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TIon cyclotron resonance study of CO oxidation in the gas phase in the
presence of rhenium cations with carbonyl and oxygen ligands.
Comparison with heterogeneous catalysis
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Gas-phase oxidation of CO in the presence of rhenium cations with carbonyl and oxygen ligands has been studied by Fourier
transform ion cyclotron resonance (FT-ICR) spectrometry. Rhenium cations have been generated by the electron impact of
Re;(CO),, vapour, Contrary to the unreactive rhenium ions, thenium monocarbonylions have been found to react with O, mole-
cules yielding rhenium monoxide ions and CO, molecules. ReO™ ions are subsequently oxidized with O; to di- and trioxide ions.
The bond energies in rhenium oxide ions were estimated as D°(Re?-O) =104+ 14, D°(ReO*-0) < 118, D°(ReOj—
O) = 122 + 4 kcal/mol. Simultaneous addition of CO and O, molecules to the reaction volume leads to the gas-phase catalytic oxi-
dation of CO with pairs of rhenium oxide ions ReOj /ReO5 serving as the oxidized and reduced forms of the catalyst. The mechan-
isms of the above reactions are discussed in connection with that for oxidation of CO over solid oxide catalysts.
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1. Introduction

Two different mechanisms of heterogeneous catalytic
oxidation of CO are believed to exist: the stepwise and
the concerted one[1-3]. In the stepwise mechanism reac-
tants interact with the catalyst consecutively. In the con-
certed mechanism the reactants react with the catalyst
and each other simultaneously, forming an active com-
plex in which the reactants transform into products.
Some reactions are believed to proceed over oxide cat-
alysts via both mechanisms, high temperatures favour-
ing the stepwise mechanism and low temperatures the
concerted one[1-3].

While the pathway for the stepwise mechanism of
CO oxidation over oxides is more or less clear [1-3], the
detailed picture of the concerted mechanism of CO oxi-
dationhas not been elucidated sofar.

For characterisation of catalytic reaction steps at the
molecular level, ion cyclotron resonance (ICR) spectro-
metry may be used. This mass-spectrometric method
provides an opportunity to investigate these steps in the
gas phase, i.e. under the most pure conditions, where
many complications induced by condensed phases are
absent. Using the ICR method Kappes and Staley [4]
have shown that oxidation of CO with N,O in the gas
phase is catalysed by Fe*, Ti*, Zr", V*, Nb" and Cr*
ions. In ref. [5] the catalytic oxidation of CO by N,O in
the presence of MoO3 /MoO7 and WOZ /WO ions was
observed. In all these systems the catalytic reaction
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proceeds via the stepwise mechanism:
MoO} + CO—MoO;_, + CO; (1)
MoO}_; + N,O—MoO] + N, (2)
CO +N,0—CO; + N, (3)

Irikura and Beauchamp have studied the reactivity
towards some organic compounds and oxygen of third-
row transition metal ions produced with direct laser
vaporization of a metal target [6]. They have found that
the Re™ ion does not react with O,. In contrast, rhenium
monoxide ion is oxidized by oxygen to di- and trioxide
ions.

Also it was mentioned that rhenium ion has the smal-
lest reactivity in comparison with other third-row transi-
tional metalions. In the ground state the Re™ ion has the
electron configuration d’s! and a maximum spin—spin
interaction. Bonding with e.g. an oxygen atom should
lead to the loss of 58 kcal/mol due to the decrease of the
energy of spin—spin interaction [7]. This could be a rea-
son for the relative unreactivity of Re*.

In this work the reactivity toward various oxidants
and CO of Re* and Re(CO) ™ ions generated by the elec-
tronimpact of the Re,(CO),, vapour were studied using
ICR spectrometry. The mechanisms of CO oxidation
with O, in the gas phase are elucidated and compared
with those over solid oxide catalysts.



