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Abstract: Reactions of small neutral iron oxide clusters (FeO1-3 and Fe»Q45) with carbon monoxide (CO)
are investigated by experiments and first-principle calculations. The iron oxide clusters are generated by
reaction of laser-ablation-generated iron plasma with O, in a supersonic expansion and are reacted with
carbon monoxide in a fast flow reactor. Detection of the neutral clusters is through ionization with vacuum
UV laser (118 nm) radiation and time-of-flight mass spectrometry. The FeO, and FeOs neutral clusters are
reactive toward CO, whereas Fe»QO4, Fe;Os, and possibly FeO are not reactive. A higher reactivity for FeO»
[0(FeO, + CO) > 3 x 1077 cm?] than for FeOs [0(FeOs + CO) ~ 1 x 10717 cm?] is observed. Density
functional theory (DFT) calculations are carried out to interpret the experimental observations and to generate
the reaction mechanisms. The reaction pathways with negative or very small overall barriers are identified
for CO oxidation by FeO, and FeOs. The lower reactivity of FeOs with respect to FeO, may be related to
a spin inversion process present in the reaction of FeO3 with CO. Significant reaction barriers are calculated
for the reactions of FeO and Fe,O,-5s with CO. The DFT results are in good agreement with experimental
observations. Molecular-level reaction mechanisms for CO oxidation by O,, facilitated by condensed phase

iron oxides as catalysts, are suggested.

1. Introduction

Transition metal oxides (TMOs) are an important group of
industrial heterogeneous catalysts;1 molecular-level mechanisms
of many processes catalyzed by TMOs are, however, unclear.
On the basis of the concept that a catalytic reaction occurs at
specific catalytically active sites,” gas-phase metal oxide clusters
composed of limited numbers of atoms that are fully accessible
by both experiment and theory are excellent model systems with
which to investigate the intrinsic reaction mechanisms for
condensed phase catalytic processes.” On the other hand,
discovery and understanding of TMO cluster chemistry may
shed light on design, synthesis, and more effective use of TMO
catalysts.
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Kappes and Staley’s landmark experimental investigation of
CO oxidation by N,O catalyzed by isolated FeO" (or Fe*) in
1981 started the study of gas-phase molecular heterogeneous
catalysis.* After more than 2 decades, many examples of
catalytic cycles facilitated by metal atoms,’ metal clusters,® and
metal oxide clusters’ have been demonstrated. Several excellent
reviews are available in the literature.® Meanwhile, reactivity
of TMO clusters toward various gas-phase molecules has been
extensively investigated with emphasis on understanding the
important step(s), such as bond activation, in practical catalytic
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cycles.” Since mass spectrometric techniques are widely used
for this research, most studies of TMO cluster reactivity are
for ionic TMO clusters. Reactivity of neutral TMO clusters has
not been studied experimentally, to the best of our knowledge.
Considerable experimental effort, however, has been expended
to study the reactivity of neutral diatomic TMOs and some
neutral polyatomic species by spectroscopic methods; for
example, laser-induced fluorescence (LIF) or infrared (IR)
absorption studies have been reported for neutral species.'®"'
The importance of studying the reactivity of neutral, in addition
to ionic, clusters can be seen from a theoretical investigation
of methanol oxidation to formaldehyde on supported vanadium
oxide catalysts.'> The investigation concludes that the neutral
O=V(OCHj3); molecule is a suitable gas-phase model for
studying the rate-limiting step (transfer of a methyl H atom to
vanadyl O atom), whereas the O=V(OCHj5);" cationic radical
is not.

The reason that only ionic TMO clusters are studied by mass
spectrometry is that electric and magnetic forces can be used
to control and manipulate charged species; in contrast, neutral
clusters are difficult to control and usually must be ionized for
detection. The ionization of a neutral TMO cluster by typical
methods such as electron impact or multiphoton ionization
techniques almost always causes cluster fragmentation. The
TMO cluster fragmentation during ionization prevents parent
molecule identification because the different neutral clusters
created are usually mixed together and their fragmentation
patterns interfere with reactivity studies. Single-photon ioniza-
tion (SPI) with vacuum ultraviolet (VUV) and soft X-ray lasers
has been recently demonstrated to be a successful technique
for detecting neutral TMO clusters without fragmentation.'"-'?
SPI is used in this study to investigate reactivity of neutral iron
oxide clusters (Fe,,0,) toward CO. This technique has recently
been applied to study reactivity of neutral vanadium oxide
clusters toward C, hydrocarbons.'*

Low-temperature, low-cost, and efficient CO oxidation (re-
moval) can solve serious environmental problems that are caused
by CO emission from automobiles, industrial processing, and
even cigarette burning. The CO oxidation is also important in
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164318.
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other areas such as respiratory protection and fuel gas cleanup.
Iron oxides (Fe,O,) have been extensively studied as noble metal
free catalysts for low-temperature CO oxidation.">™ ' In early
studies,'® the prepared iron oxide catalysts are only active for
CO oxidation at high temperatures (>673 K). Li et al.'® found
that nanosized iron oxide can be highly catalytic at much lower
temperature (523 K), which is confirmed in various other
independent studies.'” Specially prepared and treated nanosized
iron oxides are found to be catalytic even at ambient conditions
(T =~ 300 K)."®'” Measured apparent activation energies for
the oxidation of CO by O, are higher for non-nano Fe,O3
powder (~83.7 kJ/mol'>*) than for Fe,O3 nanoparticles (60.7
kJ/mol,'® 26.4 kJ/mol'™). CO can be readily oxidized by Fe,O;
nanoparticles in the absence of 0,.16:17v

These investigations, as well as others, employing alternative
oxides (Mn,0,, C0,0y, Ni,O,,...)* are important to find efficient
noble metal free catalysts for the oxidation of CO; however,
from these studies, the intrinsic reaction mechanism, or how
CO oxidation gets catalyzed at a molecular level, is still not
clear. Various mechanism issues arise in these condensed phase
investigations. Li et al. concluded that the small particle size
and the FeOOH component of their Fe,O3 catalyst contribute
to the high catalytic performance.'® Zheng et al. concluded that
the high density of Fe atoms on the exposed {110} planes of
their quasicubic o-Fe,Os nanoparticles leads to the excellent
catalytic reactivity.'’® Szegedi et al. concluded that both ionic
and metallic forms of iron are active in low-temperature CO
oxidation.'® Gas-phase investigations of reactions of various
Fe,, O, clusters with CO will provide a good model for the
understanding of the intrinsic mechanisms of CO interaction
with active sites of condensed phase catalysts.

Gas-phase reactions of ionic iron oxide clusters (Fe;—,0,",
Fe; -0, ) with low-pressure (less than 20 mTorr) CO gas have
been recently investigated.' First-principle calculations have
also been applied to interpret the experimental results. The
Fe—O bond strength of cationic clusters is usually weaker than
that of anionic species.”> As a result, FeO," (n = 1—3) are
more reactive than FeQ,” toward CO oxidation.”'* First-
principle calculations were also used by Reddy and co-workers
to study CO oxidation catalyzed by a neutral Fe,Oj3 cluster.”
CO adsorption onto gas-phase Fe,O3 clusters causes rearrange-
ment of one of the three Fe—O—Fe bridged bonds to one Fe—O
terminal bond. A reaction barrier of 0.39 eV is calculated for
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CO approaching the Fe;O3 cluster. The Fe—O terminal bond
can further oxidize another CO molecule to form CO; easily.
There is, unfortunately, no gas-phase experimental study to
support the calculated results for the neutral cluster.

