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Reactions of neutral iron oxide clusters �FemOn, m=1–2, n=0–5� with methanol �CH3OH� in a fast
flow reactor are investigated by time of flight mass spectrometry. Detection of the neutral iron oxide
cluster distribution and reaction intermediates and products is accomplished through single photon
ionization by a 118 nm �10.5 eV� VUV laser. Partially deuterated methanol �CD3OH� is employed
to distinguish reaction products and reaction mechanisms. Three major reactions are identified
experimentally: CH3OH association with FeO; methanol dehydrogenation on FeO1,2 and Fe2O2–5;
and �CH2O�Fe formation. Density functional theory calculations are carried out to identify reaction
products, and to explore the geometric and electronic structures of the iron oxide clusters, reaction
intermediates, and transition states, and to evaluate reaction pathways. Neutral formaldehyde is
calculated to be formed on FeO1,2 and Fe2O2–5 clusters. Hydrogen transfer from methanol to iron
oxide clusters occurs first from the O–H moiety of methanol, and is followed by a hydrogen transfer
from the C–H moiety of methanol. Computational results are in good agreement with experimental
observations and reveal reaction mechanisms for neutral iron oxide clusters taking methanol to
formaldehyde through various reaction intermediates. Based on the experimental results and the
calculated reaction mechanisms and pathways, complete catalytic cycles are suggested for the
heterogeneous reaction of CH3OH to CH2O facilitated by an iron oxide catalyst. © 2009 American
Institute of Physics. �DOI: 10.1063/1.3086724�

I. INTRODUCTION

Transition metal oxides are widely used as heteroge-
neous catalysts in the chemical industry, and their reactive
behavior has been extensively studied.1–3 Methanol as a
clean energy resource can be used directly for transportation
or added in the conventional fossil fuels.4,5 Commercially,
methanol is synthesized from carbon monoxide and hydro-
gen on a mixture of copper oxide and zinc oxide supported
by alumina,6,7 and almost 40% of the produced methanol is
converted to formaldehyde over iron molybdenum oxide
catalysts.8–10 The reaction enthalpy for methanol selective
oxidation to formaldehyde is11

CH3OH + 1/2O2 → CH2O + H2O,

�H = − 153 kJ/mol.

Dehydrogenation of methanol over transition metal oxides in
the gas phase has been extensively investigated; most re-
searchers focus on the reactions of cation or anion metal
oxide clusters because charged particles can be readily ma-
nipulated by electric and magnetic fields. Charged metal and
metal oxide clusters can be selected and reacted individually
under well defined conditions, and reaction products can be
identified from independent, mass selected, charged par-

ticles. Most work is performed by time of flight mass spec-
trometry �TOFMS� or Fourier-transform ion cyclotron reso-
nance mass spectrometry �FTICRMS�. Neutral metal oxide
clusters, on the other hand, cannot be mass selected pres-
ently, and must be ionized for detection. Methanol dehydro-
genation oxidation on VmOn

+,12�a�–12�c�,13�a� MoxOy
+,14

FeO+,12�d�,15�a� FeO2+,16 MO+ �M =V, Nb, Ta�,17 NbO−,18

MxOy
− �M =Mn, Fe, Co, Ni, Cu� �Ref. 19� has been explored

experimentally and theoretically, and products are recog-
nized as formaldehyde, hydrogen, water, etc. Only a few
studies concentrate on neutral species, mostly through theo-
retical calculations20–22,23�a� and condensed phase studies.24,25

To date, no experimental results for methanol dehydrogena-
tion on neutral metal oxide clusters have been reported, how-
ever.

Iron oxide is a common heterogeneous catalyst for many
catalytic processes because it is abundantly distributed
around the earth’s surface. Fe3O4 is used for catalytic reac-
tions such as the Haber process �ammonia synthesis from
nitrogen and hydrogen� �Ref. 26� and the water gas shift
reaction.27,28 Recently, iron oxide cluster reactivity in the gas
phase has attracted researchers’ attention because it can be
used to replace noble metal and metal oxides, especially, for
CO oxidation to CO2.

Iron oxide cluster geometric structures and
properties,29–35 as well as reactivity,12,13�b�–13�d�,15,16,19,23,36–39

have been demonstrated by various groups. Reilly et al. stud-
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ied the reactivity of Fe1–2O�6
−,13�c� Fe1–2O1–5

+,13�d� and
FeO3

+/− �Ref. 13�b�� clusters with CO experimentally and
theoretically; all charged �cationic and anionic� clusters in
their studies are reacted with CO and the most active anion
clusters are composed of one more oxygen atom than iron
atom; however, observation of reactions of neutral iron oxide
clusters �Fe1,2O�5� with CO by Xue et al.40�a� indicate that
FeO2,3 species have high reactivity toward CO, whereas FeO
and Fe2O4,5 species have low or no reactivity toward CO.
DFT calculations for reaction barriers and mechanisms fur-
ther confirm these experimental results. Comparison of neu-
tral and charged cluster studies suggests that a charge on the
cluster surface significantly affects cluster reactivity, espe-
cially for small clusters. Reaction of FeO+ with methanol has
been reported by Schröder et al. in 1996.12�d� Four types of
reactions, �1� FeO++CH3OH→ �CH2O�FeOH++H·, �2�
FeO++CH3OH→ �CH2O�Fe++H2O, �3� FeO++CH3OH
→ �H2O�Fe++CH2O, and �4� FeO++CH3OH→Fe++CH2O
+H2O, are identified, with the first two reactions dominant.
The reaction enthalpies for these reactions are estimated by
thermochemical data to be �0.48, �2.04, �1.95, and �0.61
eV, respectively. Yoshizawa and Kagawa15�a� calculated the
reaction pathways for reaction of FeO++CH3OH at the
B3LYP/6-311G** level of theory, and three different paths
are proposed, and two of these are competitive in energy.
Hydrogen transfer from the O–H group and from the C–H
group of methanol is involved in these latter two pathways.
Additionally, FeO2

−, FeO3
−, Fe2O3

−, and Fe2O4
− have been

investigated for reactions with methanol by Oliveira et al.19

using FTICRMS, and the reaction efficiency order of these
species is suggested to be FeO2

−, Fe2O3
−�Fe2O4

−, whereas
FeO3

− has no reactivity toward methanol. Calculations for
reactions of FeO2+ with methanol in the gas phase and in
water have been performed recently by Louwerse et al.,16

and two reaction mechanisms, C–H bond activation followed
by O–H bond activation and O–H bond activation followed
by C–H bond activation, are explored. The first step of the
reaction involves C–H bond activation by FeO2+, according
to their DFT calculations.

