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Reactions of Pt+ with O2, CO, and CO2 have been studied as a function of kinetic energy using guided ion
beam tandem mass spectrometry in order to elucidate the bond energy of the PtO+ product. To further
characterize the reaction of Pt+ with CO2, the reverse reaction of PtO+ with CO, and the collision-induced
dissociation of PtCO2+ with Xe and Ar are also studied. In all cases, the kinetic energy dependences for these
reactions show endothermic behavior except for PtO+ + CO f Pt+ + CO2 and PtCO2

+ + Xe f PtXe+ +
CO2. Analyses of the endothermic reaction cross sections yield the 0 K bond dissociation energies (BDEs) in
eV (kJ/mol) ofD0(Pt+-O) ) 3.26( 0.07 (315( 7), D0(Pt+-CO) ) 2.28( 0.05 (220( 5), D0(Pt+-CO2)
) 0.62 ( 0.05 (60( 5), andD0(Pt+-C) ) 5.46 ( 0.05 (527( 5), reasonably consistent with available
theoretical values. Combining the PtO+ BDE measured here with literature data also yields the ionization
energy of PtO as 9.52( 0.25 eV. These data, along with ab initio calculations at the B3LYP/6-311+G(3df)
level, enable the potential energy surfaces for the activation of CO2 by Pt+ to be mapped out in some detail.
Evidence that PtCO2+ has stable forms of both O-Pt+-CO and Pt+‚CO2 are presented.

1. Introduction

Platinum is one of the most versatile and all-purpose metal
catalysts.1,2 In particular, it is an active component of catalysts
for the oxidation of CO and unburned hydrocarbons in the
control of car emissions.1 Insight into the interaction of platinum
metal and its oxides with O2, CO, and CO2 can be obtained by
examining analogous reactions in the gas phase using a guided
ion beam tandem mass spectrometer. 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 metal
supports and interactions are absent, quantitative thermodynamic
and intrinsic mechanistic information for various bond activation
processes can be obtained. Such insight may be useful in better
understanding and improving the use of platinum and its oxides
to convert CO and unburned hydrocarbons in the presence of
O2 into nontoxic and nonpolluting chemicals.

Previously we have used guided ion beam tandem mass
spectrometry to systematically study the metal monoxide cations,
MO+, of the first-row3-11 and second-row5,9,12-17 transition
metals, and other metals.9,18-20 In the present work, we extend
these studies to the third-row transition metal ion, platinum.
Recently Schwarz’s group used ion cyclotron resonance (ICR)
mass spectrometry, various theoretical calculations, and pre-
liminary experimental values from our work as anchors to study
the energetics and reactivities of PtO+ and PtO2

+ species.21-24

Because the ICR experiments were performed at thermal energy,
they cannot supply complete and quantitative information about
the potential energy surfaces for the activation of O2, CO, and
CO2 by Pt+. Using guided ion beam tandem mass spectrometry,
we can examine the kinetic energy dependences of both
exothermic and endothermic processes. Analyses of such data
provide experimental BDEs that can be used as benchmarks
for comparison with theoretical models of the structure and
bonding of PtO+. Furthermore, PtO+ has been shown to activate
and oxygenate hydrocarbons,21-25 making it a potentially useful

model of systems that can transform hydrocarbons into other
useful chemicals. The present work provides thermodynamic,
dynamic, and mechanistic information for the activation of O2,
CO, and CO2 by Pt+. In addition, this study is part of ongoing
efforts in our laboratory to understand the periodic trends in
the BDEs of metal oxides.3-17,26-28

2. Experimental Section

2.1. General Procedures.The guided ion beam tandem mass
spectrometer on which these experiments were performed has
been described in detail previously.29,30Briefly, Pt+, PtO+, and
PtCO2

+ ions are generated in a direct current discharge flow
tube source described below, extracted from the source, ac-
celerated, and focused into a magnetic sector momentum
analyzer for mass selection of primary ions. The mass-selected
ions are then decelerated to a desired kinetic energy and focused
into an octopole ion beam guide that uses radio frequency
electric fields to trap the ions in the radial direction and ensure
complete collection of reactant and product ions.31,32 The
octopole passes through a static gas cell with an effective length
of 8.26 cm that contains the reaction partner at a low pressure
(usually less than∼0.3 mTorr) so that multiple ion-molecule
collisions are improbable. All results reported here result from
single bimolecular encounters, as verified by pressure-depen-
dence studies. 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 scintillation
ion detector using standard pulse-counting techniques. Reaction
cross sections are calculated from product ion intensities relative
to reactant ion intensities after correcting for background
signals.33 Uncertainties in the 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* Corresponding author. E-mail: armentrout@chem.utah.edu.
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energies are converted to energies in the center-of-mass frame
(CM) by using the formulaECM ) Elabm/(m + M), wherem
andM are the neutral and ionic reactant masses, respectively.
Two effects broaden the cross section data: the kinetic energy
distribution of the reactant ion and thermal motion of the neutral
reactant gas (Doppler broadening).34 The absolute zero and the
full width at half-maximum (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.33 The distributions of ion energies, which
are independent of energy, are nearly Gaussian and have typical
fwhm of 0.3-1.0 eV (lab) in these studies. Uncertainties in the
absolute energy scale are( 0.05 eV (lab).

2.2. Ion Source.Pt+ ions are produced in a direct current
discharge flow tube (DC/FT) source,30 consisting of a cathode
held at high negative voltage (0.7-1.3 kV) over which a flow
of approximately 90% He and 10% Ar passes at a total pressure
of 0.3-0.4 Torr and ambient temperature. In this work, the
cathode is platinum foil attached to an iron holder. Ar+ ions
created in the discharge are accelerated toward the platinum
cathode, thereby sputtering Pt+. Pt+ ions are then swept down
a one-meter long flow tube. The ions undergo∼105 thermalizing
collisions with He and∼104 collisions with Ar before entering
the guided ion beam apparatus. Generally, these conditions are
sufficient to produce atomic ions in their ground electronic state.
However, trace amounts of low-lying excited states of Pt+ are
observed to survive these flow conditions, as found by examin-
ing the reactions of Pt+ with O2 and CO2, described in detail
below. These excited species are easily removed by introducing
O2 or N2O to the flow tube about 30 cm downstream of the
discharge zone at a pressure of∼20 mTorr.

With the addition of such cooling gases, the DC/FT source
produces metal ions in the ground electronic state. Therefore,
Pt+ ions created under such conditions are believed to be in
the ground2D(5d9) electronic state term and largely in the2D5/2

lowest spin-orbit level. As discussed in detail elsewhere,35,36

a conservative estimate of the state populations is>99.7%2D5/2

and <0.3% 4F9/2, such that the average electronic energy is
calculated to bee0.002 eV for Pt+. This estimated population
is consistent with the failure to observe any evidence for
electronically excited Pt+ species in the present and related
studies,35-37 once the cooling gas (O2 or N2O) is added to the
flow tube.

PtO+ ions are produced through reaction of Pt+ with N2O,
and PtCO2

+ ions are produced by the three-body condensation
of Pt+ with CO2 in the DC/FT source. In those cases, the reactant
gas (N2O or CO2) is introduced into the flow tube 30 cm
downstream of the discharge zone at a pressure of∼2 mTorr.
These ions undergo∼105 thermalizing collisions with He and
∼104 collisions with Ar along the flow tube before entering
the guided ion beam apparatus. These collisions with the He/
Ar flow gas stabilize and thermalize the ions both rotationally
and vibrationally. In general, we assume that these ions are in
their ground electronic state and that the internal energy of these
molecular ions is well described by a Maxwell-Boltzmann
distribution of rotational and vibrational states corresponding
to 300 K, the temperature of the flow tube. Previous studies
from this laboratory have shown that these assumptions are
consistent with the production of thermalized molecular ions
under similar conditions.26-28,35,38,39As detailed below, there
are indications for the possibility of small amounts of electroni-
cally excited states in the PtO+ beam produced here.