Properties of gas-phase iron oxide clusters are extensively
studied by LIF,'%>2* IR,* photoelectron spectroscopy,?® mass
spectrometry,'>“*’ as well as quantum chemistry calcula-
tions,>d-10-6:25.26¢.28 Generally, the theoretical results are reliable
enough to help in the interpretation of experimental data. For a
few cases, analysis of the theoretical results has to be guided
by experimental data. One example of this latter case is the
determination of the ground state of the FeO, molecule. The
experimental data suggest that FeO, possesses a triplet ground
state, but some often-used theoretical methods predict a quintet
ground state.?® In this study, density functional theory (DFT)
calculations and SPI techniques are used to investigate the
reactivity of neutral Fe,,O, clusters toward CO. The experimental
results are well interpreted by the calculations. Details of the
reaction mechanism are obtained and used to interpret the
condensed phase catalytic process of CO oxidation by O, over
iron oxides at a molecular level.

2. Methods

2.1. Experimental Methods. The experimental setup for a
pulsed laser-ablation/supersonic nozzle coupled with a fast flow
reactor has been described in previous studies.'*?? Only a brief
outline of the experiments is given below. Fe,O, clusters are
generated by laser ablation of iron metal foil in the presence of
10% O, seeded in a He carrier gas with typical backing pressure

(22) (a) Metz, R. B.; Nicolas, C.; Ahmed, M.; Leone, S. R.

2005, 123, 114313 (b) Che%takov D. A Parker, D. H.; Baklanov
A. V. ifsesiiing. 2005, /22, 084302. (c) Valli, C.; Blondel C.;
Delsart, C. isseneamsd 1999, 59, 3809. (d) Leopold, D. G.;
Lineberger, W. C. . 1986, 85, 51. (e) Drechsler, G.;
Boesl, U.; Bdfmann, C.; Schlag, E. W. . 1997, 107,
2284 (f) Notes: The experimental bond strength (D) for FeO™" is
Do(Fet—0) =3.52 4 0.02 eV (ref 22a). The experimental Dy values
for FeO™ are Dy(Fe™ —0) = Dy(Fe—O) + EA(FeO)—EA(Fe) = 5.52
4+ 0.01 eV and Dy(Fe—O™) = Do(Fe—O0) + EA(FeO)—EA(O) = 4.21
4+ 0.01 eV, in which Dy(Fe—0) = 4.18 £ 0.01 eV (ref 22b) and EA
denotes electron affinity: EA(O) = 1.46111 £ 0.00004 eV (ref 22c),
EA(Fe) = 0.151 4 0.003, (ref 22d), and EA(FeO) = 1.4945 4 0.0002
eV (ref 22e). The calculated Dy values for FeO," (n = 1—3) are all
less than 4.75 eV, whereas those for FeO,, (n = 1—3) are all greater
than 5.75 eV in ref 21a.
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LI Ity 2004 384, 242. (b) Reddy, B. V; Rasouh F.; Hajaligol,
M. R.; Khanna, S. N. Fuel 2004, 83, 1537. (c) Reddy, B. V.; Khanna,
S. N. Sisteiny 2004, 93, 068301.

(24) Steimle, T. C.; Nachman, D. F.; Shirley, J. E.; Merer, A. J. Lol
Dhys. 1989, 90, 5360.

(25) (a) Andrews, L.; Chertihin, G. V.; Ricca, A.; Bauschlicher, C. W., Jr.
I 1996, /18, 467. (b) Chertihin, G. V.; Saffel, W.;
Yustein, J. T.; Andrews, L.; Neurock, M.; Ricca, A.; Bauschlicher,
C. W., Jr. joniiesnisionsg. 1996. 100, 5261.

(26) (a) Wu, H.; Desai, S. R.; Wang, L. S. il 1996. /8,
5296. (b) Wang, L. S.; Wu, H.; Desai, S. R. iiiaing 1996,
76, 4853. (c¢) Gutsev, G. L.; Bauschlicher, C. W., Jr.; Zhai, H. J.;
Wang, L. S. il 2003, //9, 11135.

(27) (a) Shin, D. N.; Matsuda, Y.; Bernstein, E. R. jusfsisiiiy. 2004,
120, 4150. (b) Schroder, D.; Fiedler, A.; Schwarz, J.; Schwarz, H.
Hiskteislai 1994, 33, 5094. (c) Schroder, D.; Roithova, J.; Schwarz,
H. I 2006, 254, 197. (d) Molek, K. S.; Anfuso-
Cleary, C.; Duncan, M. A. jiiniisml 2008, /72, 9238.

(28) (a) Cao, Z.; Duran, M.; Sola, M. siniinssisy. 1997, 274, 411.
(b) Gutsev, G. L.; Khanna, S. N.; Rao, B. K.; Jena, P. juuiiiuis
A 1999, 103, 5812. (c) Kellogg,C B Irlkura K. K. jniieniisn
A 1999, 103, 1150. (d) Garcia-Sosa, A. T Castro, M. i
M 2000, 80, 307. (e) Shiroishi, H.; Odd T.; Hamada, I.; Fujima,
N. Rebilsdiay 2005, 24, 2472.
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128, 044306.

of 75 psi. A 532 nm (second harmonic of Nd**:yttrium aluminum
garnet—YAG) laser with energy of 5—8 ml/pulse and repetition
rate of 10 Hz is used. The gas is controlled by a pulsed nozzle
made by the R. M. Jordan Company. The clusters formed in a gas
channel (2 mm diameter x 19 mm length) are expanded and reacted
with CO or other gas molecules (O,, NO,...) seeded in He in a fast
flow reactor (6 mm diameter x 76 mm length). The reactant gases
(CO seeded in He) with typical backing pressure of 10 psi are pulsed
into the reactor 20 mm downstream from the exit of the narrow
cluster formation channel by a second pulsed valve (General Valve,
series 9). The instantaneous gas pressure in the fast flow reactor is
estimated (see references and notes in ref 30) to be around 14 Torr
during the time that the second nozzle is opening. Oxide clusters
exiting the narrow cluster formation channel are usually rotationally
cold (Tro; ~ 50 K) and vibrationally hot (T4, ~ 700 K)."" The
number of collisions that a cluster (radius = 0.25 nm) experiences
with the bath gas (radius = 0.05 nm, 7= 350 K, P = 14 Torr) in
the fast flow reactor is about 100 per 1 mm of forward motion.
This corresponds to a collision rate of 10® s~ ' for an approaching
velocity of 1 km/s. Considering that the reactor length (76 mm) is
much longer than 1 mm, the intracluster vibrations are likely
equilibrated to the bath gas temperature before reacting with the
diluted (1—5%) reactant gas. The bath gas temperature is around
300—400 K considering that the carrier gas can be heated during
the process of laser ablation (see ref 30b for details).