An ideal ionization source for neutral clusters should
have a single photon energy around 10 eV to ionize the re-
actants, intermediates, and products associated with metal
oxide cluster reactions, in order to avoid severe neutral clus-
ter fragmentation. Recently, a 118 nm �10.5 eV� VUV laser
and a 46.9 nm �26.5 eV� x-ray laser have been developed for
study of neutral transition metal oxide cluster distributions,
growth dynamics, and reactivity.40 FemOn,40�b� CumOn,40�c�

ZrmOn,40�d� TimOn,40�e� VmOn,40�f�,40�g�,40�i�,40�j� TamOn,40�g�

NbmOn,40�g� VmSn,40�h� and SimOn �Ref. 40�k�� clusters are
generated by laser ablation and ionized by 118 or 46.9 nm
laser radiations, and their reactivity further investigated. In
this paper, reactions of neutral iron oxide clusters with
methanol are studied by 118 nm single photon ionization
�SPI� coupled with TOFMS. Partially deutrated methanol
�CD3OH� is additionally employed for comparison with
CH3OH reactant to identify reaction products. Detailed reac-
tion mechanisms are suggested based on the experimental
observations and DFT calculations. Based on the combined

experimental and theoretical results, we present a proposed
mechanism for the partial oxidation of methanol to formal-
dehyde facilitated by an iron oxide catalyst.

II. METHODS

A. Experimental procedures

The experimental setup for laser ablation coupled with a
fast flow reactor has been described previously in
detail.40�l�,40�m� A brief summary of the apparatus is given
below. FemOn clusters are generated by reaction of laser ab-
lated iron foil �99.9%, Sigma Aldrich, 0.1 mm thickness�
with 5% O2 seeded in a helium carrier gas �99.99%, General
Air�. A 10 Hz, focused, 532 nm Nd3+:YAG laser
�Nd3+:yttrium aluminum garnet� with 7 mJ/pulse energy is
used for the laser ablation. The ablation occurs at the exit of
a pulse nozzle �R. M. Jordan, Co.� with a backing gas pres-
sure of typically 70 psi. Clusters are generated in a stainless
steel channel, 1.8 mm diameter by 19 mm length. The ab-
lated Fe plasma reacts with the backing gas to form FemOn

clusters. These clusters are cooled by the ensuing expansion
and are reacted with reactant gases in a directly coupled fast
flow reactor. The reactor is 6.3 mm diameter by 76 mm
length. The reactant gases, methanol �99.9% Sigma Aldrich�
seeded in a pure helium gas, with a 20 psi backing pressure,
are injected into the reactor by a pulsed general valve
�Parker, Serial 9�. The concentration of methanol in the he-
lium gas is estimated as 12%. The delay time between the
Jordan valve and the general valve openings is optimized for
the best product generation. The pressure in the fast flow
reactor can be estimated at 14 Torr when the reactant gases
are introduced into the reactor. The FemOn clusters collide
with the CH3OH and helium bath gas in the reactor; the
collision rate for iron oxide clusters with helium is estimated
�108 s−1.40�a� After the reaction, FemOn clusters are thermal-
ized to �300–400 K by collision41 and the FemOn clusters,
reactants and products, are further expanded and cooled. An
electric field is placed downstream of the reactor in order to
remove any residual ions from the molecular beam. The
beam of neutral reactants and products are skimmed into a
second chamber and ionized by a separated VUV laser �118
nm, 10.5 eV�. 118 nm laser radiation is generated by focus-
ing the third harmonic �355 nm, �30 mJ /pulse� of a
Nd3+:YAG laser in a tripling cell filled with �250 Torr
argon/xenon mixed gas �the ratio is Ar:Xe=10:1�. A magne-
sium fluoride prism �Crystaltechno LTD, Russia, 6° apex
angle� is inserted into the laser beam to enhance separation
of the 118 nm beam from the 355 nm input beam. The 118
nm laser intensity is about 1 �J /cm2. Photoions are detected
by a TOFMS and signals are amplified �HFAC-26dB, Becker
& Hickl GmbH� and typically averaged for 2500 laser pulses
by a digital storage oscilloscope �Tektronix 5032B, USA�, as
described before.40�l�,40�m�

B. Calculational procedures

Calculations of the reactions of FemOn clusters with
methanol are performed by density functional theory �DFT�
within the GAUSSIAN 03 program package.42 The potential
energy surfaces �PESs� for the reaction of FeOn with metha-
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nol involve geometry optimizations of the reactants, reaction
intermediates, transition states, and products. Energies, at 0
K, including zero point energy �ZPE� corrections, are
adopted to calculate the reaction pathways. Vibrational fre-
quency calculations are further investigated to determine the
stable structures and the transition states, which have zero
and one imaginary frequency, respectively. In addition, in-
trinsic reaction coordinate �IRC� calculations are carried out
to confirm that a specific transition state connects two appro-
priate reaction intermediates along the reaction pathways.
The Becke three parameter Lee–Yang–Parr exchange-
correlation functional �B3LYP�, coupled with the triple split
6-311+G�d� basis set, is adopted for all iron, oxygen, car-
bon, and hydrogen atoms. The same calculational methods
have been successfully applied for the study of the reaction
of FemOn clusters with CO.40�a�

III. RESULTS

A. Experimental results

Figure 1 present a neutral iron oxide cluster distribution
with 5% O2 /He carrier gas generated through 118 nm laser
ionization. In this condition, only FemOn �n�m� clusters are
observed in the mass spectrum, such as FeO0–3, Fe2O2–5,
Fe3O3–6, Fe4O4–7, and Fe5O5–7. This spectrum is slightly dif-
ferent from our previous investigation, in which both FemOn

clusters �n�m, n=m, and n�m� are all observed.40�b� These
two sets of experimental conditions are not the same, how-
ever, in the previous experiment a 20 psi 0.75% O2 /He mix-
ture gas is employed for the carrier gas and cluster
generation/ionization takes place in a single chamber in
which the distance from laser ablation to ionization is about
10 cm. In contrast, the high oxygen concentration of the 70
psi backing gas used in this work generates more highly
oxidized FemOn clusters. The total ion signal intensity is
lower than that for our previous report by approximately a
factor of 30;40�b� however, since the distance from laser ab-
lation to TOFMS ionization is 44 cm in this two chamber

configuration, compared to 10 cm in our previous report, and
since I�1 /d2 �I: signal intensity, d: distance from ablation to
ionization�, this decrease in signal intensity is to be expected.
A 118 nm ionization laser is employed to generate ions for
detection, as described in the experimental section, and thus,
all the mass peaks in Fig. 1 are symmetrical and their line-
widths are identical ��10 ns�. These facts clearly show that
the 335 nm, multiphoton, and thus fragmenting, contribution
to the ionization and mass spectra, is negligible.

Mass spectra generated for the reaction of neutral iron
oxide clusters with CH3OH seeded in the helium gas in a fast
flow reactor are presented in Fig. 2. Pure helium in the fast
flow reactor at �14 Torr as a reference is further investi-
gated and the mass spectra determined from this experiment
are shown as the bottom patterns in Fig. 2. The products of
reactions of FemOn with methanol and partially deutrated
methanol are listed in Table I.

B. Calculational results

Reaction energies involving the reactions of iron oxide
clusters with methanol presented in Fig. 2 and Table I are
calculated by DFT: four dominant types of reactions are con-
sidered and summarized below.

�1� Association reactions �FemOn+CH3OH
→FemOnCH3OH�. Since the mass number of CH3OH,
32 amu, is equal to that of O2, one cannot distinguish
the reactant FemOn from the product FemOn−2CH3OH in

FIG. 1. Neutral iron oxide cluster distribution ionized by 118 nm laser
radiation.

FIG. 2. Product distribution for the reaction of neutral iron oxide clusters
with pure helium �bottom panel� and methanol seeded in helium �top panel�
in a fast flow reactor. Panel �a� presents the low mass region and panel �b�
presents the high mass region.

114306-3 Iron oxide clusters with methanol J. Chem. Phys. 130, 114306 �2009�



the mass spectra of Fig. 2. In addition, for the isotopic
reaction of FemOn with CD3OH, the mass peaks
FemOnCD3OH are also overlapped with those of
FemOn+2HD: this latter feature comes from the neutral
formaldehyde elimination reaction, FemOn+2+CD3OH
→FemOn+2HD+CD2O. The association reaction ener-
gies for FeOn �n=0–3� with methanol are calculated at
the B3LYP /6-311+G�d� level as

5Fe + CH3OH → 5FeCH3OH, �E = − 0.25 eV, �1�

5FeO + CH3OH → 5FeOCH3OH, �E = − 1.01 eV,

�2�

5FeO2 + CH3OH → 5FeO2CH3OH, �E = − 0.97 eV,

�3a�

3FeO2 + CH3OH → 3FeO2CH3OH, �E = − 0.88 eV,

�3b�

1FeO3 + CH3OH → 1FeO3CH3OH, �E = − 0.13 eV,

�4a�

3FeO3 + CH3OH → 3FeO3CH3OH, �E = − 0.82 eV.

�4b�

FeO, FeO2, and triplet FeO3 have relatively strong as-
sociation energies with methanol �1.01, 0.97/0.88, and
0.82 eV, respectively�, whereas Fe and singlet FeO3

have considerably weaker association energies �0.25
and 0.13 eV, respectively� based on DFT calculations.
Considering that the intensity of mass peak 104 amu,
corresponding to FeO3 and FeOCH3OH, increases sig-
nificantly after reaction and that FeO3 cannot be gener-
ated from other iron oxide clusters, one can conclude
that at least FeOCH3OH is clearly observed in the fast
flow reactor. Since the association energy of 5/3FeO2

with methanol �0.97/0.88 eV� is close to that of FeO
with methanol �1.01 eV�, FeO2CH3OH is probably also
formed in the reactor. These latter features are not ob-
served in Fig. 2 because the overall signals are quite
weak. FeCH3OH and FeO3CH3OH cannot be positively
identified for the following reasons: �1� the association
energy is small �0.25 and 0.13 eV for singlet FeO3�; �2�
the FeO3 signal intensity is weak; and 3. the mass peak
of FeCH3OH is overlapped with that of FeO2 and the
mass peak of FeOCD3OH is overlapped with that of
FeO3HD.

�2� Neutral formaldehyde elimination reaction.
�FemOn+CH3OH→FemOnH2+CH2O, FemOn=FeO1,2,
Fe2O2–5� such as

5FeO + CH3OH → H 5FeOH + CH2O,

�E = − 0.86 eV, �5�

5FeO2 + CH3OH → �H2O�5FeO + CH2O,

�E = − 1.21 eV, �6a�

3FeO2 + CH3OH → �H2O�3FeO + CH2O,

�E = − 0.50 eV. �6b�

As listed in Table I, the deuterated product �HDO�FeO
is observed in the reaction with CD3OH, which indi-
cates the two hydrogen atoms in �HDO�FeO come from
both the O–H and the C–H groups. CH2O has an ion-
ization energy of 10.88 eV,11 and 118 nm �10.5 eV�
laser cannot ionize the neutral formaldehyde molecules
through SPI. Thus, no CH2O �30 amu� are observed in
the mass spectra.