2.3. Data Analysis.The kinetic-energy dependence of product
cross sections is analyzed to determineE0, the energy threshold

for product formation at 0 K.E0 differs from the apparent
threshold observed under laboratory conditions because of the
kinetic and internal energy distributions of the reactants. Each
of those contributions allows reactions to occur at energies below
E0. To determineE0, endothermic reaction cross sections are
modeled using eq 1,39-42

where σ0 is an energy-independent scaling factor,E is the
relative kinetic energy of the reactants,Eel is the electronic
energy of the metal cation (when Pt+ is the reactant ion), and
n is an adjustable parameter that characterizes the energy
dependence of the process.43 The sum considers contributions
from rovibrational states of the reactants at 300 K, denoted by
i, having energiesEi and populationsgi, where∑gi ) 1. As
noted above,Eel is believed to bee0.002 eV for Pt+. The
various sets of vibrational frequencies and rotational constants
used to determineEi in this work are taken from the literature
for O2,44 CO,44 CO2,45 and PtO+.24,46 The molecular constants
for PtCO2

+ are taken from the calculations detailed below.
Before comparison with the experimental data, eq 1 is convo-
luted with the kinetic energy distributions of the reactant ions
and neutral reactants at 300 K. Theσ0, n, andE0 parameters
are then optimized using a nonlinear least-squares analysis to
give the best reproduction of the data.33 Error limits for E0 are
calculated from the range of threshold values for different data
sets over a range of acceptablen values (as specified in the
Table of fitting parameters given below) combined with the
absolute errors in the kinetic energy scale and internal energies
of reactant ions.

At higher energies, the cross sections decline because the
product ions have sufficient energy to dissociate. In this high-
energy region, the data can be modeled by modifying eq 1 to
include the dissociation probability according to a statistical
model discussed elsewhere.18 This probability is controlled by
two parameters:p, which is an adjustable parameter similar to
n, and Ed, which is the energy at which product ions start
decomposing. In this study, the values ofp andEd are allowed
to vary (althoughp can only hold integral values) and are used
to fit cross sections of Pt+ with O2 and CO, PtO+ with CO, and
PtCO2

+ with Ar. Use of this high-energy model does not alter
significantly the analysis of the threshold regions.

2.4. Theoretical Calculations.To establish the character of
the molecular orbitals of PtO+ and to examine the potential
energy surface of the PtCO2

+ system, quantum chemistry
calculations were computed with the B3LYP hybrid density
functional method47,48and performed with the GAUSSIAN 98
suite of programs.49 The B3LYP functional is based on the
hybrid gradient-corrected exchange functional proposed by
Becke49 combined with the gradient-corrected correlation
functional of Lee, Yang and Parr.50 The 60 core electrons of
platinum are described using a basis set for Pt described by
Ohanessian et al.,50 which is based on the relativistic effective
core potentials (ECP) of Hay-Wadt (HW),51 equivalent to the
Los Alamos ECP (LANL2DZ) basis set. Whereas the HW-ECP
is optimized for neutral atoms, the altered basis set of Ohanes-
sian et al. (HW+) accounts for differential contraction of thes
orbitals compared to thed orbitals induced by the positive
charge. In previous work,35 we also performed calculations using
an expanded HW-ECP basis set in which ones, onep, and one
d function were uncontracted, one diffused function and twof
functions were added, and thes orbitals were contracted
(HW+X).23 Calculations of potential energy surfaces (relaxed
potential energy scans) were conducted using a 6-31+G(2d)

σ(E) ) σ0∑gi(E + Eel + Ei - E0)
n/E (1)
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basis set for carbon and oxygen, whereas the triple-ú basis,
6-311+G(3df), was used to characterize all stationary points
on these potential energy surfaces. Frequency calculations at
the triple-ú level verified the character of all stationary points.
In all cases, the thermochemistry calculated here is corrected
for zero-point energies after scaling the vibrational frequencies
by 0.9804.52 As a point of comparison, the single-point bond
energies for O-O, C-O, and O-CO are calculated as 5.279,
11.059, and 5.529 eV (uncorrected for spin-orbit coupling)
compared to the experimental values of 5.115,44 11.108,44 and
5.453 eV,53 respectively.

3. Experimental Results

3.1. Electronic States of Pt+. Figure 1 shows cross sections
for reaction of Pt+ with O2. Two ionic products are formed in
reactions 2 and 3 when no cooling gas is added into the FT

source (open symbols). The cross section for reaction 2 shows
inefficient exothermic reactivity at the lowest energies and a
strong endothermic feature beginning about 1.5 eV. Compared
to the Langevin-Gioumousis-Stevenson (LGS) model for col-
lisions between ion and neutral molecules,54 which has anE-0.5

energy dependence, the exothermic reactivity observed here is
1800( 100 times smaller at thermal energies (∼0.04 eV). When
O2 or N2O is added into the FT source (closed symbols), the
exothermic feature disappears and the charge transfer reaction
3 is eliminated. Clearly these reactions result from excited states
of Pt+ (which could have populations as small as 0.06%)
100%/1800), which are removed by reaction with O2 or N2O
in the FT source. Therefore, we assume that Pt+ ions after
quenching are in their ground electronic state,2D(5d9). Given
the ionization energies of 12.07 eV for O2

55 and 8.96 eV for
Pt,56 the energy dependence of the charge-transfer reaction 3
indicates that excited states above about 3.1 eV may be
populated in the primary beam of Pt+ when no quenching gas
(O2 or N2O) is introduced into the DC/FT source. The cross
section for O2

+ declines sharply above about 2 eV. This is
because the relative voltages on the octopole and quadrupole
prevent these slow moving ions from being transmitted ef-
ficiently at higher energies.

Pt+ reacts with CO2 to form three ionic products in reactions
4, 5, and 6

when no quenching gases are introduced into the DC/FT
source. The data are shown in the Supporting Information.
Compared to the LGS collision cross section,54 the total
exothermic reactivity observed is 3( 1 × 103 times smaller at
thermal energies. The charge-transfer product CO2

+ is no longer
observed after O2 or N2O is introduced into the FT source, as
are the very small exothermic features in the cross sections for
PtO+ and PtCO+. Clearly, formation of CO2+ and the exother-
mic features result from reactions of excited states of Pt+ with
CO2, which could have populations as small as 0.03%. Given

the ionization energies of 13.78 eV for CO2
57 and 8.96 eV for

Pt,56 the nearly thermoneutral charge-transfer reaction 6 implies
that there are excited states near 4.8 eV in the primary beam of
Pt+ when no quenching gas is introduced into the DC/FT source.
The CO2

+ cross section declines rapidly above about 3 eV, again
because the relative voltage settings on the octopole and
quadrupole do not transmit these products at higher energies.

When no cooling gas (O2 or N2O) is used, a CO+ charge-
transfer product is observed in trace amounts from reactions of
excited states of Pt+ with CO. This product disappears when a
cooling gas is used in the flow tube source. Because the
ionization energies of CO and Pt are 14.01 eV58 and 8.96 eV,56

respectively, the observation of CO+ indicates that there are
excited states of Pt+ above 5.05 eV in the primary beam when
no quenching gas is introduced into the DC/FT source.