After reacting in the fast flow reactor, ions are deflected from
the molecular beam by an electric field located 5 mm downstream
from the fast flow reactor. The neutral reactants and products exiting
from the reactor are skimmed (5 mm diameter) into a vacuum
system of a time-of-flight mass spectrometer (TOFMS) for ioniza-
tion by a VUV laser with output at 118 nm, 10.5 eV. Ions are
detected and signals are recorded as previously described.'3*27*
The uncertainty of the reported relative mass signals in this study
is about 10%. The 118 nm laser light is generated by focusing the
third harmonic (355 nm, ~30 mJ/pulse) of a Nd:YAG laser in a
tripling cell that contains about a 250 Torr argon/xenon (10/1) gas
mixture. To separate the generated 118 nm laser beam from the
355 nm fundamental beam, a magnesium fluoride prism (made by
Crystaltechno Ltd., Russia, apex angle = 6°), which was not
employed in our previous studies,'"'**~ ¢ is inserted into the light
path. In this case, one is quite certain that the mass signals are
generated by ionization purely through the VUV laser radiation
with low power (~1 ul/pulse, pulse duration ~5 ns).

2.2. Computational Methods. The DFT calculations using the
Gaussian 03 program®' have been employed to study the reactions
of neutral Fe,,0, clusters with CO and O,. The reaction pathways
are followed for FeO,_3 + CO — FeOy_, + CO,, Fe,05_5 + CO
- F6202—4 + COz, FeO + 02 - F€O3, and F6201—3 + 02 -
Fe,O3-s5. The reaction pathway calculations involve geometry

(30) (a) Anderson, J. B. In Molecular Beams and Low Density Gas

Dynamics; Wegner, P. P., Ed.; Marcel Dekker: New York, 1974. (b)
Geusic, M. E.; Morse, M. D O Brien, S. C.; Smalley,R E.
Lastgy. 1985, 56, 2123 (c) Notes The pressure (P) is calculated with
the ideal gas law P = nkT in which k and T are the Boltzmann constant
and the gas temperature, respectively. The molecular density (n) is
determined by n = F/A/C (refs 30a and b) in which F is the gas flow
rate (in molecule/s), A is the cross-sectional area defined by the inner
diameter of the fast flow reactor, and C [= (ykT/m)"?; parameters of
helium are used: y = 5/3 and m = mass of He atom] is the speed of
sound. The gas flow rate F is determined as F = N/A where N is
number of gas molecules per pulse injected from the second nozzle
and A is the duration of gas pulse (2.0 ms in our experiment). The
(average) N value is quite accurately determined by monitoring the
amount of gas (~5% uncertainty) injected into the vacuum after
running the pulsed valve (at 10 Hz) for a fixed period of time. The
uncertainty of n originates mainly from the indirect determination of
A that is read directly from the pulse duration of the voltage that drives
the solenoid valve. The uncertainty of A is about 30%. nco = (3.85
+ 1.16) x 10" and (1.92 £ 0.58) x 10'® cm > are determined for
1% and 5% CO conditions, respectively.

(31) Frisch, M. J.; et al. Gaussian 03 , revision C.02; Gaussian, Inc.:
Wallingford, CT, 2004.
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Figure 1. TOF mass spectra for reaction of neutral iron oxide clusters
with carbon monoxide in a fast flow reactor. The CO concentrations are
0% (top trace), 1% (middle), and 5% (bottom) in the helium carrier gas.
The relative signals of Fe and FeO are given in the parentheses.

optimizations of various reaction intermediates and transition states
through which the intermediates transfer to each other. The
transition state optimizations are performed by employing either
the Berny algorithm?? or the synchronous transit-guided quasi-
Newton (STQN) method.** Vibrational frequency calculations are
performed to check that reaction intermediates and transition state
species have zero and one imaginary frequencies, respectively.
Intrinsic reaction coordinate (IRC) calculations** are also performed
so that a transition state connects two appropriate local minima in
the reaction pathways. The hybrid B3LYP exchange-correlation
functional®® is used. The basis set adopted is the triply split
6-3114+G* basis set>® with one set of diffuse and polarization
functions®” for all atoms. The same methods were successfully used
to study the reaction mechanisms of N,O + CO — N, + CO;
catalyzed by Fe* (or FeO™).> Relative free energies under standard
conditions (298.15 K, 1 atm) are reported. Cartesian coordinates,
energies, and vibrational frequencies for all of the optimized
structures are listed as tables in the Supporting Information.

3. Results

3.1. Experimental Results. Figure 1 presents TOF mass
spectra for the reactions of neutral Fe,O, clusters with 0%
(reference), 1%, and 5% CO seeded in He in the fast flow
reactor. The mass signal of FeO, disappears completely after it
reacts with 5% CO at ca. 300—400 K, whereas no apparent
signal depletion is observed for Fe,O4 and Fe,Os under the same
conditions. Significant signal depletion of FeOs is observed after
the reaction with CO. The reaction cross section (o) or first-
order rate constant (k;) in the fast flow reactor can be estimated
by using the following equation:

(32) Schlegel, H. B. . 1982, 3, 214.

(33) (a) Peng, C.; Schlegel, H. B. Isr. J Chem. 1994, 33, 449. (b) Peng,
C.; Ayala, P Y.; Schlegel, H. B.; Frisch, M. J. i
1996 17, 49.

(34) (a) Gonzalez, C.; Schlegel, H. B. juufsissmiiiong. 1989, 90, 2154. (b)
Gonzalez, C.; Schlegel, H. B. . 1990, 94, 5523.

(35) (a) Becke, A. D. 1988, 98, 3098. (b) Becke, A. D.
Ieeiiis 1993, 98, 5648. (c) Lee, C.; Yang, W.; Parr, R. G.

1998, 37, 785.

(36) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A. jfsiassiiiang 1972, 56,
2257. (b) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. [aflgiid
DPhys. 1980, 72, 650.

(37) (a) Chandrasekhar, J.; Andrade, J. G.; Schleyer, P. v. R. jonfsianiliin
Soc. 1981, 103, 5609. (b) Clark, T.; Chandrasekhar, J.; Spitznagel,

G. W.; Schleyer, P.v. R. iy 1983, 4, 294.
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as

1o\~ exp(—onl) = I, exp(—k,nAr) (D)

in which Iy, and Iy are signal magnitudes of the clusters after
reaction/collision with reactant gas (CO) and pure He, respec-
tively, n is the molecular density of reactant gas (the estimation
of n is given as notes in ref 30c), [ is the effective path length
of the reactor (~76 mm), and At is the reaction time that can
be estimated as At = I/v (v—the cluster beam velocity ~1 km/
s). To obtain the uncertainties of ¢ and k; in eq 1, uncertainties
of 30% are given for n,3% 20% for I, and 10% for the rest of
the independent quantities (/as, Ire, and v).