�3� Methanol dehydrogenation reaction.

5Fe + CH3OH → �CH2O�5Fe + H2,

�E = 0.09 eV. �7�

�4� Neutral water elimination.

5FeO + CH3OH → �CH2O�5Fe + H2O,

�E = − 0.18 eV, �8�

5FeO + 2CH3OH → 5Fe�OCH3�2 + H2O,

�E = − 2.67 eV, �9�

5FeO + 2CH3OH → 5FeO2�CH3�2 + H2O,

�E = − 1.16 eV. �10�

The mass peak �FeC2H6O2� also overlaps with the prod-
uct �CH2O�FeO2, however, no �CD2O�FeO2 is observed for
the reaction of FemOn with CD3OH. The structure of the
product �FeC2H6O2� based on the mass spectra for the reac-
tion of FemOn with methanol and deutrated methanol is un-
known �Fig. 2 and Table I�; both products Fe�OCH3�2 and
FeO2�CH3�2 can be generated exothermically from methanol
dehydrogeneration with reaction energies of �2.67 and

TABLE I. Observed product for the reactions of neutral iron oxide clusters
with CH3OH and CD3OH.

Mass CH3OH Mass CD3OH

73 FeOH ¯

a
¯

74 HFeOH 75 FeOHD
86 �CH2O�Fe 88 �CD2O�Fe b

90 �H2O�FeO 91 �HDO�FeO
103 �CH2O�FeOH a

¯

a
¯

104 FeOCH3OH c 107 FeOCD3OH
118 FeOC2H6O d 124 FeOC2D6O
145 Fe2O2H ¯

a
¯

146 Fe2O2H2 147 Fe2O2HD
162 Fe2O3H2 163 Fe2O3HD
178 Fe2O4H2 179 Fe2O4HD
194 Fe2O5H2 195 Fe2O5HD

aThe related deutrated species signals are too weak to be positively identi-
fied.
bOverlapped with FeO2 in mass number.
cOverlapped with FeO3 in mass number.
dOverlapped with FeO2CH2O in mass number.
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�1.16 eV, respectively. DFT calculations for the PESs may
help interpret the detailed reaction mechanisms and struc-
tures for reactions �9� and �10�.

The PESs and geometry structure parameters calculated
by DFT for the reactions 5Fe+CH3OH→ �CH2O�5Fe+H2,
5FeO+CH3OH→ �CH2O�5Fe+H2O, 5FeO+CH3OH
→H5FeOH+CH2O, and 3/5FeO2+CH3OH→ �H2O�3/5FeO
+CH2O are presented in Figs. 3–7. The most stable adsorp-
tion structures are for the oxygen atom of methanol bonded
to the iron atom in iron oxide clusters. Hydrogen transfer
reactions occur from one of the C–H bonds of the methyl
group and the O–H bond of the hydroxyl group for all dehy-
drogenation and neutral water elimination reactions, based
on DFT calculations. Two parallel reaction pathways, hydro-

gen transfer from the O–H group followed by hydrogen
transfer from the C–H group �pathway A�, and the inverse
process, hydrogen transfer from the C–H group followed by
hydrogen transfer from the O–H group �pathway B�, are both
presented in Figs. 3–7.

An overall +0.09 eV reaction energy is determined for

FIG. 3. �Color� Reaction pathways for 5Fe+CH3OH→ �CH2O�5Fe+H2 cal-
culated at the B3LYP /6-311+G�d� level. Energies, including ZPE correc-
tions, are given in eV and are relative to the initial energy of the 5Fe
+CH3OH reactants. The solid line indicates hydrogen transfer from the O–H
group followed by that from the C–H group �pathway A�, and the dashed
line indicates hydrogen transfer from the C–H group followed by that from
the O–H group �pathway B�. R1: 5Fe+CH3OH; P1: �CH2O�5Fe+H2. Iron,
oxygen, carbon, and hydrogen are in pink, red, dark blue, and light blue,
respectively.

FIG. 4. �Color� Reaction pathways for 5FeO+CH3OH→ �CH2O�5Fe+H2O
calculated at the B3LYP /6-311+G�d� level. See caption of Fig. 3 for ex-
planations. Energies are relative to the energy of the 5FeO+CH3OH reac-
tants. R2: 5FeO+CH3OH; P2: �CH2O�5Fe+H2O.

FIG. 5. �Color� Reaction pathways for 5FeO+CH3OH→H 5FeOH+CH2O
calculated at the B3LYP /6-311+G�d� level. See caption of Fig. 3 for ex-
planations. Energies are relative to the energy of the 5FeO+CH3OH reac-
tants. The solid line indicates hydrogen transfer to the oxygen atom of FeO
from the O–H group, and the dashed dot line indicates hydrogen transfer to
the iron atom of FeO from the O–H group. R3: 5FeO+CH3OH; P3:
H5FeOH+CH2O.

FIG. 6. Reaction pathways for �a� 5FeO2, �b� 3FeO2+CH3OH
→ �H2O�5/3FeO+CH2O calculated at the B3LYP /6-311+G�d� level. See
caption of Fig. 3 for explanations. Energies are relative to the energy of the
5FeO2+CH3OH reactants. R4: FeO2+CH3OH; P4: �H2O�FeO+CH2O.

