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Twenty-five atomic cations, M*, that lie within the thermodynamic window for O-atom transport catalysis of
the oxidation of hydrogen by nitrous oxide, have been checked for catalytic activity at room temperature
with kinetic measurements using an inductively-coupled plasma/selected-ion flow tube (ICP/SIFT) tandem
mass spectrometer. Only 4 of these 25 atomic cations were seen to be catalytic: Fe*, Os™, Irt, and Pt*. Two
of these, Irt and Pt", are efficient catalysts, while Fet and Os™ are not. Eighteen atomic cations (Cr*, Mn™,
Co', Nif, Cu', Ge', Se™, Mo™, Ru™, Rh", Sn*, Tet, Re*, Pbt, Bi*, Eut, Tm*, and Yb™) react too slowly
at room temperature either in their oxidation with N>O to form MO™ or in the reduction of MO" by H,.
Many of these reactions are known to be spin forbidden and a few actually may lie outside the thermodynamic
window. Three alkaline-earth metal monoxide cations, CaO™, SrO*, and BaO™, were observed to favor MOH™
formation in their reactions with H,. A potential-energy landscape is computed for the oxidation of H, with
N,O catalyzed by Fe™(°D) that vividly illustrates the operation of an ionic catalyst and qualitatively accounts
for the relative inefficiency of this catalyst.

1. Introduction

Both experiment and theory are providing increasing insight
into the kinetics of the homogeneous catalytic action of atomic
metal cations in the gas-phase oxidation of small molecules by
strong oxidants.!? The fundamental steps of this type of catalysis
involve the transport of an O atom by the metal cation from
the oxidant to the substrate as illustrated in Scheme 1 for the
gas-phase oxidation of unsaturated hydrocarbons.

The experiments are providing measurements of rate coef-
ficients (and efficiencies) for the individual steps at room
temperature, while molecular orbital computations are mapping
out the appropriate potential energy landscapes for atomic-cation
catalysis. This has been achieved, for example in our laboratory,
for the oxidation of CO and unsaturated hydrocarbons by N,O.+?
More emphasis now is given in the literature to the computation
of energy landscapes for catalysis with atomic cations,~8 and
polyatomic cationic and anionic catalysts comprised of metal
clusters or mixed metal clusters are receiving increasing
experimental and theoretical attention'? Here, we provide
extensive experimental results for the kinetics of the catalytic
oxidation of hydrogen by nitrous oxide that is illustrated in
Scheme 2, as well as some additional theoretical insight into
the potential energy surface for this two-step process. The
transformation of hydrogen to water of course is pivotal in
current approaches to the conversion of chemical to electrical
energy.

In previous experiments, we have thoroughly characterized
the room temperature kinetics for the reduction of nitrous oxide
by atomic metal cations according to reaction 1, the first leg in
the catalytic cycle shown in Scheme 2. Using inductively-
coupled plasma/selected-ion flow tube (ICP/SIFT) tandem mass
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SCHEME 1: Catalytic Cycle for the Homogeneous
Oxidation of Alkenes with Nitrous Oxide, Mediated by
Atomic Alkaline-Earth Metal Cations?

M-+
N,O (nC,2nH,0)
N2 CnHZn

MO**

SCHEME 2: Catalytic Cycle for the Homogeneous
Oxidation of Hydrogen with Nitrous Oxide, Mediated by
Atomic Metal Cations

M|+
N,O H,0
N2 HZ
Moo-i-
spectrometry, we surveyed reactions of N>O with 59 different
atomic cations on the periodic table including third, fourth, and
fifth row, as well as lanthanide, atomic cations.!? Measurements
of the kinetics of the second leg of the catalytic cycle, the

oxidation of hydrogen to water indicated in reaction 2, have
been sparse.

M"+N,0 — MO" + N, (1)
MO" + H, — M" + H,0 )
H, + N,O — H,0 + N, (3)

The overall oxidation of H, by N,O, according to reaction 3,
involves the transfer of an O atom from N,O to Ho.