Using the relative signal magnitudes of FeO3 from the middle
(I collge = 1.75/2.58) and bottom (Is¢, co/lye = 0.61/2.58)
spectra in Figure 1, the reaction cross sections o(FeO3; + CO)
= (1.3 £ 0.7) x 1077 and (1.0 + 0.4) x 1077 cm? are
determined, respectively. The corresponding rate constant is
ki(FeO3 + CO) = (1.3 £0.7) x 10" and (1.0 £ 0.4) x 107"
cm?® molecule ™! s~!. The difference of o(FeOs + CO) deter-
mined at different concentrations of CO is within the experi-
mental uncertainties. Similar calculation can be applied to FeO,
+ CO using the relative signal magnitudes of FeO, (114, co/lue
= 0.92/2.46). This leads to o(FeO, + CO) = (3.4 £ 1.3) x
10~"7 cm?. The calculation of o(FeO, + CO) using eq 1 does
not take into account the complication that some FeO, may be
formed from the reaction of FeO3; + CO — FeO, + CO,. As a
result, the above calculation gives the lower limit for o(FeO,
+ CO). Considering a consecutive first-order reaction involving
two stages*® (FeO3 + CO — FeO, + CO,, FeO, + CO — FeO
+ CO;) and assuming the ionization efficiencies of FeO, and
FeO; are the same, the corrected®®® reaction cross section
0°°"(FeO, + CO) = (5.3 + 2.1) x 1077 cm? is obtained.

The reactions of charged FeO,  and FeO," with CO have
been studied under well-defined conditions,>'®* for which a
cluster signal decrease of 9%/25% is observed for FeO, /FeO,"
reacting with 20/5 mTorr CO in a gas cell with an effective
path length of 12.9 cm.* By using eq 1 and 7 = 305 K,*
0(FeO,” + CO) = 1.2 x 1077 ecm® and o(FeO," + CO) =
14.2 x 1077 ¢cm? are obtained. Interestingly, the " (FeO, +
CO) determined in this work is in between o(FeO," + CO)
and o(FeO,” + CO).

In Figure 1, the signal of FeO first increases, then decreases,
as the CO concentration increases. This can be interpreted by
relatively quick reactions of FeO, + CO — FeO + CO, and
FeO5; + 2CO — FeO + 2CO; and slow reaction of FeO + CO
— Fe + CO,. Because the relative ionization efficiencies of
FeO, FeO,, and FeO3 are unknown, the estimation of o(FeO +
CO) is not given in this study. Under the 5% CO condition, the
FeO, signal disappears completely, whereas the FeO signal is
still higher than that under pure He conditions. We conclude
that FeO, is more reactive than FeO and that it is the most
reactive cluster among FeO,_3 and Fe,O4—5 in the reaction with
CoO.

Reactions of Fe,,0, clusters with other gases are also studied
to test the reaction selectivity of Fe,,O,. The results are shown

(38) Steinfeld, J. I.; Francisco, J. S.; Hase, W. L. Chemical Kinetics and
Dynamics; Prentice-Hall: Upper Saddle River, NJ, 1999; (a) p 26 and
(b) pp 313—314. (¢) Determination of 0“°"(FeO, + CO) involves
finding solution for x in a nonlinear equation: Ae”* + B(l1—e *)/x—
C = 0, in which A = Iy(FeOy)/In.(FeO3), B =—In[lgs(FeOs)/
Ie(FeO3)], C = Igu5(FeO2)/I445(FeO3), and 0°°"(FeO, + CO) = (x +
B)/n/l. The uncertainty of x + B is determined by calculations of the
numerical derivatives of x + B with respect to the independent mass
signal magnitudes (/g and /e with 10% uncertainty).

(39) Bell, R. C.; Zemski, K. A.; Justes, D. R.; Castleman, A. W., Jr.

it 2001, /74, 798.
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Figure 2. TOF mass spectra for reaction of neutral iron oxide clusters
with 5% O,, 1% NO, and 5% SO,. 1,2NO and 2,4NO denote product peaks
of FeO,NO and Fe,O4NO, respectively.

in Figure 2 for Oy, NO, and SO; as reactant gases. No reaction
between Fe,,0, and O, is observed. The reactivity of neutral
Fe,, O, toward NO and SO; is quite different from that toward
CO: Fe,0Os5 reacts with NO and SO,, whereas FeO, is less or
nonreactive with these two gases. FeOs is also reactive with
NO and SO;. Two products, FeO,NO and Fe,04NO (possibly
from association reactions X + NO — XNO, in which X =
FeO, and Fe»0,), are observed for NO as the reactant gas. On
the basis of the experimental (for NO, and S03)* and calculated
(for FeOs and Fe,0s, see section 4.1) bond enthalpies of related
species, NO and SO, may be oxidized by FeOs and Fe,Os, i.e.,
FeO3; + NO/SO, — FeO, + NO,/SO3, Fe;Os + NO/SO, —
F6204 + NOz/SO3.

The size-dependent reactivity of iron oxide clusters toward
CO (see Figure 1) is interesting. In this study, reaction
mechanisms of FeO;_3 and Fe,O4-s with CO are interpreted
based on quantum chemistry calculations.

3.2. Computational Results. To gauge the validity of the
B3LYP/6-3114+G* method for calculation of reaction pathways
for CO oxidation by Fe,,O, and Fe,,0, oxidation by O,, bond
enthalpies (Hp), as well as bond lengths, are calculated and
compared with experimental values??* %4 for 0,, CO, CO,,
and FeO molecules. The comparison is made in Table S1 (see
the Supporting Information). The B3LYP functional shows
excellent performance for bond length (within 0.002 A) calcula-
tions. This functional underestimates Hy, of CO by 0.32 eV. The
Hy, values of O;, CO,, and FeO are well (within 0.07 eV)
calculated through the B3LYP functional. We expect that the
relative energetics for Fe,O, + CO — Fe,0,-; + CO, and
Fe,,0, + O, — Fe,, 0,12 can be reasonably predicted by B3LYP/

(40) Chase, M. W. NIST—JANAF Themochemical Tables, 4th ed. J. Phys.
Chem. Ref. Data Monograph 9, 1998.

(41) (a) Wells, A. F. Structural Inorganic Chemistry, 4th ed. Clarendon
Press: Oxford, 1975. (b) Cheung, A. S. C.; Lee, N.; Lyyra, A. M.;
Merer, A. J.; Taylor, A. W. . 1982, 95, 213.

(42) The adopted B3LYP/6-311+G* method predicts that the quintet FeOO,
(FeO3 molecule containing—O—O—moiety, SBs, Cay symmetry, see
°12 in Supporting Information Figure S7) is only above the ground-
state FeO3 (‘A(', D3p) by 0.032 eV (zero-point-vibration corrected,
see Tables S4 and S11 in the Supporting Information). Considering
that the B3LYP functional favors higher spin states and another
functional such as BPWO91 with 6-311+G* basis set predicts that the
singlet FeOs; ('A}') is below the quintet FeOO, (°B,) by 1.38 eV,
FeOO; is not considered to be significantly populated in the experiments.

ISTHLIHATC

0——. STSUH.TUAMNC
1 :)1 /\ 115
H , "\‘
f 3
— FeO(A)-CO0.00 [ ‘-\ 1.82
/

N\ FeO(*A)-C0/0.92 \ C_InA)
\ \ @ )

\ I
\ v \ 116
\ / \
\-\ / 1.20
/ \
\ | \ —
Y / \ 221
Vi \ STS2/-0.66/ A" Cg
@ ST1/-0.60/A" C \ STS20.10°A"C
10.00/A" Cs ST20.73A" C‘L \ " :\

1.13 ‘
95 1.18 .
S ) \.