2. Experimental

All experiments were carried out on a standard
Bruker-Spectrospin CMS-47 ion-cyclotron resonance
spectrometer, equipped with 33 mm cubic trapping cell
and an Oxford Instruments vertical type superconduct-
ing magnet maintained at 4.7 T [8]. The warm bore of the
magnet was 89 mm. The vacuum system was evacuated
by means of an ionic pump with a capacity 160 £/s.
Background pressure was about 3 x 107° mbar. A
Bayard-Alpert ionization gauge was used to monitor the
pressure. Partial pressure of rhenium pentacarbonyl was
(1-6) x 1078 mbar. In this work a Re,(CO),, sample
with the natural isotopic ratio (abundance
185Re = 37.40%, 18’Re = 62.60%) was used to generate
Re™ and ReCO™ ions. Pressures of the oxidants (NO,
0,, N,O) and CO were (1—7) x 1077 mbar. All reagents
were commercial (“Reachim”) ones. Gaseous reagents
were used without additional purification. An FTICR
spectrum was excited by pulse sequences, which were
repeated in each experiment for several dozen times to
obtain a better signal-to-noise ratio. All experiments
were carried out at ambient temperature.

A double resonance technique, described in ref. [9],
was used in some experiments. In this technique suppres-
sion of the daughter ions is sought by ejection of the sup-
posed parent.

To determine the metal-ligand bond energies the
kinetic method or method of destructive ligand addition
was used. Since the FTICR method allows one to
observe only exothermic reactions, occurrence of the
reaction

M* 4+ LL,—ML} + L, (4)

establishes the bottom limit of the metal-ligand bond
energy D°(MT-L;) > D%(L;-L,), where M denotes the
metalion, L; L, the neutral molecule.

However, the absence of the products of reaction (4)
should not be considered as the top limit of D°(M*-L;)
because of a possible energy barrier.

3. Results and discussion

The ionization of Re;(CO);, by electron impact
results in formation of Re', ReCO™, as well as
Re(CO)}, Re,(CO) T, and Re,(CO)>" ions:

ReZ(CO)lo +e —
Ret + Re(CO), + (10 — n)CO + 2¢~ (5)

Rey(CO)jp+e™ —
Re(CO) 4+ Re(CO),, + (10— n—m)CO+2¢~  (6)

Rey(CO)jp+e™ —
Rez(CO)F + (10 — n)CO + 2e~ (7)
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Rez(CO) 0ote —
Re(CO)t + (10 — n)CO + 3¢~ (8)

In the presence of oxygen in the reaction medium rhe-
nium oxide ions (ReO, x = 1-3 and Re; 0}, y = 1-6)
were found. Since the behaviour of rhenium oxide ions
containing two rhenium atoms occurred rather compli-
cated, their reactivity is not described in this contribu-
tion and will be discussed in detail in a subsequent
publication. However, it should be mentioned that the
chemistry of cluster ions did not affect the chemistry of
species containing one rhenium atom. Double resonance
experiments showed that in the reactions of Re,(CO);
and Re, O;r ions the Re-Re* bond did not break.

The kinetic behaviour of Re*, Re(CO)*, ReO™,
ReOj and ReOj ionsis presented in fig. 1. It can be seen
that concentration of rhenium ion changes insignifi-
cantly in comparison with the increase in the rhenium
oxide ion concentration. So reaction (9) of Re™ with O,
does not occur and the rhenium ion was not supposed to
be a precursor of the rhenium oxide ion:

Ret + O, — no reaction 9)

This could be taken to employ reaction endothermicity.
The absence of reaction (9) was confirmed with the use
of the double resonance technique. Ejection of Re™ ions
did not lead to significant changes in the concentration
of ReO™ ions (fig. 2). Whereas, the ejection of Re(CO)*
ions was accompanied with nearly total disappearance
of ReO™ ions (fig. 2c).