114306-5 Iron oxide clusters with methanol J. Chem. Phys. 130, 114306 �2009�



the methanol dehydrogenation reaction on an iron atom in its
ground quintet state, and all four transition states, a three
membered ring TS 1/2 �0.48 eV�, a four membered ring TS
2/P1 �0.41 eV� from pathway A, a three membered ring TS
1/3 �1.15 eV�, and a three membered ring TS 3/P1 �0.83 eV�
from pathway B, are higher in energy than the initial struc-
ture 5Fe+CH3OH, as shown in Fig. 3.

The quintet ground state for FeO has the lowest energy,
and neutral water elimination and neutral formaldehyde
elimination reactions are calculated to have �0.18 and
�0.86 eV reaction energies, respectively. The exothermic re-
action energies are consistent with the observation of the
�CH2O�Fe and HFeOH products, as presented in Fig. 2�a�. In
addition, the O–H bond activation �pathway A, solid line in
Fig. 4� is much more favorable than the C–H bond activation
�pathway B, dashed line in Fig. 4�, as TS 4/5 ��0.28 eV�
versus TS 4/7 �1.04 eV� in Fig. 4. H2O is generated from the
reaction with methanol when the O atom of FeO is involved
in the hydrogen transfer �TS 5/6, TS 7/6 in Fig. 4�, whereas
formaldehyde elimination occurs when the Fe atom is the
receptor for the hydrogen transfer �TS 5/8, TS 4/9 in Fig. 5�.

Although 5FeO2 is slightly lower in energy than 3FeO2

by 0.10 eV at the B3LYP /6-311+G�d� level of theory, FeO2

has a triplet ground state according to previous experimental
and theoretical results.30,43 Neutral formaldehyde elimination
for reaction of methanol with both quintet and triplet FeO2 is
energetically favorable, with the overall reaction energies of
�1.21 and �0.40 eV for the quintet and triplet states, re-
spectively. Thus, the calculational results are in good agree-
ment with the experimental observation of �H2O�FeO prod-
uct �Fig. 2 and Table I�. Similarly, reaction barriers for O–H
activation �pathway A, solid line in Fig. 6� are lower than
those for the C–H activation �pathway B, dashed line in Fig.
6� for the reaction of 5/3FeO2 with methanol, as shown by TS
10/11 ��0.52 eV� versus TS 10/14 �0.22 eV�, TS 11/12

��1.42 eV� versus TS 14/12 ��0.77 eV� in Fig. 6�a� and TS
15/16 ��0.29 eV� versus TS 15/19 �0.98 eV�, TS 16/17
��1.04 eV� versus TS 19/17 ��0.34 eV� in Fig. 6�b�. Both
pathways A for triplet and quintet FeO2 are overall barrier-
less processes; however, pathways B have overall barriers of
+0.88 �0.98−0.10=0.88 eV� and +0.22 eV for triplet and
quintet FeO2, respectively. Formaldehyde elimination reac-
tions for pathways A are through a four membered ring tran-
sition state �TS 10/11 or TS 15/16�, a five membered ring
transition state �TS 11/12 or TS 16/17�, and a four membered
ring transition state �TS 12/13 or TS 17/18�, as presented in
Figs. 6 and 7.

IV. DISCUSSION

Ionic and neutral clusters are both generated by laser
ablation and reacted in the fast flow reactor. The ions �reac-
tants and products� are all removed by an electric field after
the reactor. The influences of ion-molecule reactions and
charge transfer in the fast flow reactor have been discussed
previously in detail;40�m� the conclusion is that the small
amount of ionic clusters, compared to the abundant neutral
clusters, and does not play a role for the neutral cluster dis-
tribution and reactions. Therefore, all the discussed issues
below only involve neutral cluster chemistry.

A. FeCH2O generation

Because neutral species cannot be isolated by electric
and magnetic fields like charged particles can, all the reac-
tants, intermediates, and products are mixed together in the
mass spectra after ionization. Identifying specific reaction
products with particular reactions, even with the aid of iso-
topic substitution experiments, such as FemOnCH3OH versus

FIG. 7. �Color� Geometry parameters
for the reactants, intermediates, transi-
tion states, and products involved in
the reaction pathways presented in
Fig. 6�a�. Iron, oxygen, carbon, and
hydrogen are in pink, red, dark blue,
and light blue, respectively.
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FemOn+2, and FemOnCD3OH versus FemOn+2HD, thus be-
comes a problem. Nevertheless, DFT calculations help
clarify product origins and identifications.

In Fig. 2, the FeCH2O mass peak is observed and two
possible reaction channels, Fe+CH3OH→ �CH2O�Fe+H2

�reaction �7�� and FeO+CH3OH→ �CH2O�Fe+H2O �reac-
tion �8��, are suggested: these two reaction energies are cal-
culated as 0.09 and �0.18 eV, respectively. Taking into ac-
count DFT calculational uncertainties �about 0.2 eV�, both
reactions �7� and �8� are reasonable reactions in the fast flow
reactor based on thermodynamic considerations. PESs for
the reaction 5Fe+CH3OH→ �CH2O�5Fe+H2 presented in
Fig. 3 clearly indicate that a high reaction barrier exists for
methanol dehydrogenation by a quintet iron atom. Pathway
A barriers are calculated as 0.48 eV for hydrogen transfer
from the O–H group of methanol to the iron atom via a three
membered ring transition state �TS 1/2�, followed by a 0.41
eV for the other hydrogen transfer from the C–H group via a
four membered ring transition state �TS 2/P1�. For pathway
B, hydrogen transfer from the C–H group followed by that
from the O–H group, the related transition states are 1.15
�TS 1/3� and 0.83 eV �TS 3/P1� higher in energy than the
initial structure, 5Fe+CH3OH. All four reaction barriers for
pathways A and B are much higher than the initial energy.
Therefore the reaction 5Fe+CH3OH→ �CH2O�5Fe+H2 is
dynamically unfavorable in our experiments according to the
PES calculations.