Of the gas-phase reactions of metal monoxide cations with
hydrogen, reaction 2, the reaction of FeO" has been explored
in the greatest detail. This reaction has been investigated with
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TABLE 1: Summary of the Measured Rate Coefficients for Reactions of Atomic Metal Cations, M*, with N,O To Produce
MO™ and Reactions of Metal-Monoxide Cations, MO™, with H, and Catalytic Cycle Efficiencies for the Reduction of N,O by H,
Measured at Room Temperature Using an ICP/SIFT Tandem Mass Spectrometer and the Efficiencies for the Oxidation of M+
by N,O, E,,, for the Reduction of MO™ by H,, E .4, and the Overall Efficiencies for the Catalytic Reduction of N,O by H,, Eyae

M* OA(M+)U koxb'(‘ MO+ kredh prOdUCtS E(»xC'd Eredd Ecyclee
Ca* 712 1.6 x 10710 CaO* 7.0 x 10712 CaOH*

Crt 85.8 + 2.8 1.5 x 1071 CrO* <1071

Fe® 80.0 + 1.4 37 x 1071 FeO™ 8.75 x 10712/ Fe® 0.043 4.4 x 1073 1.9 x 107
Co* 749 £ 1.2 1.1 x 10712 CoO™ <10712

Ge* 81.8 3.6 x 10710 GeO™ <1071

Se™ 92 1.8 x 10712 SeO*

Srt 71.4 6.3 x 10711 SrO* 3.0 x 10712 SrOH™*

Ba® 92.8 24 x 10710 BaO* 1.6 x 10713 BaOH*

Re™ 115 £ 15 <1071 ReO*

Os™ 100 £+ 12 23 x 1071 0OsO* 2.7 x 10712 Os™ 0.082 1.4 x 1073 1.1 x 107
Irt 59 2.9 x 10710 Iro* 7.7 x 10710 Irt 0.41 0.40 0.16

Ptt 77 1.2 x 10710 PtO* 1.1 x 107° Pt 0.17 0.56 0.095
Eu* 932 £43 6.9 x 1071 EuO* <1071

Tm* 116.6 + 4.3 4.4 x 10712 TmO™ <1071

Yb* 88.1 +£59 6.5 x 10713 YbO* <1071

@ Oxygen-atom affinity in kcal mol™! (see ref 10). *k is the reaction rate coefficient measured in units of cm?® molecule™! s™! with an
certainty less than £30%. ¢ Previously published data from our laboratory.! ¢ The efficiency, E, is defined as k/k., where k. is the collision rate
coefficient, calculated using the algorithm of the modified variational transition state/clasical trajectory theory developed by Su and
Chesnavich.?® ¢ Eqyqe is defined as Eox X Era. The oxidation efficiencies, Eo, for these metal cations have been previously published.!

fPreviously published data from our laboratory.?

multiple mass spectrometric techniques!! as well as spin—orbit
coupling’ and density functional’”® calculations. The only
channel that is observed experimentally is the production of
Fe™ by the reduction of FeO" which proceeds with a rate
coefficients measured to be 1.6 x 107! cm? molecule™! s7!
with an FT-ICR instrument,'? and 8.75 x 10~!2 cm3 molecule™!
s~! with a SIFT instrument at room temperature.'3 The relatively
low rate of the reduction of FeO™ by H,, where the reaction
rate is approximately 100x lower than the collision rate, has
been attributed to the necessity of a crossing between the two
spin states of the intermediate FeO*/H, transition complex, a
ground-state sextet and an excited-state quartet.’

The exothermic oxidation of H, by PtO" also has been
measured to be rapid, k = 5.0 x 107'° cm? molecule™! s~!,14
although CoO™ and NiO™ both were observed to react with H,
only very slowly with k = 1.2 x 1072 and 2.1 x 1072 cm?
molecule™! s, respectively, with the FT-ICR technique.!?> A
guided-ion beam tandem mass spectrometer has been used to
investigate cross sections for the onset with translational ion
energy of the endothermic, spin forbidden oxidation of hydrogen
by ScO™, TiO™, and VO™.15

The oxidation of hydrogen by nitrous oxide, reaction 3, is
exothermic by 76 kcal mol,"-'® and this exothermicity defines
the thermodynamic window for atomic ion catalysis.* The
atomic metal ion must have an O-atom affinity high enough to
abstract an O atom from N>O and low enough to be able to
then transfer the O atom to molecular hydrogen and make water,
with both steps being exothermic. Here, we will explore the
catalytic window for the oxidation of hydrogen by nitrous oxide
for the 59 atomic cations that can now be routinely investigated
in our laboratory with the ICP/SIFT tandem mass spectrometer.