3.2. Reaction of Pt+(2D) with O2. Figure 2 shows the cross
section for reaction 2 as a function of kinetic energy after excited
states of Pt+ are quenched. The reaction cross section rises from
an apparent threshold of∼1.5 eV and reaches a maximum at
the dissociation energy of O2, 5.12 eV (Table 1). Above this
energy, PtO+ may be formed with an internal energy in excess

Pt+ + O2 f PtO+ + O (2)

f Pt + O2
+ (3)

Pt+ + CO2 f PtO+ + CO (4)

f PtCO+ + O (5)

f Pt + CO2
+ (6)

Figure 1. Cross sections for reaction of Pt+ with O2 as a function of
kinetic energy in the center-of-mass frame (lower axis) and laboratory
frame (upper axis). The data are shown for Pt+ ions generated with
∼20 mTorr O2 introduced into the flow tube (solid circles) and without
O2 introduced into the flow tube (open circles and triangles). The line
shows the Langevin-Gioumousis-Stevenson (LGS) collision cross
section divided by 1000. The arrow indicatesD0(O-O) at 5.12 eV.

TABLE 1: Bond Dissociation Energies at 0 K

bond energy (eV)a

theory

bond experiment literature this work

O-O 5.115( 0.002b 5.279
C-O 11.108( 0.005b 11.059
OC-O 5.453( 0.002c 5.529
Pt+-O 3.26( 0.07,

2.9( 0.4,d 3.164e
3.09,f,g 2.96,f,g 2.95,f,g 2.92f,g 2.78g

Pt+-C 5.46( 0.05,
5.43( 0.05h

5.52,g,h 5.43,g,h 5.57g,h

Pt+-CO 2.26( 0.09,
2.20( 0.05i

2.33i 2.27g

Pt+-CO2 0.62( 0.05 0.56g

OPt+-CO 2.21( 0.10 1.90

a From this work, except as noted.b Reference 44.c Reference 59.
d Reference 64.e Reference 62.f Reference 24.g Values have been
adjusted by 0.418 eV for the Pt+ spin-orbit asymptote. See text.
h Reference 35.i Reference 38.
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of its bond dissociation energy and therefore begins to dissociate
in the overall reaction 7.

The cross section data for reaction 2 are analyzed using eq
1, and the fitting parameters obtained are listed in Table 2. The
threshold model of eq 1 reproduces the experimental data nicely
up to ∼4.5 eV. To accurately reproduce the data above this
energy, the modification of eq 1 that includes the dissociation
process must be used.18 With this modified model, the PtO+

cross section is reproduced well up to 8 eV withp ) 3 andEd

set to the literature value forD0(O-O) ) 5.12 eV as shown in
Figure 2.

3.3. Reactions of Pt+(2D) with CO. Pt+ reacts with CO to
form two ionic products in reactions 8 and 9.

Figure 3 shows the cross sections as a function of kinetic
energy after excited states of Pt+ are quenched with the addition
of O2 at ∼20 mTorr into the FT source. Both reactions 8 and 9
are endothermic. Platinum carbide ion is the main product ion
and its cross section begins to decline because of the competition
with reaction 9. The PtO+ channel declines because of the
overall reaction 10, dissociation of the PtO+ product,

which has a thermodynamic threshold ofD0(C-O) ) 11.11
eV (Table 1). The cross section data are analyzed using eq 1
and the fitting parameters obtained are listed in Table 2. The
model reproduces the experimental data of the PtC+ product
up to ∼8 eV, the total cross section up to∼10 eV, and the
PtO+ product up to 15 eV withp ) 4 andEd ) 11.11 eV as
shown in Figure 3.

3.4. Reactions of Pt+(2D) with CO2. Figure 4 shows the cross
sections as a function of kinetic energy for reactions 4 and 5
when Pt+(2D5/2) is produced in the FT source by the addition
of N2O at∼20 mTorr. The reactions exhibit typical endothermic
behavior in which the cross sections rise from apparent
thresholds and reach maxima near the dissociation energy of
OC-O, 5.45 eV (Table 1). Above this energy, PtO+ and PtCO+

may be formed with internal energies in excess of their bond
dissociation energies. Therefore, these products begin to dis-
sociate in the overall reaction 11.

The cross section data are analyzed using eq 1, and the fitting
parameters obtained are listed in Table 2. The model reproduces
the experimental data of the PtCO+ product and the total cross
sections up to∼5.5 eV. For the PtO+ cross section, the model
reproduces the data well only up to∼3 eV, because the shape
of this cross section is influenced by competition with PtCO+

formation above this energy.

Figure 2. Cross sections for reaction of Pt+(2D) with O2 as a function
of kinetic energy in the center-of-mass frame (lower axis) and laboratory
frame (upper axis). Pt+ ions are produced with∼20 mTorr O2

introduced into the flow tube. The best fit to the data using eq 1 with
parameters in Table 2 is shown as a dashed line. The solid line shows
this model convoluted over the kinetic and internal energy distributions
of the neutral reactant and ion. The arrows indicate the threshold energy
E0 andD0(O-O) at 5.12 eV.

Pt+ + O2 f PtO+ + O f Pt+ + O + O (7)

Pt+ + CO f PtC+ + O (8)

f PtO+ + C (9)

Pt+ + CO f PtO+ + C f Pt+ + O + C (10)

TABLE 2: Parameters of Eq 1 Used in Modeling Various
Reaction Systems

reactants products σ0 n E0 (eV)

Pt+ + O2 PtO+ + O 0.7( 0.1 2.3( 0.1 1.85( 0.05
Pt+ + CO PtC+ + O 0.6( 0.1 1.3( 0.1 5.56( 0.05

PtO+ + C 0.3( 0.1 1.7( 0.1 7.84( 0.05
Pt+ + CO2 PtO+ + CO 0.6( 0.1 1.7( 0.1 2.19( 0.08

PtO+ + PtCO+ a 0.5( 0.1 2.2( 0.1 2.19( 0.05
PtCO+ + O 1.2( 0.3 1.9( 0.1 3.17( 0.05

PtO+ + CO PtCO+ + Ob 0.05( 0.02 1.0 0.35( 0.05
PtCO+ + Ob 0.10( 0.03 1.8( 0.1 1.08( 0.10

PtCO2
+ + Xe Pt+ + CO2 + Xe 16.6( 1.0 1.7( 0.1 0.76( 0.05

PtCO2
+ + Ar Pt+ + CO2 + Ar 7.2 ( 0.1 1.3( 0.1 0.62( 0.05

PtAr+ + CO2 4.4( 0.3 1.7( 0.2 0.32( 0.05

a Total cross section of PtO+ + CO and PtCO+ + O processes were
modeled.b Modeling of this cross section is described in detail in the
text. The model with the lower energy threshold was obtained by
holding n ) 1.0.

Figure 3. Cross sections for reaction of Pt+(2D) with CO as a function
of kinetic energy in the center-of-mass frame (lower axis) and laboratory
frame (upper axis). Pt+ ions are produced with∼20 mTorr O2

introduced into the flow tube. Small circles show the total cross sections.
The best fits to the data using eq 1 with parameters in Table 2 are
shown as dashed lines. The solid lines show this model convoluted
over the kinetic and internal energy distributions of the neutral reactant
and ion. The arrows indicate the threshold energiesE0 andD0(C-O)
at 11.11 eV.

Pt+ + CO2 f Pt+ + CO + O (11)
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3.5. Reactions of PtO+ with CO. PtO+ reacts with CO to
form two ionic products in reactions 12, 13, and 14 as shown
in Figure 5.