Fe(*D)+C0O,-1.11
Fe(*F)~C0,-0.14

12-0.39/A"C

Figure 3. DFT calculated reaction pathways for FeO (°A) + CO (‘=) —
Fe (°D) + CO, ('S, ") and FeO (*A) + CO ('=*) — Fe CF) + CO;, ('S, H).
The reaction intermediates and transition states are denoted as “In and ¥TSn,
respectively, where the superscript M indicates the spin multiplicities. The
relative Gibbs free energy at 298 K (AGagsk in eV), electronic configuration
(I'), and the point group (PG) of the species are given as AGaogr/T/PG.
The bond lengths in 0.1 nm are given. All of the energies are relative to
the total free energy of FeO (°A) and CO ('="). The energy profile and
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Figure 4. DFT calculated reaction pathways for FeO, (°B;) + CO (‘=)
— FeO (CA) + CO; ('Z,7) and FeO, (°By) + CO (=) — FeO (°A) +
CO, ("=, ™). See the caption of Figure 3 for explanations. All of the energies
are relative to the total free energy of FeO, (°B) and CO ('=").
6-311+G*, as long as the calculated Hy values of Fe,O, are
accurate enough. The BPWO91 functional, which has a good
performance for electron affinity calculations,”® overestimates
H, values, and the largest error (~1 eV) occurs for FeO.
B3PWO1 shows a similar performance to B3LYP for main group
species O, CO, and CO,, whereas the bond length and the Hy,
value of FeO are not very well calculated. All the reaction
pathways reported in this study are calculated at the B3LYP/
6-311+G* level. In general, the choice between B3LYP and
BPWOI seems to depend upon just what properties and systems
one wishes to emphasize.

Figures 3—5 plot the DFT calculated reaction pathways for
CO oxidation by FeO, FeO,, and FeOs, respectively. FeO has
a quintet ground state (°A). A significant overall reaction barrier

J. AM. CHEM. SOC. = VOL. 130, NO. 47, 2008 15883
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(ORB) of 0.24 eV is determined for the reaction of ground-
state FeO with CO (Figure 3). In Figure 4, although the B3LYP/
6-311+G* predicts that the quintet FeO, (°By) is slightly lower
in energy (by 0.12 eV) than the triplet FeO, (°By), previous
experimental and theoretical studies have shown that the FeO,
has a triplet ground state.>>-**® Therefore, the reaction between
the CO and FeO, should proceed in the triplet spin state in the
experiment. The results in Figure 4 show that no ORB (or
negative ORB of —0.08 eV) exists for CO reacting with FeO,
in the experimentally determined spin state. The negative ORB
for the FeO, + CO system is consistent with its high reactivity
[0(FeO, + CO) > (3.4 £ 1.3) x 107" cm?].

The DFT calculation (Figure 5) predicts that the FeOs has a
singlet ground state ('A;', D3, point group) and the triplet state
(*A,, C,,) is above the ground state by 0.020 eV (it is 0.054
eV* for the zero-point-vibration corrected energy). A high ORB
of 1.10 eV is present for CO approaching singlet FeOs, whereas
the ORB is very low (0.03 eV) for CO approaching triplet FeOs.
As the theoretical calculations are not accurate to 0.05 eV, the
true ground state of FeO3; may well be the triplet state. In this
case, the DFT result can be used to explain the observed
reactivity [o(FeO3; + CO) ~ 1 x 107" cm?).

In the case that the triplet state of FeOs is slightly higher in
energy than the singlet (such as the relative energies predicted
by the B3LYP/6-311+G* in this study), a spin inversion
mechanism* may be considered to explain the observed
reactivity of FeOj; (Figure 1). Figure 6 shows the potential
energy curves for CO approaching FeO;. CO approaches FeO3
in the singlet spin state up to the Fe—C distance of 0.2967 nm.
The spin inversion of the species from singlet to triplet spin
state can happen at this point. Because the system energy at
this conversion point is only 0.06 eV higher than that of the
separated reactants (singlet FeO3; + CO), formation of the triplet
FeO3CO species (*I1 in Figure 5) is not subject to a significant
energy barrier. This explains the observed reactivity of FeO3
toward CO, as depicted in Figure 5. On the other hand, the
spin inversion and the small barrier (0.06 eV) will be rate-
limiting factors for singlet FeO3 reacting with CO at T ~ 350

(43) Schroder, D.; Shaik, S.; Schwarz, H. jniiiiag. 2000, 33, 139.
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species by varying the Fe—C distance (Rr.—c). The energy (E) is relative
to the total electronic energy of FeOs (‘A;'") and CO ('="). The solid circles
(®) and solid triangles (A) denote the relaxed PESs of the singlet and triplet
states of FeO3CO, respectively. The relaxed PESs are obtained by partial
geometry optimizations of FeO3;CO with Fe—C distance being fixed at
various values. The PES denoted by the hollow circles (O) is calculated
for triplet FeO3CO by using the partially optimized geometries of the singlet
FeO3CO. The PES denoted by the hollow triangles (A) is calculated for
the singlet FeO3CO by using the partially optimized geometries of the triplet
FeO3CO.

K. As a result, the observed reactivity of FeOs is lower than
that of FeO,, as experimentally observed.

The structures of neutral Fe,O3—5 clusters are not well studied.
Figures S1—S3 (see the Supporting Information) plot the lowest
energy structures of Fe,O3_s with different conformers and spin
multiplicities. The ground state of Fe,O3 is composed of a four
membered ring (—Fe—O—Fe—0—) and a terminal Fe—O bond;
Fe,O4 has a similar structure with an additional terminal Fe—O
bond. The ground state of Fe,Os (9C1) is found to contain a
peroxy unit with an O—O bond length of 0.132 nm. The
structures with three ("C2) or four (7C3) Fe—O terminal bonds
are higher in energy by ~0.5 eV. Because a high barrier (> 1
eV, see Figure S4 in the Supporting Information) separates
conformer C1 from conformers C2 and C3, Fe,Os clusters with
C1, C2, and C3 structures may be formed in our laser-ablation/
supersonic-expansion conditions.

The reaction pathway shown in Figure 7 predicts that the
oxidation of CO by the ground and low-lying excited states of
Fe,Oy is subject to significant ORBs (0.23 and 0.35 eV). The
reaction of Fe,Os with CO is complicated due to possible
existence of several conformers (C1—C3 in Supporting Infor-
mation Figure S3). A tedious DFT investigation confirms that
the reactions are all subject to significant ORBs (see Supporting
Information Figure S5, parts A and B, for examples of reaction
pathways): ORB (relative to the separated CO and the individual
conformer) = 0.21 eV ('C1), 0.39 eV (°C1), 0.38 eV (''C1),
0.26 eV (°C2), 0.34 eV ("C2), 0.46 eV (°C3), and 0.68 eV ("C3).
In the reaction of CO with the C2 conformer of Fe,Os, CO
may be oxidized by one of the two Fe—O terminal bonds on
the same iron atom (Fe—O bonds on the right side, C2 in Figure
S3 in the Supporting Information). In this case, the ORBs of
1.02 and 1.11 eV are determined for Fe,05(°C2) + CO and
Fe,05(’C2) + CO, respectively.

