allowed.
Indeed, formation of any OsO* product state is spin-allowed, as
even doublet states of OsO* can be formed via quartet interme-
diates. Furthermore, it seems unlikely that spin is a very good
quantum number for this heavy element system. Nevertheless,
we can pursue this idea further by comparing the experimental
excitation energy of 1.36+0.11 eV with the theoretical excita-
tion energies in Table 5. At this energy, there is both a 2 A state at
1.41eV and a4X* state at 1.42 eV, with alternatives >0.2 eV far-
ther off. There is nothing to indicate that either of these states is
unique, in that there are both 2A and 4 X* states at lower energy
as well as states having the same orbital configurations. It should
also be noted that a unique state assignment of this energy is
also complicated by the spin-orbit interactions discussed above,
as these will alter the calculated excitation energies, such that
several spin-orbit levels of multiple states could lie at 1.36eV.

4) In the S* (4S)+H, (1 Xg*) reaction system, analogous behavior
to that observed here was also found and correlated with
spin-forbidden (along a low-energy doublet surface) and spin-
allowed (along a high-energy quartet surface) pathways that
ultimately formed the same ground state SH* (3X-)+H(2S)
products [93]. In this scenario, Os* + O, would react at low colli-
sion energies to form the ground state 0sO,* (2B; ) intermediate
or perhaps the low-lying 0sO,* (2A;), which are technically
spin-forbidden processes. These intermediates could then
dissociate to form either OsO* (4I1/®) in a spin-allowed pro-
cess or 0sO*(6X*) by crossing to a quartet surface in the exit
channel. As the energy increases, the coupling to the doublet
surface associated with these intermediates would be reduced,
explaining the early decline in the first cross section feature.
It is not obvious, however, why these same products cannot
be formed from other low-lying states of OsO,*, both quartets
and sextets, that can be formed in spin-allowed processes.
Furthermore, this scenario does not provide a clear explanation
for the origins of the higher energy cross section feature.

5) An intriguing possibility focuses on the character of the surfaces
in the entrance channel, which is effectively shown in Fig. 4 at
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small OOsO bond angles. For surfaces of A’ symmetry (which
should account for 3/5 of all surfaces evolving from ground state
reactants), it can be seen that the ground state reactants have
low-energy pathways to the stable OsO,* intermediates along
both the A’ and 4A’/4B, surfaces. Along these surfaces, there
are no barriers to form 0sO," in excess of the reactant energy.
Likewise, there should be no barriers for dissociation to OsO* + O
in excess of the product asymptotic energy. Thus, at low kinetic
energies, the reactants pass slowly through the crossing regions,
allowing the electrons to adjust to different configurations along
the reaction coordinate. Under such conditions, spin inversion
can be efficient, and adiabatic behavior is expected. However, all
of these surfaces exhibit avoided crossings with surfaces evolv-
ing from higher energy reactant states, such that as the nuclear
motion speeds up at elevated collision energies, the reactants
pass more quickly through the crossing regions, the electrons
have less time to adapt, and the Born-Oppenheimer approxi-
mation 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 and remain on
the surface associated with the electron configuration of the
ground state reactants. This would lead to a higher barrier to the
reaction, observed experimentally as the second cross section
feature. Intriguingly, the surfaces of A” symmetry (which should
account for 2/5 of all surfaces evolving from ground state reac-
tants) are qualitatively different in the entrance channel. Here,
no low-energy pathways were found, such that all the surfaces
exhibit some type of barrier as the reactants approach. Thus, one
possibility is that the low energy behavior observed experimen-
tally corresponds to reactions along the A’ surfaces, which then
shut off as the energy gets higher, perhaps because of diabatic
behavior. The high energy feature observed experimentally
could then be associated with reactions along the A” surfaces
with possible contributions from diabatic pathways on A’.

Clearly, none of these explanations is particularly satisfying,
although it seems clear that the explanation for the observed exper-
imental behavior must be some type of adiabatic behavior at low
energies followed by nonadiabatic behavior at higher energies. We
find it particularly interesting that such behavior is observed for
this heavy metal system where spin is no longer likely to be a very
good quantum number. If so, then there should be efficient cou-
pling between the doublet, quartet, and sextet surfaces shown in
Fig. 4, such that the reaction is controlled by effects in the entrance
channel.

5. Conclusion

The kinetic-energy dependence of Os* + O, reaction is examined
using guided ion beam mass spectrometry. The cross section for
0s0* formation exhibits distinct endothermic features with thresh-
olds measured to be 0.16+0.02 eV and 1.52 +0.11 eV. The former
threshold yields a bond energy for OsO* of 4.96 +0.02 eV, which
agrees well with previous approximate experimental values. For-
mation of OsO,* was also observed in an exothermic secondary
process, leading to thermochemistry in reasonable agreement with
the literature.

Detailed quantum mechanical calculations are also performed
for 0sO* and 0OsO,"* species. The nature of the bonding is analyzed
at the B3LYP, BHLYP, BLYP, BP86, and CCSD(T,full) levels of the-
ory. Basis sets for the metal include def2-QZVPPD, def2-TZVPPD,
SDD, and HW+, while the def2 basis sets and 6-311G+(3df) were
used for oxygen. Reasonable agreement between theoretical and
experimental bond energies is found for most levels of theory, with
B3LYP and CCSD(T,full) being on the low side and BLYP and BP86

being on the high side and BHLYP performing rather poorly. The
calculated ground state of 0sO* is either 6X* or 4I1/®, although
additional consideration of spin-orbit effects and comparison with
the isoelectronic OsN molecule suggests that the 4IT is the prob-
able ground state. Potential energy surfaces for the interaction of
Os* with O, are also calculated at the B3LYP/def2-TZVPPD level of
theory. These surfaces demonstrate that Os* inserts into O, to form
ground state 0sO,* via a curve crossing model and that ground state
0sO* can be formed with no barriers in excess of endothermicity,
consistent with the experimental results.

Several possible reasons for the unusual behavior observed here
are explored, but no completely satisfying explanation evolves. It
seems clear that this heavy metal system exhibits both adiabatic
behavior at low collision energy followed by nonadiabatic behav-
ior at higher energies, but the detailed nature of the nonadiabatic
behavior is not evident.
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