For production of Pt+, there are three features. The exothermic
reaction observed at the lowest energies must correspond to
reaction 12 and is consistent with previous observations of

this process at thermal energies in ICR studies.24 There is
an endothermic feature that begins near 1 eV, and evidence
for another, which becomes obvious slightly above 3.26 eV,
the energy expected for reaction 13, the simple collision-
induced dissociation of PtO+ (see below). One possible explana-
tion for two features corresponding to formation of Pt+ + CO2

are spin-forbidden and spin-allowed pathways, a hypothesis
discussed in more detail below. Production of PtCO+ in the
ligand exchange reaction 14 is endothermic and also has two
features. Because of the complex shape of this cross section,
the analysis using eq 1 is less certain. Reasonable fitting
parameters in eq 1 needed to reproduce the cross section
data for PtCO+ are listed in Table 2 and the model is shown
in Figure 5. This model includes dissociation at high energy
using parametersp ) 1 and Ed ) 3.26 - 0.65 ) 2.61 eV
(where 0.65 eV is the excitation energy of PtO+ determined
below), the onset for formation of Pt+ + O + CO, andp ) 3
andEd ) 4.1 eV.

The cross section for reaction 12 decreases with increasing
energy, indicating an exothermic reaction having no barrier in
excess of the energy asymptote of the reactants. Compared to
the LGS collision cross section,54 which has anE-0.5 energy
dependence, we find that this reaction cross section declines
approximately asE-0.6(0.1 below 0.1 eV and asE-1.7(0.1 from
0.15 to 0.7 eV. For comparison to the literature, our cross
sections can be converted to a rate constant by using the
expression,k(〈E〉) ) V σ(E) where the velocity isV ) (2E/µ)1/2

and µ ) mM/(m + M) is the reduced mass of the reactants.
The rate constant depends on the mean energy of the reactants,
which includes the average thermal motion of the neutral, such
that 〈E〉 ) E + (3/2)γkBT where γ ) M/(m + M). For the
reaction of PtO+ with CO, we obtaink ) 3.5 ( 0.7 × 10-10

cm3 s-1 at 300 K. This value compares favorably with the
literature rate constant obtained by ICR mass spectrometry of
6.4 × 10-10 cm3 s-1.24 Compared to the LGS collision rate,
kLGS ) 5.9× 10-10 cm3 s-1, we find that the reaction of PtO+

with CO occurs with an efficiency of 60( 12% at the lowest
energies.

3.6. Collision-Induced Dissociation of PtCO2
+ with Xe and

Ar. Cross sections for the interaction of a rare gas, Xe or Ar,
with PtCO2

+ formed by three-body condensation of Pt+ with
CO2 in the DC/FT source are given in supporting material. The
products observed correspond to reactions 15 and 16.

For the Xe system, the ligand exchange reaction 16 is
exothermic, indicating that the BDE of PtXe+ is higher than
that of Pt+-CO2. For the Xe system, the exothermic ligand
exchange reaction 16 reaches a reaction efficiency of 56( 11%
at the lowest energies in comparison with the LGS collision
rate.54 Thus, the shape of the Pt+ cross section for reaction 15
may be strongly influenced by competition with the ligand
exchange process.59,60 For the Ar system, the smaller BDE for
Pt+-Ar makes the ligand exchange reaction 16 endothermic.
The cross section data for the two systems are analyzed using
eq 1 and the fitting parameters obtained are listed in Table 2.
The models are shown in the supporting material. For the Ar
system where the ligand exchange reaction 16 is endothermic,
the model of eq 1 reproduces this cross section up to 3 eV with
p ) 1 andEd ) 0.86 eV.

Figure 4. Cross sections for reaction of Pt+(2D) with CO2 as a function
of kinetic energy in the center-of-mass frame (lower axis) and laboratory
frame (upper axis). Pt+ ions are produced with∼20 mTorr N2O
introduced into the flow tube. Small circles show the total cross sections.
The best fits to the data using eq 1 with parameters in Table 2 are
shown as dashed lines. The solid lines show this model convoluted
over the kinetic and internal energy distributions of the neutral reactant
and ion. The arrows indicate the threshold energiesE0 andD0(OC-O)
at 5.45 eV.

Figure 5. Cross sections for reactions of PtO+ with CO as a function
of kinetic energy in the center-of-mass frame (lower axis) and laboratory
frame (upper axis). The best fits to the PtCO+ data using eq 1 with the
two sets of parameters in Table 2 are shown as dashed lines. The solid
line shows this model convoluted over the kinetic and internal energy
distributions of the neutral reactant and ion. The arrow indicates
D0(Pt+-O) at 3.26 eV.

PtO+ + CO f Pt+ + CO2 (12)

f Pt+ + O + CO (13)

f PtCO+ + O (14)

PtCO2
+ + Rg f Pt+ + CO2 + Rg (15)

f PtRg+ + CO2 (16)
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4. Thermochemical Results

The endothermic cross sections in each reaction system are
analyzed in detail using eq 1 as described above. The optimum
values of parameters of eq 1 are listed for each system in Table
2. Because the rotational, vibrational, and translational energy
distributions of reactants are explicitly included in the modeling,
theE0 thresholds determined using eq 1 correspond to 0 K. From
the thresholds measured, the BDEs at 0 K for the platinum-
ligand product ions observed in the reaction of Pt+ + L-R to
form PtL+ + R can be calculated using eq 17

where theD0(L-R) values needed are given in Table 1. For
collision-induced dissociation (CID), the threshold measured can
correspond directly to the BDE for the broken bond. For both
bimolecular reactions and CID, we assume that there are no
activation barriers in excess of the endothermicity of the
reaction, an assumption that is often true for ion-molecule
reactions because of the strong long-range attractive forces.26,39,41,61

4.1. Pt+-O. PtO+ is observed in the reactions of Pt+ with
O2, CO, and CO2. The bond dissociation energies forD0(Pt+-
O) determined in the three reactions are 3.26( 0.05, 3.27(
0.05, and 3.26( 0.08 eV, respectively. Our best value for the
bond energy of Pt+-O is the weighted average of all three
values: 3.26( 0.07 eV (where the uncertainty is two standard
deviations of the mean). This bond energy agrees with the value
of 3.164 eV obtained in a recent photodissociation experiment62

and with the preliminary value from the present work cited
elsewhere.23 It is also within experimental error of the value of
2.9( 0.4 eV obtained by combining data on PtO from Knudsen
cell mass spectrometry experiments63,64with an electron ioniza-
tion energy of 10.1( 0.3 eV from the same study.

Theoretical calculations show that the ground state of
PtO+ is 4Σ- with a valence electron configuration of
1σ22σ21π41δ42π23σ1.22 To establish the character of these
orbitals, we performed calculations as described above. These
show that the 1σ is largely O(2s), with the 2σ and 1π being
bonding orbitals, the 2π and unoccupied 4σ being antibonding
orbitals, the 1δ are pure metal 5d nonbonding orbitals, and the
3σ is largely Pt(6s) although this orbital also has O(2pσ) and
Pt(5dσ) character. Thus, PtO+ has a strongσ bond (2σ2)and
two-half π bonds (1π42π2) because of the single occupancy of
the 2π antibonding orbitals. There is also a low-lying2Σ- state
having the same electronic configuration, which we calculate
lies 0.27 eV higher in energy, whereas the more sophisticated
calculations of Heinemann et al.22 find an excitation energy of
0.51 eV. Indeed these calculations find a manifold of excited
states: 2Π, 0.83 eV;2∆, 0.92 eV;4∆, 1.08 eV;2Σ+, 1.22 eV;
2Π, 1.24 eV;2∆, 1.60 eV; and4Π, 1.80 eV.