Thus, in our system the formation of ReO™ proceeded

100 |

Ion consentration (arb.units)
W
[

0 IRe(COY" . .
0.0 1.0

Time (s)

Fig. 1. Kinetic curves for the oxidation of the ions formed during the

electron impact ionization (70 €V) of the rhenium pentacarbonyl

vapours, Re;(CO);,, with O P(O;) =5.6x 1077 mbar,
P(Re3(CO) ) = 6 x 10~8 mbar. [*"Re05]/["*"Re0F] = 2.
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Fig. 2. Mass spectrum of ¥”ReO" ion generated in reaction (6) (a),
and the same spectrum recorded after the ejection of ¥"Re™ ion (b) and
7R ¢(CO) * ion (c).

during the interaction of rhenium monocarbonyl
Re(CO)™ with oxygen:

Re(CO)T 4+ 0, — ReO™ + CO, (10)

Reaction (10) should be very exothermic. Taking into
consideration that the typical bond energies in metal
monocarbonyl ions are 20-40 kcal/mol [10] and the
energy of abstraction of one oxygen atom in CO; is
D°(CO-0) = 127 kcal/mol, the energy gain for the reac-
tion (10) should be about 87-107 kcal/mol. In ref. [11]
Kappes and Staley mentioned that the oxidation reac-
tion with great exothermicity can lead to the formation
of oxide cations in the excited states. These excited
cations in some cases are more reactive in comparison
with the same ions formed in reactions with lower
exothermicity.

The formation of the rhenium oxide ions is not
observed in the reaction of Re™ with N,O and NO.
Rhenium monocarbonyl ion readily reacts with these
oxidizers by CO, formation:

Re(CO)* +N,0 — Re™ + N, +CO, (1 1)

(12)

Reaction of ReO™, formed in reaction (10), with oxygen
yields di- and trioxide ions:

ReO" + 0, — ReOf + O

Re(CO)* + NO — ReN* + CO,

(13)
(14)

These results are in a good agreement with the data of
ref. [6].

ReO; + 0, — ReOF +0

As seen from fig. 1, the ratio of the concentrations of
ReOj and ReOf ions is nearly constant. Apparently,
this is due to the reduction of ReOJ back to ReOJ by
background CO molecules:

ReO7 + CO — ReOF + CO, (15)

According to our measurements, this background CO
pressure reached 4 x 10~8 mbar when only rhenium
carbonyl Re,(CO),, evaporized in the vacuum system.
The additional inlet of CO molecules (Pco
= 1.2 x 1077 mbar) to the reaction medium was accom-
panied by an increase of the ratio of the concentrations
[ReO;]/[ReO7]from2to 3.2 (fig. 3).

Reactions (14) and (15) present the catalytic cycle of
CO oxidation by oxygen in the presence of rhenium
oxide ions. Catalytic oxidation in the studied system clo-
sely resembles a stepwise mechanism of CO oxidation
over the oxide catalysts. For the latter catalysts such
mechanism is proposed to dominate at high tempera-
tures [1]. Our metal oxide ions ReO3 /ReO7 can be con-
sidered as a model of the active site of the oxide catalysts.
The reagent molecules CO and O, react with this active
site consecutively. Note however, that in the gas-phase
reaction (14) the oxygen atom O is formed in the free
state, while in the reaction over oxide catalysts it is
formed in an adsorbed state.

There is also the other pathway of CO, formation in
our system, namely via reaction (10). In this case the syn-
chronous mechanism of CO molecule oxidation occurs
in the coordination sphere of rhenium. Monocarbonyl
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Fig. 3. Kinetic curves for the oxidation of the ions formed during the

electron impact ionization (70 eV) of the rhenium pentacarbonyl

vapours, Re;(CO);,, with O in the presence of CO molecules.

P(0;) = 4.8 x 1077 mbar, P(Re;(CO),y) =6 x 10~% mbar, P(CO)

= 1.2 x 1077 mbar. Kinetic curves for Re*, Re(CO)" and ReO™ are

omitted since they are the same as in fig. 1. ["ReO7]/
[¥Re0F] = 3.2.
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Scheme 1.

ions of other transition metals, such as Fe, Co, Mn [12],
undergo the same reaction:

M(CO)" + 0, — MO™ + CO, (16)

A possible mechanism of this reaction is shown in
scheme 1. Reaction occurs via a supposed four-centered
intermediate. Its decomposition leads to the formation
of MO" ions.