On the other hand, the neutral water elimination reaction
5FeO+CH3OH→ �CH2O�5Fe+H2O has relatively low reac-
tion barriers as shown in Fig. 4. In particular, for pathway A,
transition state TS 4/5 at �0.28 eV in energy is obtained via
a four membered ring, followed by a five membered ring
transition state TS 5/6 ��0.26 eV�. For pathway B, the tran-
sition states are calculated as 1.04 eV for TS 4/7 via a five
membered ring and �0.47 eV for TS 7/6 via a four mem-
bered ring, respectively. The low reaction barriers for path-
way A ��0.28 and �0.26 eV� indicate that the reaction of
5FeO+CH3OH→ �CH2O�5Fe+H2O is an overall barrierless
process and an exothermic reaction. The high barrier �1.04
eV� for pathway B suggests that hydrogen from the C–H
group of methanol cannot migrate to FeO before hydrogen
transfer from the O–H group occurs. Pathway A is more
favorable than pathway B probably because the calculated
bond strength of HOFe–OCH3 �1.74 eV� is larger than that
of HOFe–OHCH2 �1.67 eV�. The PES calculations shown in
Figs. 3 and 4 suggest that reaction product �CH2O�Fe comes
from the water elimination reaction of the neutral FeO clus-
ter with methanol �reaction �8��, instead of a dehydrogena-
tion reaction of a neutral Fe atom with methanol �reaction
�7��, and in particular, hydrogen transfer from the O–H group
of methanol occurs prior to that from the C–H group of
methanol.

B. Neutral formaldehyde elimination reactions

Observation of FemOnH2 �m=1–2, n=1–5� in Fig. 2
and Table I suggest that the neutral formaldehyde elimination
reactions, FemOn+CH3OH→FemOnH2+CH2O, occur in the
fast flow reactor. Additionally, deutrated methanol experi-

ments indicate that the hydrogens of FemOnH2 come from
both the O–H and C–H groups of methanol. The PESs for
reactions 5FeO+CH3OH→H 5FeOH+CH2O, 5/3FeO2

+CH3OH→ �H2O�5/3FeO+CH2O are calculated by DFT and
presented in Figs. 5–7. Similar to the water elimination re-
action on FeO as shown in Fig. 4, pathway A, for neutral
formaldehyde elimination on FeO2, is energetically favor-
able, whereas pathway B, is thermodynamically unfavorable,
for neutral formaldehyde elimination reactions.

For reaction 5FeO+CH3OH→H 5FeOH+CH2O, no
pathway B is involved. Hydrogen transfers from the O–H
group of methanol to either the O atom or the Fe atom of the
FeO, as shown in Fig. 5. In addition, the pathway for hydro-
gen transfer from the O–H group to the Fe atom has high
reaction barriers, 0.21 eV for TS 4/9 and 0.61 eV for TS 9/8,
whereas hydrogen transfer to the O atom of FeO has low
reaction barriers, �0.28 eV for TS 4/5 and �1.40 eV for TS
5/8.

One may argue that the reaction intermediates 12 or 17
in Figs. 6 and 7 can dissociate directly to form Fe�OH�2

+CH2O in the reaction FeO2+CH3OH→ �H2O�FeO+CH2O;
however, the structure Fe�OH�2 is calculated to be an un-
stable conformer: it does not converge to a stable structure at
the B3LYP /6-311+G�d� level. Only conformers �H2O�FeO
and �HO��H�FeO are stable structures at this theory level, as
presented in Figs. 8�a� and 8�b�. The conformer �H2O�5FeO
is lower in energy than the conformer �HO��H�5FeO by 0.38
eV. Thus, the product structure is �H2O�FeO, no matter
which intermediate, 12 or 17 dissociates. Calculations at the
MP2 /6-311+G�d� level show that the structure Fe�OH�2 is a
stable structure; however, it is not the lowest energy con-
former.

FIG. 8. �Color� Geometry parameters for reaction intermediates �a�.
�H2O�5FeO; �b�. �HO��H�5FeO; �c�. �HO��H�5Fe�OCH2�; �d�.
�H2O�5Fe�OCH2�; �e�. �H�5Fe�OH�; and �f�. �H2O�5Fe. Iron, oxygen, car-
bon, and hydrogen are in pink, red, dark blue, and light blue, respectively.
See text for detail.
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C. Comparisons with studies for ion-molecule
reactions

Reaction of charged FemOn clusters with methanol has
been investigated experimentally12�d�,16,19 and
theoretically.15�a� Comparison of the reactions of neutral and
ionic clusters, including product identification and structures,
reaction pathways, and reaction mechanisms, can help us un-
derstand the effect of charge on condensed phase surface
catalytic reactions.

Four types of ion reactions are identified by FTICRMS
for the overall reaction of FeO+ with methanol.12�d� All four
reactions are exothermic based on thermochemical data
considerations12�d� and DFT calculational results.15�a� �DFT
calculational results for sextet FeO+ are presented in paren-
thesis�

FeO+ + CH3OH → �CH2O�FeOH+ + H · ,

�Hf = − 0.48 eV�− 1.46 eV� , �11�

FeO+ + CH3OH → �CH2O�Fe+ + H2O,

�Hf = − 2.04 eV�− 1.93 eV� , �12�

FeO+ + CH3OH → �H2O�Fe+ + CH2O,

�Hf = − 1.95 eV�− 2.16 eV� , �13�

FeO+ + CH3OH → Fe+ + CH2O + H2O,

�Hf = − 0.61 eV�− 0.73 eV� . �14�

The related neutral cluster reaction energies are calculated by
DFT as

5FeO + CH3OH → 4�CH2O�FeOH + H · ,

�E = 0.37 eV, �15�

5FeO + CH3OH → �CH2O�5Fe + H2O, �8�

�E = − 0.18 eV,

5FeO + CH3OH → H5FeOH + CH2O, �5�

�E = − 0.86 eV,

5FeO + CH3OH → 5Fe + CH2O + H2O,

�E = 0.38 eV. �16�

Hydrogen radical generation is favorable for the cationic
cluster reaction �11�, but unfavorable for the neutral cluster
reaction �15�. Observation of product �CH2O�FeOH in Fig. 2
suggests that the reaction mechanism perhaps involves mul-
tiple molecule collisions, such as