Next we compare our experimental BDE to theoretical
calculations in the literature. In making this comparison, it is
important to note that the experimental value is referenced to
the energy of the Pt+ (2D5/2) ground state at 0.0 eV. In contrast,
because the calculations do not explicitly include spin-orbit
interactions, all calculations involving an asymptote including
Pt+ are referenced to the average energy of the spin-orbit
components of the2D term at 0.418 eV.65 A proper comparison
between the experimental and calculated values must therefore
include corrections for this different asymptotic energy,35,36 as
well as spin-orbit coupling in the molecular species as well. If
it is assumed that spin-orbit coupling is largely quenched for
all molecular species containing platinum (which may be
reasonable as calculations indicate that PtO+ (4Σ-) has a spin-

orbit splitting of only 0.05 eV between theΩ ) 3/2 and 1/2
levels), then the theoretical values should be reduced by the
0.418 eV average energy. Such a simple correction is clearly
an approximation and an overestimation. Nevertheless, given
this 0.418 eV adjustment, the theoretical values calculated by
Brönstrup et al.24 are 3.09 (B3LYP/BS II), 2.96 (B3LYP/BS
III), 2.95 (MR-QDPT/BS IV), and 2.92 (CASPT2/BS V) eV.
These values are somewhat lower than our experimental BDE
of 3.26( 0.07 eV, but certainly in reasonable agreement. Our
own B3LYP calculations find a bond energy of 2.78 eV after
correction.

4.2. Pt+-C. PtC+ is observed in the reaction of Pt+ with
CO. The bond dissociation energy is found to beD0(Pt+-C) )
5.55 ( 0.05 eV. This value is in good agreement with values
derived from related work in our laboratory, in which reactions
of Pt+ with CH4, CD4, C2H4, C2D4, and C2H2 were studied.35,37

These reactions provide PtC+ bond energies of 5.42( 0.15
(CH4) and 5.41( 0.05 (CD4),35 5.42( 0.05 (C2H4),37 5.45(
0.05 (C2D4),37 5.47 ( 0.06 (C2H2) eV,37 respectively. The
weighted average of all these values is 5.46( 0.05 eV (two
standard deviations of the mean), taken as our best value.

Previously, we calculated BDEs for PtC+ of 5.52 (HW), 5.43
(HW+), and 5.57 (HW+X) in good agreement with the
experimental value. The calculations show that the ground state
is 2Σ+ and there is essentially a triple bond formed between the
σ and π 5d(Pt) and 2p(C) orbitals.35 The unpaired electron
resides in a nonbonding orbital that is largely 6s(Pt) because
the valence electron configuration of PtC+ is 1σ22σ21π41δ43σ1,
where the character of the orbitals is comparable to those
described above for PtO+. Qualitatively, the relative bond
energies of PtC+ and PtO+ can be understood by considering
their bond order. Because PtC+ does not occupy the 2π
antibonding orbitals, whereas PtO+ does, the bond order of PtC+

is 3 and that of PtO+ is 2 (presuming that the 3σ orbital is
completely nonbonding). The ratio of the bond energies, 5.46
( 0.05 eV and 3.26( 0.07 eV for PtC+ and PtO+, respectively,
is 1.67( 0.05, which correlates well with their bond order ratio
of 1.5.

4.3. Pt+-CO. PtCO+ is observed in the reaction of Pt+ with
CO2. The bond dissociation energy is found to beD0(Pt+-CO)
) 2.28( 0.05 eV, which agrees well with the value of 2.20(
0.10 eV obtained from a previous CID experiment of Pt+-CO
with Xe.38 The weighted average for the bond energy of Pt+-
CO is 2.26( 0.09 eV (two standard deviations of the mean).
Theoretical calculations show that the ground state of PtCO+

is 2Σ+.66 The bonding involvessdσ hybridization on Pt, covalent
σ-donation andπ-back-bonding, and electrostatic interactions,
as discussed extensively elsewhere.38,66Theoretical calculations
of Liang et al.66 find a BDE of 2.33 eV (after adjustments
described elsewhere),38 whereas the present calculations yield
2.27 eV. Both values are in good agreement with the experi-
mental values.

4.4. Pt+-CO2. The BDE of Pt+-CO2 is determined by CID
of PtCO2

+ with Ar and Xe. The CID thresholds are found to
be 0.62( 0.05 eV for the Ar system and 0.76( 0.05 eV for
the Xe system. Because the reproduction of the data is much
better and competitive suppression of the CID channel from
the ligand exchange reaction 16 is much less for the Ar system,
the threshold value obtained from the Ar system should be a
more accurate BDE for Pt+-CO2. This value is reasonably close
to BDEs of Mg+-CO2 at 0.60( 0.06 eV,59 V+-CO2 at 0.75
( 0.04 eV,10 Fe+-CO2 at 0.62( 0.04 eV,60 and Mo+-CO2 at
0.51( 0.07 eV.15 In the collisions of PtCO2+ with Ar/Xe, only
simple CID and ligand exchange channels (reactions 15 and

D0(Pt+ - L) ) D0(L - R) - E0 (17)
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16) are found. No MO+ species are observed at low energies,
similar to previous work for other M+(CO2) species,10,15,59,60

These results show that PtCO2
+ is an electrostatically bound

adduct having an associative structure, Pt+‚CO2.
Theoretical calculations find that the ground state of Pt(CO2)+

is 2A′ with a Pt+-CO2 BDE of 0.56 eV (after adjustment for
the 0.418 eV atomic spin-orbit splitting energy), in reasonable
agreement with experiment. The calculations find a2A′′ state
lying only 0.002 eV higher in energy than the2A′ ground state,
such that definitive assignment of the ground state cannot be
made. The geometries of these states are given in Table 3, where
it can be seen that these species are not linear (Pt-O-C bond
angles near 143°). The linear2Σ state is 0.04 eV higher than
the ground state and has an imaginary frequency corresponding
to a bending motion. A manifold of linear quartet states were
also characterized, with the lowest being a4∆ state lying 1.03
eV above the2A′ ground state. A4Σ and4Π state lie 0.36 and
0.43 eV, respectively, higher in energy. The geometries of both
the doublet and quartet states (Table 3) indicate that the CO2

ligand is largely undistorted, indicating that the bonding must
be largely electrostatic. However, there is a distinct change in
the CO bond lengths such that the bond closer to Pt+ elongates
(by about 0.022 Å for the doublet states and 0.016 Å for the
quartet states), whereas that farther away contracts (by 0.020
Å for the doublet states and 0.017 Å for the quartet states) such
that it is midway between the bond lengths for free CO and
CO2 (Table 3).

4.5. OPt+-CO. In the following paper,67 PtCO2
+ is also

observed as a product in the reaction of PtO+ with CO2 and
identified as having a OPt+-CO structure. The thermochemistry
measured there indicates thatD0(OPt+-CO)) 2.21( 0.10 eV,
similar to the bond energy of Pt+-CO, 2.26( 0.09 eV.38 Our
calculations indicate that the inserted OPtCO+ species has
several stable minima as detailed in Table 3. The ground state
is calculated to be4Σ- (4A′′ in Cs symmetry) with a OPt+-CO
BDE of 1.90 eV, in reasonable agreement with experiment.
Other linear states of the inserted OPtCO+ species were also
characterized and include a2Σ- (2A′′), 2Σ- (2A′), and a4Σ-

(4A′) lying 0.21, 1.28, and 1.48 eV, respectively, above the4Σ-

ground state. In all of these linear states, the Pt-O bond length
is elongated compared to PtO+(4Σ-) by between 0.040 and
0.13 Å. Likewise, the Pt-C bond length is longer than in
PtCO+(2Σ+) by 0.17 to 0.20 Å, and interestingly, the CO
bond distance decreases slightly, even compared to free CO.
Accompanying these changes, the CO stretching frequency
increases: values calculated here are about 2300 cm-1 for all
four states of OPt+-CO vs an experimental value of 2205 cm-1

and a theoretical value of 2262 cm-1 for PtCO+.66 Bent states
of OPtCO+ were also identified as stable minima on the
2A′′ and 2A′ surfaces. These have OPtC bond angles of 104°
and 94°, respectively, and Pt-C bond lengths comparable to
PtCO+(2Σ+). These2A′′ and 2A′ bent states of OPtCO+ lie
0.14 and 0.65 eV, respectively, above the4Σ- ground state.