2. Experimental Methods

The reactions were investigated in an inductively-coupled
plasma/selected-ion flow tube (ICP/SIFT) tandem mass spec-
trometer. The apparatus has been described previously.'%!7.18
Elemental cations of interest are generated in an argon plasma
operating at atmospheric pressure and approximately 5500 K.
The plasma is fed with a dilute solution of salts containing the

corresponding element. The ions generated in the plasma are
introduced into a differentially pumped sampling interface, then
mass selected by a quadrupole mass filter, and injected into a
flow tube flushed with He buffer gas at 0.35 Torr and 295 £ 2
K. The atomic metal ions cool by radiation and collision with
argon and helium from their point of origin in the ICP to the
entrance of the reaction region. The state distribution of the
ICP ions and their relaxation by collision and radiation before
they reach the reaction region have been discussed in detail
previously.'? Neutral reagent molecules were added downstream
into the reaction region. Ions present in the reacting mixtures
were sampled by a second quadrupole mass spectrometer.

The metal oxide cations were produced by the reaction of
the metal cation with N>O that was added either directly into
the flow tube upstream of the reaction region or into the prefilter
region before the first quadrupole mass filter. When N,O is
added into the prefilter region, the monoxide cations that are
formed are mass-selected by the first quadrupole mass filter
before they are introduced into the flow tube. This latter method
allows the measurement of rate coefficients for the monoxide
cations in the absence of N,O in the flow tube. The reactions
of higher oxide cations are investigated by adding N,O reagent
gas directly upstream into the flow tube and then by adding H,
into the reaction region. The occurrence of a catalytic cycle in
the reaction region will prevent the determination of the rate
coefficients for the reduction of oxide cations with Hj.

All measurements were performed at room temperature of
295 £ 2 K and at a helium operating pressure of 0.35 £ 0.01
Torr. The nitrous oxide was obtained commercially and was of
high purity (Matheson Gas Products, >98.0%). The hydrogen
was of C.P. grade (99.5%) and obtained from Canadian Liquid
Air Ltd.

3. Computational Methods

We have performed a density functional theory (DFT) study
of the reactions NoO + H, — N, + H,0 (closed singlet), Fe™
+ N,O — FeO™ + N, (sextet electronic state) and FeO™ + H,
— Fe™ + H,0 (sextet electronic state). All theoretical predic-
tions were made using the Gaussian03 program'® with hybrid
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Figure 1. Reaction profiles measured for the reactions of CaO™, SrO*, and BaO" with D,. The flows of N,O are 1.6 x 10'%, 2.3 x 10'® and 2.8
x 10'7 molecules s™!, respectively. The Ca' signal has been corrected for overlap with Ar™ and small amounts of deuterated water clusters, H,D,0,%,

arising from water impurities in the helium buffer.

B3LYP?02! exchange-correlation functional. The 6—311++G(d,p)
basis set 2>23 with diffuse and polarization functions >*?> on
hydrogen and heavy atoms was employed. Harmonic vibrational
frequencies were computed to verify minima (all real frequen-
cies) and transition state structures (one imaginary frequency).
The connections between transition states and corresponding
minima were verified using the intrinsic reaction coordinate
technique (IRC) developed by Gonzalez and Schlegel.?%-?
Relative enthalpies at 0 K are reported. Cartesian coordinates
and energetics in the Gaussian output format for all optimized
structures are available as Supporting Information.