2 5FeO + 2CH3OH → 2 4�CH2O�FeOH + H2,

�E = − 3.67 eV, �17�

9Fe2O2 + 2CH3OH → 2 4�CH2O�FeOH + H2,

�E = − 1.00 eV, �18�

25FeO + CH3OH → 4�CH2O�FeOH + 6FeOH,

�E = − 2.95 eV, �19�

9Fe2O2 + CH3OH → 4�CH2O�FeOH + 6FeOH,

�E = − 0.28 eV. �20�

Reactions �19� and �20� are more likely to occur in the reac-
tor, because products �CH2O�FeOH and FeOH, are both ob-
served in Fig. 2. Similarly, observation of Fe2O2H �Fig. 2
and Table I� can also be understood in the same manner as
above for FeOH.

For reaction �5�, an intermediate structure �8� �HO�
− �H�Fe�OCH2� is obtained and shown in Fig. 5. As pre-
sented in Figs. 8�c�–8�f�, the neutral structure �HO�
− �H�Fe�OCH2� is more stable than its conformer structure
�H2O�Fe�OCH2� by 0.90 eV, and the following dissociation
product, �H�Fe�OH�, for which both hydrogen and the hy-
droxyl group are bonded to the Fe atom, is also more stable
than �H2O�Fe by 0.81 eV. As a comparison,
�H2O�Fe+�OCH2� is the most stable structure and �H2O�Fe+

is the most stable dissociation product for the related cationic
reaction �12�.15�a� Thus, even though the product mass num-
bers are the same for the reactions of FeO or FeO+ with
methanol, the product structures and reaction pathways are
significantly different based on DFT calculations.

Reaction �16� cannot be solely identified in our neutral
cluster studies, since the signal of the product Fe atom over-
laps with that of the reactant Fe atom. Even though an in-
crease of the Fe signal is observed after reaction of FemOn

neutral clusters with methanol, as seen in Fig. 2, reaction
�16� is thermodynamically unfavorable based on the DFT
calculations. The reasons for the observation of the increas-
ing Fe signal in Fig. 2 are not completely understood, but
probably involve multiple collisions and reactions. A neutral
cluster must be ionized to be detected, and the cross sections
associated with each cluster can be different, and difficult to
estimate. Therefore, the relatively large increase in the Fe
product signal may correspond to its high cross section,
whereas the related reactant signal decreases can be too
small to be observed because of the low ionization cross
sections associated with their particular species. Thus, the Fe
signal can be generated by many different reaction sources,
and the decrease/increase in product and reactant signals do
not directly correlate with relative species concentrations.

Pathway A �hydrogen transfer from the O–H group fol-
lowed by that from the C–H group� and pathway B �hydro-
gen transfer from the C–H group followed by that from the
O–H group� have also been calculated for the reaction of
FeO+ with methanol:15�a� both pathways are energetically fa-
vorable and the reaction barriers are close, which indicates
that these two pathways are competitive for cationic FeO+

reactions. Only pathway A is thermodynamically favorable
for the neutral cluster reactions, however.

Reactions of anionic FeO2
−, Fe2O3

−, and Fe2O4
− with

methanol and deutrated methanol have also been
investigated.19 Observations of FeO2HD− by employing
deutrated methanol, CH3OD, and CD3OH, indicate that the
hydrogens of FeO2H2

− are from both O–H and C–H groups;
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this is consistent with our results for the neutral cluster stud-
ies. The structure of FeO2H2

− is suggested as Fe�OH�2
−,

however, with two hydroxyl groups bonded to the Fe atom,
whereas the most stable structure for neutral species is cal-
culated as �H2O�FeO, as shown in Fig. 8�a�, suggesting a
different reaction mechanism for anionic and neutral cluster
reactions. Secondary reaction products for Fe�OH�2

− have
also been obtained, which imply the reaction FeO2H2

−

+CH3OH→FeO3
−+H2+CH4 occurs; however, the reaction

energy for related neutral �H2O�FeO cluster reaction is cal-
culated as 2.47 eV. This high reaction energy clearly indi-
cates that the secondary reaction,

�H2O�FeO + CH3OH → FeO3 + H2 + CH4,

�E = 2.47 eV �21�

does not occur in the fast flow reactor.
Oxidation of methanol to formaldehyde by FeO2+ in the

gas phase and in the solution has been calculated by DFT.16

Interestingly, Pathway B, hydrogen transfer from the C–H
group of methanol followed by that from the O–H group, is
given as the most likely mechanism. In addition, the product
structure, �H2O�Fe2+, which is similar to �H2O�Fe+ with a
water molecule bonded to the Fe atom through the O atom, is
different from related neutral species, HFeOH, as shown in
Fig. 8�e�.

The product distribution for cationic �reactions
�11�–�14�� FeO+ and neutral FeO cluster reactions �Fig. 2 and
Table I� with methanol are different: FeOH, �CH2O�FeOH,
and association product FemOnCH3OH, are observed only for
the neutral clusters reactions, and are not present for the
cationic reactions. These differences clearly indicate that
neutral cluster chemistry, rather than ion cluster chemistry,
occurs in the fast flow reactor. As pointed out at the begin-
ning of this discussion and in the literature �Ref. 40�m��, the
neutral cluster contribution in a laser ablated sample is much
larger than that of the ionic clusters. Therefore, the observed
product distribution �see Fig. 2 and Table I� arises from neu-
tral FemOn cluster chemistry and not from ion cluster chem-
istry.