5. Discussion

5.1. Periodic Trends in Thermochemistry of Metal Oxides.
The bond energies and ionization energies of platinum and
platinum monoxide can be related according to the thermo-
chemical cycle,D(M-O) + IE(M) ) D(M+-O) + IE(MO).12

The neutral PtO BDE has been measured as 3.82( 0.24 eV
using the mass spectrometric Knudsen cell method.44,63,64Thus,
given IE(Pt)) 8.95868( 0.00011 eV56 and the PtO+ BDE
measured here, we can calculate that IE(PtO) is 9.52( 0.25
eV. This is close to the lower limit for IE(PtO) of 10.1( 0.3
eV determined by electron impact studies in the early literature.63

Thus, ionization of PtO reduces the bond strength (or equiva-
lently, oxidation raises the ionization energy) by 0.56( 0.25
eV. Similar behavior is also observed for NiO+ and PdO+, the
first-row and second-row congeners of platinum monoxide.12

The electron configuration of PtO is 1σ22σ21π41δ42π23σ2,
giving a3Σ- ground state,22 in contrast to the1Σ+ ground state
assigned in the early literature.44 In this picture, the decrease in
bond energy upon ionization appears to suggest that the 3σ
orbital has bonding character, but the dichotomy is that removal
of this electron is favored over removing an electron from a 2π
antibonding orbital.22 This is probably a result of the favorable
spin exchange energy for the4Σ- state of PtO+ because the

TABLE 3: Bond Lengths (Å), Bond Angles (deg), and Energies Calculated at the B3LYP/HW+/6-311+G(3df) Level for PtCO2
+

species r(Pt-O) r(Pt-C) r(CO) ∠OPtC ∠OCO ∠PtOC ∠PtCO E (h) ZPE (h) Erel (eV)a

Pt+(2D) + CO2 1.159 180.0 -307.397655 0.011722 0.000
Pt+(4F) + CO2 1.159 180.0 -307.372604 0.011722 0.682
PtO+(4Σ-) + CO 1.764 1.124 -307.304265 0.003790 2.330
PtO+(2Σ-) + CO 1.766 1.124 -307.294324 0.003792 2.600
PtCO+(2Σ+) + O 1.872 1.133 -307.289743 0.008017 2.838
CPtO+(2Α′′) + O 1.870 1.712 109.0 -307.060921 0.004107 8.960
CPtO+(2Α′) + O 1.942 1.695 104.2 -307.045749 0.003921 9.368
Pt+(CO2)(2Σ)TSb 2.145 1.173, 1.141 0.0 180.0 180.0 -307.432497 0.012105 -0.938
Pt+(CO2)(2A′) 2.141 1.181, 1.139 13.0 177.5 142.9 -307.434303 0.012326 -0.981
Pt+(CO2)(2A′′) 2.145 1.181, 1.139 12.8 177.6 143.5 -307.434175 0.012280 -0.979
Pt+(CO2)(4∆) 2.407 1.174, 1.142 0.0 180.0 180.0 -307.396401 0.012183 0.046
Pt+(CO2)(4Σ) 2.517 1.177, 1.142 0.0 180.0 180.0 -307.383252 0.012196 0.405
Pt+(CO2)(4Π) 2.539 1.175, 1.143 0.0 180.0 180.0 -307.380629 0.012151 0.475
OPt+(CO)(4Σ-,A′′) 1.804 2.069 1.113 180.0 180.0 -307.379854 0.009760 0.432
OPt+(CO)(2Σ-,A′′) 1.821 2.048 1.114 180.0 180.0 -307.372180 0.009780 0.641
OPt+(CO)(2Σ-,A′) 1.850 2.038 1.116 180.0 180.0 -307.333064 0.010146 1.716
OPt+(CO)(4Σ-,A′) 1.896 2.038 1.115 180.0 180.0 -307.325205 0.009614 1.915
OPt+(CO)(2A′′) 1.791 1.880 1.119 104.4 175.9 -307.375053 0.010069 0.571
OPt+(CO)(2A′) 1.850 1.884 1.118 94.2 178.7 -307.356090 0.009933 1.083
OPt+(CO)(2A′′)TSb 1.864 1.903 1.127, 1.792 56.8 132.3 167.2 -307.344860 0.009440 1.376
OPt+(CO)(2A′)TSb 1.900 1.926 1.126, 1.775 55.3 130.6 167.8 -307.319019 0.008995 2.067
OPt+(CO)(4A′′)TSb 2.253 1.951 1.129, 1.830 51.0 125.4 161.6 -307.285248 0.008102 2.962
CPt+O(2A′′)TSb+O 1.964 1.745 71.2 -307.037016 0.003307 9.589
CPt+O(2A′)TSb+O 1.970 1.729 67.3 -307.029898 0.003362 9.784

a Energies relative to the Pt+(2D) + CO2 asymptote including corrections for zero-point energies (ZPE) scaled by 0.9804. These energies do not
include the 0.418 eV adjustment for the spin-orbit levels of Pt+(2D). b TS ) transition state.
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first three excited states are calculated as2Σ-(2π23σ1) at 0.51
eV, 2Π(2π33σ0) at 0.83 eV, and2∆(2π23σ1) at 0.92 eV. Removal
of an electron from the 2π antibonding orbital yields states that
were not included in previous calculations.22

An alternative way of viewing platinum monoxide is in terms
of ionic bonding,68,69 in which Pt can be regarded as a
monopositive cation, Pt+, bound to the O- anion. As pointed
out by Siegbahn,69 because the neutral metal oxides have high
spin states, O-(2P) must couple with a high spin state of Pt+,
which necessitates promotion to a4F(6s15d8) configuration from
the 2D(5d9) ground state. The promotion energy is calculated
as the average of the excitation energies of the high- and low-
spin coupled 6s15d8 states,Ep(Pt+) ) 1.85 eV.65 The same
promotion energy is required to couple Pt+ and O to diabatically
form PtO+ in its 4Σ- ground state. Thus the ionic PtO+ BDE is
lower than that of neutral PtO because the negative charge on
the oxygen is smaller leading to a smaller ionic interaction
(formally, bonding of Pt+ with O vs Pt+ with O-).

The difference between the neutral and ionic BDEs is smaller
for the platinum monoxide systems (0.56 eV) than that for the
palladium monoxide (1.38 eV)12 or nickel monoxide (1.17
eV)6,70 systems. On the basis of the discussion above, this
observation suggests that the third-row metal monoxide has less
ionic character. Similar to the M+-H species,36 this probably
results from efficient 6s-5d hybridization on Pt, a result of
lanthanide contraction and relativistic effects, which facilitate
covalent bonding in the third-row metal monoxide.

Compared with the Pd+ + O2 reaction system,12 the cross
section for reaction 2 is a little larger. This is because the
platinum system has a lower threshold (1.85 eV) than the
palladium system (3.66 eV). Compared with the Ni+ + O2

reaction system,6 the cross section of PtO+ is slightly less than
that of NiO+ (maxima of 2.2 vs 2.5× 10-16 cm2). This is
consistent with the more comparable threshold energies (1.85
vs 2.38 eV), although the lower threshold for Pt+ might have
been anticipated to lead to a larger cross section. The differences
may lie in the details of the reactant states,2D5/2 for Pt+ vs a
thermally populated distribution of2D5/2 and2D3/2 states at 2200
K for Ni+.

The magnitudes of the reaction cross sections for Pt+ systems
are the largest for O2, followed by CO2, with CO being the
smallest. This correlates with the bond energies of O2 at 5.12
eV, CO2 at 5.45 eV, and CO at 11.11 eV.