4. Results and Discussion

4.1. Thermodynamic Window for O-Atom Transport. The
O-atom affinity of nitrogen to form nitrous oxide, OA(N>), is
39.95 + 0.02 kcal mol ™! and that for H; to form H,O, OA(Hy),
is 117.35 £ 0.02 kcal mol~!.!® This means that the “thermo-
dynamic window of opportunity”,* for the O-atom transport
catalysis of reaction 3 is given by 40 kcal mol~! < OA(M™) <
117 kcal mol~!. Of the 59 atomic cations that can now be
routinely investigated in our laboratory with the ICP/SIFT
tandem mass spectrometer, 25 fall within this thermodynamic
window within the uncertainties of their known O-atom affini-
ties.!9 Four of these are borderline: OA(Cu™) = 37.4 + 3.5,
OAMo™) =116.7 + 0.5, OA(Re") = 115 £ 15, and OA(Tm™)
= 116.6 & 4.3 kcal mol™ .

4.2. Oxidation of Atomic Cations. The first leg of the
catalytic cycle in which the atomic cation is oxidized with
nitrous oxide, reaction 1, has been investigated in detail
previously in our laboratory.!® Of the 25 atomic cations that
are within the thermodynamic window for the catalysis of
interest in this study, only 15 were found to form monoxide
cations according to reaction 1 with measurable rate coefficients,
The known O-atom affinities of these 15 cations are included
in Table 1 which also provides a summary of the observed
kinetics.

The remaining 10 react very slowly, k¥ < 3 x 10712 cm?
molecule™! s™1, only to form adduct ions (Mn*, Nit, Cut, Mo*,
Ru*, Rh™, Sn*, Pb", and Bi") or not at all (Te"). Low
reactivities in exothermic O-atom transfer have been discussed
previously, and these may be due to intrinsic activation barriers
and spin constraints.!?

4.3. Reduction of Monoxide Cations. Table 1 also includes
a listing of the rate coefficients for the hydrogen reactions of
the monoxide cations that could be generated from 13 of the
atomic metal cations in the thermodynamic window and in
sufficient amounts to allow a rate coefficient measurement
(excluding ReO™ and SeO™).

Alkaline-Earth Oxide Cations. The alkaline earth metal
monoxide cations, CaO™, SrO*, and BaO™, were observed to
favor formation of deuteroxide cations, XOD™, according to
reaction 4.

MO"*+D,—~MOD" +D 4)

The reactions are slow, k = 7.0 x 10712, 3.0 x 107!2, and
1.6 x 10713 cm?® molecule™! s7!, respectively. Figure 1 shows
data obtained for the reactions of CaO™, StO™, and BaO™ with
D,. D, was used rather than H; in order to improve the resolution
of reactant and product ions with the analyzing quadrupole mass
filter.

Both the reduction and the hydrogenation of these three metal
oxide cations, reactions 5 and 7, are exothermic, with the latter
being less exothermic, except for BaO™.16

CaO" + H,—~CaOH"+H AH = —20kcal mol™' (5a)
—Ca” + H,0 AH = -38.5kcal mol ™'

(5b)

StO" + H, — STOH" + H AH = —28.4 kcal mol ™'
(6a)

—Sr" + H,O AH = -36.4 kcal mol™'
(6b)

BaO" + H, — BaOH" + H AH = —20 kcal mol ™'
(7a)

—Ba'™+H,0  AH = -14.3 kcal mol ™’
(7b)

Figure 1 shows no reduction of the alkaline earth oxide
cations by hydrogen. So the hydrogen is not oxidized to water.



10144 J. Phys. Chem. A, Vol. 112, No. 41, 2008

10° - o

ITon Signal

10! 4 10" A

10° 10°
0 1 2 3 4 5 0 3 6 9 12 15

H, Flow /(10" molecules s')  H, Flow /(10'" molecules s'!)

Figure 2. Reaction profiles recorded for the reactions of IrO" and
PtO* with H,. No N,O was present in the flow tube.
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Figure 3. Reaction profiles measured for the reactions of OsO,* and
IrO,* with H,.The curvature in the decay of IrO;" ion is not due to
reverse reaction with N,O but probably due to presence of two different
isomers, one reactive and one unreactive. The flows of N,O are 1.1 x
10'® and 3.3 x 10'7 molecules s~!, respectively.