The positive ORBs of the Fe;Os5 + CO systems are
consistent with the nonreactivity of Fe,O4 s presented in Figure
1. Good agreement between the DFT calculations and the
experimental observations has been achieved in this study. This
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agreement between theory and experiment enables us to draw
qualitative conclusions concerning the mechanisms of CO
oxidation on Fe,,0, clusters based on the DFT results.

4. Discussion

4.1. Mechanisms of CO Oxidation by Iron Oxide Clusters
in the Gas Phase. Figures 3—5, 7, and Supporting Information
Figure S5 show very similar processes of CO oxidation on
different iron oxide clusters, even though the relative energies
of the reaction intermediates and transition states depend on
the individual clusters and their spin states. The first step in
these reactions involves CO adsorption onto the clusters by
carbon—iron interaction to form species O,Fe,,—1Fe—CO. The
oxygen—iron interactions (O,Fe,,—1Fe—0OC) are also explored.
The species formed in this way are usually unstable or very
high in energy. Direct CO, formation (carbon—oxygen interac-
tion, such as O,—;Fe,,0—CO) is also tested, as well. The reaction
barriers are much higher than those presented in Figures 3—35,
7, and Supporting Information Figure S5. For the oxidation of
CO by anionic AuO,,” clusters, the initial complex formation
involves a carbon—oxygen interaction: the CO molecule is able
to bind directly to the oxygen atom in AuO, .°" This could be
an intrinsic mechanism difference between the CO oxidation
over noble metal and over non-noble metal catalysts. A natural
bond orbital (NBO) analysis** is performed to check the
character of the carbon—iron interaction in the initial intermedi-
ates. The results are given in Table S2 in the Supporting
Information. The interaction mainly involves electron donation
from the lone pair orbital of the carbon atom to 4s and 3d
orbitals of the iron atom. The involved carbon atomic orbitals
are 2s (contribution >60%), 2p,, and 2p,. The iron 4s, 3d,>—,2,
3d2, and 3d,, orbitals are generally involved in the interaction.
Note that for reaction of Fe,Os ("C1) + CO (Figures S3 and
S5A in the Supporting Information), iron 3d,, and 3d,. are
involved in the interaction for species 1.

After the initial intermediate formation through carbon—iron
interactions, the second critical step of the reaction involves
one terminal Fe—O bond activation. This is clearly demonstrated

(44) (a) Foster, J. P.; Weinhold, F. jinuumiinmmmia. 1980. /02, 7211. (b)
Reed, A. E.; Curtiss, L. A.; Weinhold, F. (ghgielgd 1988, 88, 899.

in Figures 3—5, 7, and Supporting Information Figure S5, in
which the activated Fe—O bond lengths (in 0.1 nm in the list
below) of the first transition states are significantly longer than
those of the initial intermediates: 1.74 versus 1.62 for FeO (°A)
+ CO; 1.67 versus 1.59 for FeO, (°B)) + CO; 1.66 versus 1.61
for FeO3; (CA,) + CO; 1.66 versus 1.56 for Fe,O4 (A) + CO;
1.71 versus 1.64 (Supporting Information Figure S5A) or 1.63
(Supporting Information Figure S5B) for Fe,Os ("A or ’A") +
CO. The activation energy ranges from 0.84 (FeO/°A + CO)
to 0.26 eV (Fe,O4’A + CO) with respect to the initial
intermediates. Following Fe—O bond activation, the reaction
is driven by additional C=0 bond formation which is facile
due to favorable thermodynamics: CO, (O—CO) bond enthalpy
at 298 K is 5.54 eV, whereas those of FeO—3 and Fe,O4—5 are
4.29 (FeOF’A — Fe/’D + O/°P), 3.59 (FeO,/°B; — FeOFA +
OFP), 3.05 (FeOs/'A)" — *Fe0,/’B; + OF°P), 3.25 (Fe;04/
'C1/A — Fe;03/°C1/B, + OF°P), and 2.93 (Fe;0s/'Cl/A —
Fe,04Cl1/A 4+ OFP) eV, based on our calculations. The
experimental bond enthalpies of NO, (O—NO) and SO3
(0—S0,) at 298 K are 3.15 and 3.61 eV,*" respectively. These
two values are larger than the calculated bond enthalpies of FeO3
and Fe,Os; thus, oxidation of NO and SO, by FeOs and Fe,Os
is thermodynamically favorable. The observed reactivity of FeOs
and Fe;Os toward NO and SO, (Figure 2) may be related to
the oxidation reactions.

On the basis of experimental observations,*’ a two-state
reactivity (TSR) that involves conversion of the reaction
complex from one spin state to another was proposed as a new
concept in organometallic chemistry.** The TSR has been
recognized to be important in many reaction systems involving
transition metals.*® The spin conversion is predicted to occur
in the late stage of the FeO, + CO reaction (Figure 4). A spin
inversion point at which triplet FeOCO; can convert to quintet
FeOCO, is shown in Figure S6 in the Supporting Information.
The LIF technique could be employed to monitor the relative
abundance of FeO products in different spin states. Because
the spin conversion shown in Supporting Information Figure
S6 occurs “after the transition state” (the critical barrier has
been overcome along the IRC), such a spin conversion would
have no effect on the rate measured in the present work.

Spin conversion may be considered (Figure 6) for the reaction
of FeO3; with CO in the case that the true ground state of FeO3
is the singlet; however, no solid experimental evidence for such
an occurrence exists and current theoretical calculations are not
accurate enough to address this issue. The reactions of CO with
FeOs in the singlet ('A;") and in the triplet (CA,) states are
subject to very high (1.10 eV) and very low (0.01 eV) ORBs
(Figure 5), respectively. The observed reactivity of FeO3; with
CO (note that all of the FeOs clusters are reacted away if a
high density of CO molecules is used in the experiment, not

(45) (a) Hanton, S. D.; Noll, R. J.; Weisshaar, J. C. jusiiiasisiang. 1990,
94, 5655. (b) Fisher, E. R.; Armentrout, P. B. jiiiiay. 1992.
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shown in Figure 1) thus implies one of the two following
options: (1) the triplet state is the ground state of FeOs, or (2)
the triplet state is the low-lying excited state of FeOs. Figure 6
shows that the triplet state cannot be very high in energy above
the singlet state, otherwise the energy of the spin conversion
point will be too high for the reaction to occur, which is in
disagreement with the observed reactivity of FeOs; toward CO.
To reach a definite conclusion on the TSR issue for reaction of
FeO; with CO, further experimental and theoretical studies are
required to determine the accurate energetics of the ground and
low-lying excited states of FeOs.