5.2. Reaction of PtO+ + CO. We also observe PtCO+ in
the reaction of PtO+ + CO. Given the bond energies for PtO+

and PtCO+ determined above from multiple sources, this ligand
exchange reaction should be endothermic by 1.00( 0.11 eV.
(Indeed, this difference can be seen directly in the relative
thresholds for formation of PtO+ + CO and PtCO+ + O in the
Pt+ + CO2 reaction system, Table 2.) Instead we measure a
much smaller threshold of 0.35( 0.05 eV (Table 2). Although
we tried to introduce CO into the FT source to quench excited
states of PtO+ to no effect, this threshold difference of 0.65(
0.12 eV can plausibly be assigned to such excited states for the
following reasons. (1) The BDE of 3.26( 0.07 eV for Pt+-O
determined from the O2, CO, and CO2 reaction systems should
be for the ground electronic state of PtO+. (This conclusion is
also confirmed by studies of the nearly thermoneutral forward
and reverse reactions: Pt+ + NO2 T PtO+ + NO where
D0(O-NO) ) 3.116 eV.37) Likewise the BDE of 2.26( 0.09
eV for PtCO+ as determined from two independent sources
should refer to the ground electronic state of this ion. Good
agreement of this thermochemistry with theoretical calculations
bolsters these conclusions. Therefore, it seems very unlikely

that the PtO+ BDE could be as low as 2.56 eV or that the PtCO+

BDE could be as high as 2.96 eV. (2) The ligand exchange
product PtCO+ formed in reaction 14 must be in its ground
electronic state because production of excited PtCO+ would have
a higher threshold (>1.00 ( 0.11 eV). (3) The threshold
discrepancy of 0.65( 0.12 eV is close to the difference of
0.51 eV calculated as the excitation energy from the4Σ- ground
state to the2Σ- first excited state of PtO+.22 (4) As noted above,
the cross section for PtCO+ formation in Figure 5 exhibits a
second feature that becomes obvious near 2 eV and can be
assigned to the reaction of PtO+(4Σ-). Depending on the analysis
used for the lower energy feature, the apparent threshold for
this second feature can vary appreciably, but the analysis shown
in Figure 5 yields a value of 1.08( 0.10 eV, within
experimental error of the value expected, 1.00( 0.11 eV. (5)
Alternate explanations for the low threshold, such as formation
of C-Pt+-O, cannot be correct as formation of such a species
should have an even higher threshold. Compared to PtCO+, this
inserted species is estimated to lie 4.65 eV higher in energy
according to bond additivity and 6.12 eV higher according to
our calculations (Table 3). (6) The fraction of PtO+ excited state
in the beam may be quite small. Other reactions of PtO+,
discussed fully in the following paper,67 exhibit no obvious signs
of excited states except for the PtO+ + O2 reaction. In these
processes, the magnitude of any reactivity attributable to excited
states is certainly no more than a few percent of the dominant
reaction observed. This suggests that the reactivity of CO with
PtO+(2Σ-) is much higher than with PtO+(4Σ-), as discussed
further in the next section and in the following paper.67

Potential Energy Surfaces and Reaction Mechanisms.Our
experiments can probe the potential energy surfaces (PESs) for
the activation of small molecules by Pt+ by independently
starting at three separate places on the same global surface, i.e.,
reactants, intermediates, and products. The PES for the PtO2

+

system is discussed in detail in the following paper.67 Here we
focus on the CO2 and CO systems.

For the activation of CO2 by Pt+(2D), the first step is to form
an associative complex of Pt+‚OCO with a nonlinear, end-on
structure at-0.62( 0.05 eV. The present calculations indicate
that formation of this adduct can occur on both2A′′ and 2A′
surfaces, Figure 6. Observation of both PtO+ and PtCO+

suggests the subsequent formation of the dissociative/insertion
complex, O-Pt+-CO. The energy of such an intermediate is
close to that of the entrance channel of Pt+ + CO2 on the basis
of bond additivity, whereas calculations (Table 3) indicate that
the energy is 0.43 eV higher than the reactant asymptote (0.85
eV if the 0.418 eV adjustment for the spin-orbit levels of
Pt+ is included). PtO+(4Σ-) + CO(1Σ+) and PtCO+(2Σ+) +
O(3P) are then formed with endothermicities of 2.19( 0.07
and 3.17 ( 0.05 eV relative to the entrance channel of
Pt+(2D) + CO2(1Σg

+). Note that Pt+(2D) + CO2(1Σg
+) can

form PtCO+(2Σ+) + O(3P) in a spin-allowed process, whereas
formation of the PtO+(4Σ-) + CO(1Σ+) ground state is spin-
forbidden, but that of excited-state PtO+(2Σ-) + CO(1Σ+) is
spin-allowed. (In the following discussion, it should be realized
that platinum is sufficiently heavy that spin may no longer be
a good quantum number. In this context, it may be more
appropriate to think of spin-allowed and spin-forbidden pro-
cesses as being diabatically favored and disfavored, respectively.
In any case, alternate explanations for some of the phenomena
observed are not apparent.)

One can anticipate that the putative O-Pt+-CO intermediate
is likely to have a quartet spin ground state given that the4Σ-

and2Σ- states of PtO+ have the same electronic configuration22
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and should therefore interact with CO similarly. Our calculations
confirm that this is true as can be seen by the relative energies
of the 4Σ-(4A′′) and 2Σ-(2A′′) surfaces for linear OPt+-CO
(Table 3, Figure 6). Interestingly, the2A′′ surface has another
potential well as the CO molecule approaches PtO+(2Σ-) from
the side, presumably because the low spin state allows an
appropriate acceptor orbital (possibly the 2π or 3σ) to be empty,
whereas this cannot occur for the high spin state. In any case,
the 4A′′ and 2A′′ intermediates correlate with formation of
PtO+(4Σ-) + CO(1Σ+) and PtO+(2Σ-) + CO(1Σ+), respectively.
Therefore, formation of PtO+ at its thermodynamic threshold
must involve a potential energy surface crossing from the
doublet surface of the ground state reactants to a quartet surface
that diabatically correlates with excited Pt+(4F) + CO2(1Σg

+).
The potential energy surfaces calculated here suggest that this
surface crossing probably occurs in the vicinity of the OPt+-
CO intermediate. This also seems probable because the barrier
to formation of this inserted intermediate is lowest on the2A′′
surface, which evolves from ground-state reactants. At higher
energies, the spin-allowed formation of PtO+ in excited doublet
states can probably also occur. The possibility of having both
a spin-forbidden pathway to form PtO+(4Σ-) and a spin-allowed
pathway forming PtO+(2Σ-) may explain the complex energy
dependence of the PtO+ cross section (Figure 4) and why
competition with spin-allowed formation of PtCO+ is so severe.
Similar phenomena also are found in the V+ + CO2 and V+ +
CS2 reaction systems.10,71

The experimental observation that the thresholds for formation
of PtO+ and PtCO+ in reactions 4 and 5 agrees with other
thermodynamic information indicates that there are no barriers
in excess of the endothermicity of the reactions along the
reaction paths. This is in agreement with the calculated potential
energy surfaces, Figure 6. The height of the barrier along the
2A′′ surface is the lowest and is calculated to lie 1.376 eV above
the energy of the reactants (Table 3). This is 0.954 eV below
the energy of the PtO+(4Σ-) + CO(1Σ+) product asymptote.
The barrier on the2A′ surface is calculated to lie at energies
2.067 and 0.263 eV, respectively, whereas that along the4A′′
surface is found at 2.962 above the reactants asymptote and

lies 0.632 eV above the product asymptote, as qualitatively
shown in Figure 6. (The energies relative to the Pt+ + CO2

asymptote ignore the 0.418 eV adjustment for the spin-orbit
states of Pt+.) The 4A′ surface lies higher than the other three
characterized here. It closely matches the4A′′ surface for small
O-Pt+-C bond angles (Figure 6), but lies considerably higher
in energy at angles larger than the transition state. The latter
was never clearly identified but must lie at a geometry similar
to the transition state on the4A′′ surface. As this surface must
be relatively unimportant under experimental conditions, further
characterization of the transition state was not pursued.