It seems that the need to break the relatively strong H—H bond
(104.2 kcal mol~")!¢ introduces a significant activation barrier
for the water formation channel. On the other hand, hydroxide
formation is a straightforward atom transfer reaction in which
the gained in the formation of the H—H bond is offset by the
energy gained in the formation of the O—H bond and is likely
to proceed without an activation barrier. The reactions of CaO™
and SrO* with H, are textbook examples of kinetically
controlled reactions in which the observed products are kineti-
cally favored rather than thermodynamically favored. Only with
BaOT is the kinetically favored channel also thermodynamically
more favorable.

Transition-Metal and Main Group Monoxide Cations.
Reduction of the metal monoxide cations to bare metal cations
according to reaction 2 was observed in experiments with FeO,
OsO™, IrO™, and PtO™. Measured ion profiles for the reactions
of IrO™ and PtO™ cations are shown in Figure 2. Of the 4
monoxide cations that were observed to undergo reduction with
H,, FeO" (E = 0.0045) and OsO™ (E = 0.0014) are slow,
indicating a possible activation barrier to the reaction, while
the reduction reactions with IrO* and PtO™ proceed much more
quickly, with efficiencies of 0.40 and 0.56, respectively. The
previous FT-ICR result for FeOt of £k =1.6 x 107'! cm?
molecule™ s71,!2 is higher by a factor of 1.8, and that for PtO™,

k=5.0 x 10719 ¢cm® molecule™! s71,1# is lower by a factor of

Blagojevic et al.

2.2 than our SIFT results. These discrepancies lie within the
combined experimental uncertainties. The value for CoO™, k
= 1.2 x 1072 cm3 molecule ™! s71,!2 is about the same, but we
did not observe O-atom transfer.

The six monoxide cations, CrO*, CoO*, GeO*, YbO™,
TmO™, and EuO" did not react measurably with Hy at the
conditions of our experiments, k <1073 cm? molecule™ s~

0s0,", Ir0," and PtO,*. Several of the higher oxide cations
of Os, Ir, and Pt also were found to be reduced by H,. The
oxide cations 0sO, 347, IrO, 3T, and PtO, ;™ all were found to
be reduced by H, and to form the lesser oxide cation and water,
sequentially according to reaction 8.

MO, +H,—MO;, +H,0 ®)

0s04*, IrO; ™, and PtO;™" are reduced sequentially all the way
to the bare metal cations. PtO,T(N,O) was observed to react
with Hj as well, producing PtO,™*, N,, and H,O. Measured ion
profiles that illustrate this chemistry are shown in Figure 3. The
profile for IrO5" shows a behavior similar to that we have
observed previously in its reaction with CO and was attributed
to the presence of two different isomers of IrO;".#* Reactions
of hydrogen with OsO,," cations were observed previously using
FT-ICR mass spectrometry.3® Reaction 9 was observed with n
= 1—-3 with k = 0.07, 3, and 0.01 x 1071 cm?® molecule™!
s~1, respectively, while reaction 10 was reported for OsO4" with
k=3 x 10719 cm? molecule™! s~!. Because of the presence of
N,O in the reaction region of our flow tube experiments, we
did not extract rate coefficients from the observed profiles since
they are oxidized or solvated with N,O.

0s0," + H,—~0s0,_,” + H,0 )

0s0; +H,—0sO,H" +H (10)

4.4. Overall Catalytic Efficiencies. As regards the overall
efficiency for the catalytic oxidation of H, by N,O, the results
are relatively disappointing, with only the catalytic oxidation
with Ir™ and Pt™ being somewhat efficient (E¢ycle = 0.16 and
0.095, respectively). The catalytic action of Os™ is hampered
by the slow reduction leg of the cycle (Eweq = 1.4 x 1073),
while both legs of the cycle are inefficient (Eox = 0.043, Ereq =
4.4 x 1073) in the case of Fet. A summary of the efficiencies
for the reduction leg and the overall efficiencies of the cycles
are included in Table 1.