Figure 1 indicates that no association products (Fe,,0,CO)
or reaction intermediates such as Il in Figures 3—5, 7, and
Supporting Information Figure S5, are observed. The collision
rate between the clusters and the helium bath gas molecules is
about 10® s~ under the employed experimental conditions. As
a result, the lifetime (7) of the reaction intermediates must be
longer than 10 ns in order that they can be efficiently collision-
stabilized in the fast flow reactor and detected in the TOFMS
chamber. The initially formed (metastable) reaction intermedi-
ates, Fe,,0,,CO (I1 in Figures 3—5, 7, and Supporting Informa-
tion Figure S5), carry vibrational energies (Eyiy) of Fe,, O, and
CO at Tyip = 300—400 K, the binding energy (Ep) between
Fe,,0, and CO, and the center of mass kinetic energy (Ex =
m/2/2, u—reduced mass of CO with Fe,,0,, v = 800—1200 m/s).
The Rice—Ramsberger—Kassel—Marcus (RRKM) theory can
be used for computations of the rate constants of internal
conversion (I1 — TS1 — 12 in Figures 3—35, 7, and Supporting
Information Figure S5) or direct dissociation (Fe,,0,CO/I1 —
Fe,, O, + CO):

k(E) = gN*(E — E")p(E)/h )

in which g is the symmetry factor (g = n for internal conversion
of FeO,CO, and g = 1 for internal conversion of Fe;O4sCO
and all of the direct dissociations), p(E) denotes the density of
states of the metastable intermediates at the energy E [=
Eyin(Fe,,0,) + Eyin(CO) + Ey + Ex], N¥ (E — E* ) represents the
total number of states of the transition state (activated complex)
with a barrier E¥ (Ep and E¥ are zero-point-vibration corrected
energies), and 4 is the Planck constant. The direct count method
proposedlgz Beyer and Swinehart*’ is used for determining the
number (N") and density (p) of states under the approximation
of harmonic vibrations. The Eyp, Ep, E', and vibrational

(48) The experimental work (Figure 1) suggests that single-iron sites (FeO» 3
as models) are active, whereas two-iron assemblies (Fe>O4 5 as models)
are not, for the oxidation of CO; however, in the model catalytic cycles
(FeO,-3 and Fe,03-5 as model catalysts, see cycles I and II in Figure
8), the most difficult (rate-limiting) step is O—O bond breaking. We
thus give up choosing single irons as the best catalytic sites when
plotting Figure 9. Although Fe;O4 5 clusters do not oxidize CO under
the employed gas-phase conditions (limited CO pressure, bath gas
cooling rate, and reaction time), two-iron assemblies on the surface
of catalysts can coordinate a CO molecule as long as the rate constant
for energy dissipation through surface phonons and bath gases is fast
enough (=10"" 57, see the rate of direct dissociation of Fe;04/"11 —
Fe;O4 + CO in Table S3 in the Supporting Information). After the
coordination, the oxidation of CO by the catalyst is subject to low
(=0.31 eV in cycle II of Figure 8) ARBs. In the study of O—O bond
breaking over Fe,O3 (Supporting Information Figure S4), (FeO);»
(Supporting Information Figures S7 and S9), and Fe,O (Supporting
Information Figure S10), the ARBs are high (>1 eV) if the average
oxidation state of iron (AOS) in the clusters is greater than or equal
to +2 [in Fe,O3 and (FeO); 2], whereas the ARBs can be low (<0.54
eV) if the AOS of iron is +1 (in Fe,O). We thus put an iron (instead
of an oxygen) atom in site C when plotting Figure 9. It should be
mentioned that the mechanisms of a practical heterogeneous catalysis
are very complex. Figure 9 represents one possible idea for how CO
oxidation by O, may be efficiently catalyzed by the iron oxides.
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Figure 8. Three model catalytic cycles for the CO oxidation by O, over
FeO,-3 and Fe;O0,-s5. The overall reaction barrier (AGorg) and the
corresponding absolute reaction barrier (AGagrg) in eV for each elementary
step are given as AGors/AGARB.

frequencies are all from the DFT calculations. For the case that
no distinct transition state exists on the potential energy surface
(direct dissociation), one can consider different positions for
the transition state along the reaction path and calculate rate
constants corresponding to each of them. The minimum rate so
obtained is the closest to the truth, assuming that quantum effects
related to tunneling and nonseparability are negligible. This
procedure is called the variational transition state theory
(VTST).*® VTST calculations involve partial geometry opti-
mizations (plus frequency calculations) by fixing Fe—C dis-
tances for the Fe,0,CO complex at various values. This
procedure has only been performed for *Fe0,3CO — *FeO,;
+ CO and 7F€2O4CO e 7F€204 + CO.

Supporting Information Table S3 lists the rate constants
computed with eq 2. All of the internal conversions (FeO;-3CO
and Fe,04-5CO: I1 — TS1 — 12) have rate constants greater
than 4 x 10 s~'. This means that the lifetimes of the metastable
reaction intermediates (I1 in Figures 3—5, 7, and Supporting
Information Figure S5) are too short (z < 0.25 ns) for the
reaction intermediates Fe,,0,CO to be observed in the experi-
ment. The RRKM computations predict that the direct dissocia-
tion of Fe,04CO ("Il — Fe,O4 + CO) is significantly faster
than the internal conversion ("Il — 7TS1 — 7I2). Similar
behavior is expected for Fe,OsCO as can be seen from the
similarity between the reaction paths in Figure 7 and Supporting
Information Figure S5. In contrast, the rate constants of the direct
dissociations of FeO,3CO are smaller than those of internal
conversions under conditions 7y, = 350 K and v = 1000 m/s.
These are qualitatively in agreement with the experimental
results in Figure 1: FeO, 3 are reactive, whereas Fe,O4 5 are not
reactive in reactions with CO.

4.2. Catalytic Cycles in the Gas Phase. In the practical
catalytic oxidation of CO by O,, the catalysts (iron oxides) have
to be cycled. Figure 8 presents three model catalytic cycles
(I—1III) by using FeO, -3, Fe,O3_s, and Fe,0,_4 as catalysts for
CO oxidation. The reaction pathways for Fe,O3; + O, — Fe,Os,
FeO + 02 - F€O3, FCzO3 + CO — F6202 + COz, and FCQOQ
+ O, — Fe)O4 are given in Supporting Information Figures
S4, S7, S8, and S9, respectively. Each of the O—O bond
breaking processes is subject to a high [FeO + O,, 1.52 eV
(°TS2 — °12, Supporting Information Figure S7); Fe,0, + O,
1.21 eV (!'TS2 — ''12, Supporting Information Figure SOA);
Fey03 + 0Oy, 1.18 eV (°TS2 — °I2, Supporting Information
Figure S4)] absolute reaction barrier (ARB), defined as the
energy difference between the transition state (TS) and the
intermediate through which the TS is generated. The rate-
limiting steps of cycles I and II are the O—O bond activation
(or breaking) processes that are subject to both high ORBs and
ARBs.
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The rate-limiting step of cycle III is not apparent because
the O—O (Fe;O;, + O, — Fey04) activation has a smaller ORB
and a much higher ARB than the Fe—O activation (such as
Fe,O3 + CO — Fe,0; + CO») does. In the absence of bath gas
cooling, RRKM theory (eq 2) can be used to calculate the rate
constant for O—O bond breaking (I2 — TS2 — I3, Supporting
Information Figure S9A). The computed rate constant is between
1.96 x 10" and 5.78 x 107 s™' (see the last line of Table S3 in
the Supporting Information). The rate constant of bath gas
collision is about 10® s ' under conditions of P = 14 Torr and
T = 350 K. This means that the binding energy (1.10 eV) is
likely to be dissipated into the bath through collisions under
high-pressure conditions (P > 14 Torr). After energy dissipation,
the O—O activation (cycle III) will be subject to a very high
barrier (1.21 eV) compared to the Fe—O activations (0.23—0.46
eV). We may conclude that the O—O activation is also the rate-
limiting step in cycle III under the conditions of high bath gas
pressure (>14 Torr). Note that gas pressure of 10—100 Torr
(CO + 0Oy) is usually used in the condensed phase catalytic
studies.'®