For the reaction of PtO+(4Σ-) with CO(1Σ+), production of
Pt+(2D) + CO2(1Σg

+), the reverse process of CO2 activation by
Pt+, is exothermic by 2.19( 0.07 eV, but spin-forbidden. There
are spin-allowed channels that yield Pt+(4FJ) + CO2(1Σg

+), 0.59,
1.16, 1.65, and 1.96 eV forJ ) 9/2, 7/2, 5/2, and 3/2,72

respectively, higher in energy than the Pt+(2D5/2) ground state
but formation of all of these states is also exothermic, by 1.60,
1.03, 0.54, and 0.23 eV, respectively. A likely possibility is
that the large exothermic feature in the Pt+ cross section, Figure
5, comes from the spin-forbidden process, whereas the feature
beginning near 1 eV can be attributed to the spin-allowed
process. Clearly, the observation that this reaction is exothermic
and efficient suggests that the rearrangements necessary to form
CO2 after CO binds with PtO+ are not inhibited by the transition
state involved, i.e., the energy barriers are below the asymptote
of PtO+(4Σ-) + CO(1Σ+) reactants, in agreement with the
calculated surfaces, Figure 6. However, the spin-allowed
processes that occur along the4A′′ surface must surmount a
barrier calculated to lie 0.63 eVaboVe the PtO+(4Σ-) + CO(1Σ+)
reactants (Table 3), in reasonable agreement with the onset of
the endothermic feature in the Pt+ cross section of Figure 5.

The ligand exchange reaction leading to PtCO+(2Σ+) + O(3P)
must occur via the O-Pt+-CO intermediate and has an
endothermicity of 1.00( 0.11 eV relative to the entrance
channel of PtO+(4Σ-) + CO(1Σ+). We believe that this reaction
corresponds to the second feature for the production of PtCO+

in Figure 5, which rises slowly from its threshold because it
competes strongly with both spin-allowed and spin-forbidden
eliminations of CO2, which are both thermodynamically more
favorable. As discussed above, the low energy feature in the
PtCO+ cross section, Figure 5, is attributed to the reaction of
PtO+(2Σ-) + CO(1Σ+). We believe that this reaction is very
sensitive to the presence of small amounts of the PtO+(2Σ-)
excited state, which can be rationalized as follows. In the
PtO+ + CO reaction, reaction of ground-state PtO+(4Σ-) with
CO(1Σg

+) will initially evolve along a quartet surface, and thus
can form the4A′′ ground state of OPt+(CO). Similarly, reaction
of excited PtO+(2Σ-) with CO(1Σg

+) will form the 2A′′ excited
state of OPt+(CO). On the basis of calculated potential energy
surfaces (Figure 6), we note that reaction of CO with PtO+(4Σ-)
strongly favors a collinear approach of C toward the Pt end of
the molecule, thereby constraining favorable geometries for this
interaction. In contrast, reaction of CO with PtO+(2Σ-) has a
favorable approach both collinearly and from the side, making
this interaction much less constrained dynamically. Now
consider the interaction of O(3P) with PtCO+(2Σ+), where the
most attractive surface, which would involve covalent bond
formation, evolves along a doublet surface to form the2A′′
excited state of OPt+(CO). The O(3P) + PtCO+(2Σ+) species
can also interact along a quartet surface, although this does
not obviously involve covalent bond formation. This may
suggest that this quartet surface is inhibited in some manner,
although calculations (B3LYP/HW-ECP/6-31+G(2d)) of the

Figure 6. Relaxed potential energy surface scans of the bond angle in
the PtCO2

+ system calculated at the B3LYP/HW+/6-31+G(2d) level.
Circles and triangles represent surfaces of A′ and A′′ symmetry,
respectively. Open and closed symbols represent doublet and quartet
surfaces, respectively. Calculated energies (B3LYP/HW+/6-311+G-
(3df) level) of reactant (Pt+ + CO2), intermediates, and product
asymptotes are indicated by horizontal bars to the left and right,
respectively. Thicker horizontal bars indicate experimental energies of
reactants, intermediates, and products.
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quartet and doublet surfaces for dissociation of the4A′′ and2A′′
states of OPt+(CO) show smooth, monotonic evolution to the
PtO+(4Σ-,2Σ-) + CO and PtCO+ (2Σ+) + O products. It should
also be kept in mind that these dissociations compete with the
thermodynamically favored elimination of CO2 along both spin-
allowed and spin-forbidden paths, although CO2 elimination is
entropically disfavored because of the large barrier. Apparently,
the dynamics for the production of PtCO+ + O is facile in the
reaction of CO with the PtO+(2Σ-) excited state and thus
competes well with CO2 elimination, but the collinear approach
required for the reaction involving the PtO+(4Σ-) ground-state
inhibits this channel. Thus, the presence of the PtO+(2Σ-)
excited states is evident in this reaction system, whereas it is
not obvious in the other reactions of PtO+, as studied in the
following paper.67

For the activation of CO(1Σ+) by Pt+(2D), the first step is to
form a PtCO+(2Σ+) intermediate having a linear, end-on
structure at 2.26( 0.09 eV below the reactants. The observation
of both PtC+ and PtO+ products suggests that activation of the
CO bond has occurred to form C-Pt+-O, which has an energy
of ∼2.4 eV (based on bond additivity) above the entrance
channel of Pt+ + CO. Calculations indicate that the CPtO+

species has a2A′′ ground state that lies in a shallow well 3.431
eV above the reactants, Figure 7. Thus, the calculations indicate
that the strong PtC+ and PtO+ bonds are stronger than the
analogues in CPtO+, a result that is not surprising as electron
density must be shared in the two ligand complex. An excited
2A′ state was also found lying 0.41 eV higher in energy. Note
that the Pt-O bond is shorter in the2A′′ state than in the2A′
state, whereas the order switches for the Pt-C bond length
(Table 3). PtC+ + O and PtO+ + C products can be formed
from the C-Pt+-O and have endothermicities of 5.56( 0.05
eV and 7.84( 0.05 eV, respectively, relative to the entrance
channel of Pt+ + CO. The agreement of the thresholds measured
for these two channels with other thermodynamic information
indicates that there are no barriers along the reaction paths in
excess of the endothermicity of the reactions, in agreement with
the calculated potential energy surface. The transition states
on the2A′′ and 2A′ surfaces were calculated to lie 3.979 and
4.174 eV, respectively, above the reactant asymptote, Table 3.
(The energies relative to the Pt+ + CO asymptote ignore the

0.418 eV adjustment for the spin-orbit states of Pt+.) The
reactions Pt+(2D) + CO(1Σ+) f PtO+(4Σ-) + C(3P) andf
PtC+(2Σ+) + O(3P) are both spin-allowed.

6. Conclusion

Guided ion beam tandem mass spectrometry is used to
characterize the kinetic energy dependences of the reactions of
Pt+ with O2, CO, and CO2, PtO+ + CO, and collision-induced
dissociation of PtCO2+ with Xe and Ar. Analyses of endother-
mic reaction cross sections lead to 0 K bond dissociation
energies for Pt+-O, Pt+-C, Pt+-CO, and Pt+-CO2, which
are reasonably consistent with available theoretical values. These
results are used to construct potential energy surfaces for the
activation of CO2 and CO by Pt+. This helps elucidate the
reaction mechanisms, which are found to involve bond insertion
processes and for CO2, coupling between surfaces of different
spin.
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