4.5. Potential Energy Landscape for Catalysis. The potential-
energy landscape computed for the oxidation of H, by N>O
catalyzed by Fe*(°D) according to reactions 1 and 2 is shown
in Figure 4. All of the intermediates and transition state
structures on the catalyzed pathway are in the sextet electronic
state. The uncatalyzed reduction shown in the top profile
proceeds in one step via a high activation barrier of 55.0 kcal
mol~! and is strongly exothermic, by 73.4 kcal mol™! according
to the calculations and by 76 kcal mol™! according to published
enthalpies of formation.'® The structure of the transition state,
TS, corresponds to the insertion of the oxygen atom of N,O
into molecular hydrogen in a 72-coordination. The N—O bond
is being broken and the O—H bonds are being formed. The
activation barrier for the catalyzed reduction of N>O by Ho,
apparently due to the cleavage of the N—O bond, is lowered
by more than a factor of 50 to a mere 0.9 kcal mol~! that arises
in the first step of the much faster ionic path. The reaction
coordinates of the ionic steps in this path are described by double
and triple-minimum potential-energy profiles. The first step
involves O-atom transfer from N,O to Fe™ with the formation
of FeO™ and N; and is described by a double-minimum potential
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Figure 4. Energy landscape for the oxidation of H, by N,O in the absence (red line) and presence (green lines) of Fe™ (°D) predicted using the
B3LYP/6—311++G(d,p) method. The spectator molecules in each elementary step are circled.

energy profile. The activation barrier is 0.9 kcal mol™! above
the dissociation limit. This is somewhat lower than the barrier
of 4.2 kcal mol ™! that we predicted recently'* using the B3LYP/
SDD/6—311+G(d) method with the Stuttgart/Dresden’' rela-
tivistic ECP and basis set, SDD, for iron. The higher value
obtained might be attributable to the limitations3? of the ECP
and basis set that was used. The SDD also failed to predict the
prereaction complex of FeO" with molecular hydrogen at the
beginning of the second step of the catalyzed oxidation of Hj
by N,O. This step involves O-atom transfer from FeO™ to Hy
with the formation of Fe* and H,O and proceeds on a triple-
minimum profile. The energy of the rate-determining transition
state, TS2, in this profile lies 8.6 kcal mol™! above the
dissociation limit to FeO™ and H,, and this is consistent with
the small rate coefficient that was measured for the reaction of
FeO' with H,. The predicted reaction mechanism is also
consistent with previous theoretical studies’ at the MCSCF and
DFT levels of theory which predicted a triple-minimum reaction
profile with the barrier to the H—H cleavage as a rate-limiting
step and similar relative energetics and geometries for the
structures on this pathway.

5. Conclusions

Of the 25 candidate atomic metal cations, only four, Fe™,
Os™, Ir™, and Pt™, were seen to catalyze the oxidation of Hy by
N,O. Two of these, Ir™ and Pt™, are relatively efficient catalysts,
while Fe™ and Os™ are not; in the case of Fe™, both legs of the
catalytic cycle, oxidation of the metal cation by N,O and the
reduction of the metal oxide cation by Hj, are slow. The
potential-energy landscape computed for the oxidation of Hj
by N>O catalyzed by Fe* (°D) provides a clear picture of the
mechanism and energetics of this catalysis, an explanation of
the low catalytic efficiency of this metal cation, and another
striking example of the extraordinary value of theoretical
calculations in understanding catalytic cycles of this kind.3*0~8
The oxide cations, OsOj 3", IrO;," and PtO;,", also were
found to catalyze the oxidation of H, by N»O, but quantitative
measurements of the efficiency of these catalysts could not

be made. However, the intermediate polyoxide cations, MO, *,
were observed to be reduced by H, quite rapidly all the way to
the bare metal cations, and this suggests that the oxides
05015, IrO; 2™ and PtO; ™ are likely to be better catalysts
than the corresponding bare atomic metal cations, especially
Fe™ and Os'. Somewhat unexpectedly, alkaline earth metal
monoxide cations formed metal hydroxide cations, XOH™, in
the reactions with H,. Although in this case both reduction and
hydroxide formation are exothermic, hydroxide formation is
kinetically favored.
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