This reaction could be a model of the interaction of
oxygen molecule from the gas phase with CO absorbed
on an oxide surface. With the metalion M" as a model of
a reduced active site of an oxide catalyst, the interaction
of CO and O, over this site is seen to occur simulta-
neously. So, reaction (16) may be considered as a model
of the concerted mechanism of CO oxidation. Thus, in
the gas phase elementary reaction of both the stepwise
and the concerted mechanisms of CO oxidation with O,
are observed. However, the whole closed cycle for the
concerted mechanism of CO oxidation is not realized in
our gas-phase ICR study.

A number of thermochemical limits and rate con-
stants were determined for the reaction observed. These
are summarized in tables 1 and 2, respectively.

The top and the bottom limits for metal-oxygen bond
energies in rhenium mono-, di- and trioxide ions were
estimated using the kinetic method described above.

Rate constants were determined from the experimen-
tal curves of ReCO™ decay and Rer formation and
decay at various partial pressures of Oz and CO using a
computer program [13] for solving the inverse kinetic
problems. Reactions (10) and (13)—(15) were taken into
account in these calculations. The rate constants are pre-
sented in table 2 together with the values calculated using
the Langeven—Gioumousis—Stevenson model (LGS)
[14]. The experimental rate constants are significantly
smaller than the calculated values. It means that in the
gas phase not every collision leads to the reaction. Note
also that nonideal trapping of ions in the ICR cell could
slightly influence the values of the experimental rate
constants.

Table 1
Oxygen bond energies (kcal/mol) in thenium oxideions

DO(Re*-0) 90 < D° < 118 ref. [6], reaction (9)
D*(ReO*-0) D’ <118 reaction (13)
D°(ReO}-0) 118 < D° < 127 reactions (14), (15)
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Table 2
Rateconstants (x1071% cm?/s). s 10
+
Re(CO)™ 2%, Reot 7%, ReOf ———>ReOF
ka5 +CO
ko ki3 ks kis
experimental 0.49 0.14 0.20 0.17
theory 7.16 7.18 7.15 7.55

4, Conclusion

In this work it was found that carbonyl ligand greatly
enhances the reactivity of Re' ion in reactions with oxi-
dants. The reaction proceeds due to a great gain of
energy upon CO, formation. The elementary reaction of
gas-phase oxidation of rhenium monocarbonyl cation
by O, molecule was found. This reaction may be consid-
ered as a model of an elementary step through which the
postulated concerted mechanism of CO oxidation over
oxide catalysts proceeds.

It should be mentioned that although the relationship
between reactivity observed in the gas phase and that in
the real catalytic system is not simple, according to our
mind, the ion—molecular reactions observed with ICR
method in the idealized gas-phase system can be consid-
ered as models of the elementary steps of the catalytic
reactions over the active sites of oxide catalysts.

Note that the rate constants for gas-phase reactions
studied in this work in comparison with the ones for the
solid state are extremely high (table 2). There seem to
exist two reasons for this. First, the activation energy for
the gas-phase reactions is significantly lower than for
those in the condensed phase, since for the ion—molec-
ular reactions in the gas phase a much lower reorganiza-
tion energy is required. Second, due to very low pressure,
under conditions of the ICR experiment the eliminated
energy is not dissipated completely, e.g. a part of
exothermic effect of a reaction can be conserved in the
reaction intermediate in the form of transitional, vibra-
tional or electronic excitation. This excitation can be
used to accelerate the subsequent slow step. In contrast
to this, on solid surfaces energy relaxation processes are
very fast, so it is typically impossible to use the energy
evolved in one reaction step to accelerate directly the
subsequent slow step [15].

Thus, we believe that CO oxidation with O, in the
gas phase in the presence of metal cations and over metal
oxide heterogeneous catalysts proceeds via similar ele-
mentary reactions. However, these elementary reactions
have substantially different rate constants.
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