4.3. Understanding of the Condensed Phase Catalytic Oxida-
tion of CO at a Molecular Level. The redox mechanism, by
which (I) CO is oxidized by the oxygen of the catalyst and (II)
the reduced catalyst is oxidized by gas-phase O,, is suggested
for CO oxidation over iron oxide catalysts.'>'® On the basis
of this general mechanism, the findings for the investigation of
CO oxidation catalyzed by small neutral iron oxide clusters in
this study can be used to rationalize interesting phenomena
observed for the related condensed phase catalysis at a molecular
level. Szegedi et al. found that iron oxide catalysts treated
(oxidized) at 625 K with O, show very low reactivity, whereas
the catalysts treated (reduced) above 773 K with H, show high
reactivity.'® The following paragraph discusses how this surface
oxidation/reduction issue may be related to both aspects (I and
II) of the redox mechanism at a molecular level.

Figures 3—5, 7, and Supporting Information Figure S5
indicate that an iron center has to be provided for the initial
intermediate (Fe,,0,CO/I1) formation through a carbon—iron
interaction because the direct CO, formation through the
carbon—oxygen interaction is subject to high reaction barriers.
For an oxygen-saturated surface treated with O, at high
temperature, the CO has less chance to approach iron. The CO
has a weaker interaction with an oxygen-saturated iron center
than with an oxygen-unsaturated iron center, which may lead
to a higher Fe—O bond activation barrier for an oxygen-saturated
iron center than for an oxygen-unsaturated iron center. This point
is demonstrated by examining CO oxidation on Fe;Os clusters
with C2 structure (Supporting Information Figure S3). The
Fe—O activation barriers are higher for the Fe—O bond on
the iron atom connected to four O atoms, than for the one on
the other iron atom connected to three O atoms (1.0—1.1 eV vs
0.2—0.3 eV). On the other hand, for a reduced surface treated
with H, at high temperature, more iron centers are present for
O,Fe—CO complex formation. This point is confirmed by the
conclusion of ref 17d that the high density of Fe atoms on
exposed {110} planes leads to high catalytic performance of
the quasicubic o-Fe,O3 nanocrystals. Szegedi et al. also finds
that treatment (dehydroxylation) in high-temperature He after
H, reduction further improves the high reactivity of the
catalyst.'"® This means that the existence of FeOOH species,
interpreted to be important for the catalyst reactivity,'® may not
be required. This is again in agreement with the suggested
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Figure 9. Possible catalytic cycle for the CO oxidation by O, over iron
oxide catalysts at the molecular level. A, B, and C mark different surface
Fe atoms while D marks lattice Fe atoms that are underneath the surface.

mechanism that carbon—iron interaction is important to initiate
the CO oxidation by catalyst.

Szegedi et al. found that the efficient condensed phase iron-
containing catalysts (treated with Hp/He at high temperature)
have both ionic and metallic forms of iron. The metallic form
of iron is suggested to play a role in CO activation through
interaction of a metal ion, stabilized in the neighborhood of a
supported metal nanocluster (“metal ion—metal nanocluster”
ensemble site), with the lone pair of the oxygen atom of a
chemisorbed CO molecule.'® The study in this work shows no
evidence of interaction between the oxygen atom of CO and a
metal ion (Fe*", Fe®") in the Fe,,0, clusters. The mechanism
of CO, formation over Fe,, O, is quite simple: interaction of a
lone pair of carbon with an iron atom and subsequent activation
of an Fe—O bond that causes formation of another C=0 bond.
The Fe—O activation barrier is either negative or quite low
(0.03—0.46 eV). These imply that the CO activation process
suggested in ref 18 may not be required.

Another important aspect of the redox mechanism is the O—O
bond breaking (or O, activation) over the catalysts. In all of
the three model catalytic cycles (Figure 8) proposed, the process
of the O—O bond breaking is the rate-limiting step. This
suggests that efficient O, activation should be considered in
practical catalysis. In Supporting Information Figure S4, the
process of O—O bond breaking over Fe,Oj3 is subject to high
ORBs (=0.78 eV) and high ARBs (=1.18 eV). In sharp contrast
(see Figure S10 in the Supporting Information), the ORBs are
negative and the ARBs can be small (<0.54 eV, Supporting
Information Figure S10B) for the O—O bond breaking over
Fe,0, in which the iron atoms can be considered to be metallic.
The metallic form of iron found in efficient iron-containing
catalysts'® is thus suggested to be important for O, activation
(rather than the CO activation).

Our understanding of CO oxidation by O, catalyzed by iron
oxides at a molecular level is displayed in Figure 9 (some notes
are given in ref 48). Metallic (C), cationic (B), and overoxidized
(A) surface Fe atoms (or sites) may be present in iron oxide
catalysts prepared by different procedures. The overoxidized
site A is not very catalytic because Fe is covered by too many
O atoms that prevent CO/Fe coordination. The cationic site B
is reactive toward CO oxidation by coordinating CO through
carbon—iron interaction and subsequent Fe—O activation. The
metallic site C promotes O—O activation over sites B or BCB,
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and we suggest that a site like BCB is very catalytic for the
CO oxidation by Ox.

5. Conclusions

Single-photon ionization and DFT calculations are success-
fully applied for investigation of the reactivity of small neutral
iron oxide clusters toward CO. Cluster size-dependent reactivity
is observed and well interpreted by the DFT calculations. Two
essential steps are present in the oxidation of CO by Fe,,O,
clusters: (1) the initial intermediate formation that involves
carbon—iron interaction and (2) the Fe—O bond activation that
determines the overall reaction barrier. The Fe—O bond activa-
tion energy at room temperature varies from —0.08 (FeO,) to
0.46 eV (Fe,03). Three model catalytic cycles for CO oxidation
by O, facilitated by FeO, -3, Fe;O3-s, and Fe2O,—4 clusters are
studied by DFT calculations, and all of the rate-limiting steps
involve the O—O activation. The findings in this gas-phase study
can be used to rationalize interesting phenomenon in related
condensed phase catalysis at a molecular level. In the process
of CO oxidation by O, the oxygen overoxidized iron sites are
not very catalytic, whereas the reduced cationic and metallic
forms of iron, in efficient iron oxide catalysts, are suggested to
be important for Fe—O and O—O activations, respectively.
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