D. Comparison with other transition metal oxides

Dehydrogenation reactions are also observed as a domi-
nant reaction for cationic VO+ and neutral VO clusters,
VO0/++CH3OH→ �CH2O�VO0/++H2,12�a�,40�n� however, as a
comparison, neutral water elimination, and association are
primary reactions for the neutral FeO cluster, and no dehy-
drogenation products are detected �see Fig. 2 and Table I�.
The dissociation energies for VO and FeO are estimated as
D° �V–O�=625.5	8.5 kJ /mol �Ref. 44� and D° �Fe–O�
=389.1	12.6 kJ /mol,45 therefore the Fe–O bond is more
readily cleaved than the V–O bond. As a result, the neutral
water elimination reaction is more favorable for FeO
+CH3OH, whereas the dehydrogenation reaction is more fa-
vorable for VO+CH3OH. Only Pathway B, hydrogen trans-
fer from the C–H group followed by that from the O–H
group, is energetically favorable for reaction of VO+ with
methanol, and pathway A does not occur for this reaction.
For VO2

0/+, two reaction channels, neutral water elimination

and formaldehyde elimination, are identified and CH2O
elimination is the primary reaction pathway �72%� for the
cationic reaction. Nevertheless, only the neutral formalde-
hyde elimination reaction is observed for the reaction of
FeO2 with methanol.

E. Understanding of the condensed phase methanol
oxidation to formaldehyde at a molecular level

The bond length of H2O– 5FeO in Fig. 8�a� is calculated
as 2.088 Å: it is much longer than a typical Fe–O bond in
FeO2 �1.606 Å for 5FeO2�. Thus, the water molecule is
weakly bound in H2O– 5FeO and can be readily dissociated
from �H2O�FeO to form FeO+H2O. Subsequently, the cal-
culated reaction energy for the reaction of 5FeO2 with metha-
nol indicates that this reaction is exothermic,

5FeO2 + CH3OH → 5FeO + CH2O + H2O,

�E = − 0.21 eV �22�

and for FeO3, the reaction is
3FeO3 + CH3OH → 3FeO2 + CH2O + H2O,

�E = − 0.92 eV. �23�

Additionally, according to previous calculational results,40�a�

the ground states for Fe2On �n=1, 2, 3, and 5� clusters are
nonets, and the ground state for Fe2O4 is a septet. The energy
difference for 7Fe2O4 and 9Fe2O4 is only 0.02 eV, however.
Thus, reaction energies for 9Fe2On+CH3OH→ 9Fe2OnH2

+CH2O→Fe2On−1+CH2O+H2O are calculated at the
B3LYP /6-311+G�d� level as

9Fe2O5 + CH3OH → 9Fe2O4 + CH2O + H2O,

�E = − 0.85 eV, �24�

9Fe2O4 + CH3OH → 9Fe2O3 + CH2O + H2O,

�E = − 0.68 eV, �25�

9Fe2O3 + CH3OH → 9Fe2O2 + CH2O + H2O,

�E = 0.48 eV, �26�

9Fe2O2 + CH3OH → 9Fe2O + CH2O + H2O,

�E = 0.74 eV. �27�

Obviously, methanol oxidation reactions only occur on oxy-
gen rich clusters, such as FeO2, FeO3, Fe2O4, and Fe2O5.
Reaction pathways for reactions �23�–�25� are also calculated
and presented in the Supporting Information. Note only path-
way A is considered for these calculations. The reaction en-
ergies and overall reaction energy barriers for reactions �22�,
�23�, and �25� are calculated as �0.21/�0.52, �0.92/�0.16,
and �0.68/�0.29 eV, respectively. The potential energy sur-
faces for reactions �23� and �25� are presented in the Sup-
porting Information Figs. S1 and S2.46 The Fe2O5 cluster has
two conformers: conformer A, the lowest energy conformer,
is the structure that an oxygen molecule bound to the iron
atom; and conformer B, the structure for which the two oxy-
gen atoms are separated. Conformer B is higher in energy

114306-9 Iron oxide clusters with methanol J. Chem. Phys. 130, 114306 �2009�



than conformer A by 1.04 eV. Potential energy surfaces for
reaction �24� for both conformers B and A are calculated and
presented in the Supporting Information Figs. S3 and S4:46

the reaction energies and overall reaction energy barriers are
calculated as �1.89/�0.56 and �0.85/0.53 eV, respectively.
Apparently reactions �23�, �24� �for conformer B�, and �25�
are thermodynamically favorable and overall barrierless pro-
cesses.

The oxidation processes, 5FeO+O2→ 5FeO3 and
9Fe2O3+O2→ 9Fe2O5, have been investigated
computationally.40�a� The reaction energies and overall reac-
tion energy barriers are estimated as �1.04/0.08 eV for FeO
oxidation to FeO3 and �0.10/0.33 eV for Fe2O3 oxidation to
Fe2O5 conformer B, respectively.40�a� Thus, the condensed
phase catalytic cycles can be suggested and are presented in
Fig. 9. FeO3 and FeO2 can be reduced to FeO2 and FeO,
respectively, by CH3OH to form CH2O+H2O, and the gen-
erated FeO is subsequently oxidized by O2 and FeO3 is re-
generated �cycle a�. Similar to the FeO3 /FeO2 /FeO cycle,
methanol can be oxidized by Fe2O5 and Fe2O4 clusters, and
the generated Fe2O3 can be oxidized to Fe2O5 by O2 �cycle
b�. Oxygen dissociation on the FeO and Fe2O3 surfaces is the
rate limiting step for these two catalysis cycles, similar to the
conclusions for the reaction of FemOn with CO.40�a�

An isotopic 18O2 experiment can prove the above pro-
posed catalytic cycles. If H2

18O is observed after reaction of
methanol on Fem

18On �FemOn=FeO2, FeO3, Fe2O4, and
Fe2O5� clusters, one can conclude that the Fe–O bond is
broken in the reaction, and 18O transfers from iron oxide to
form H2O, as presented in reactions �22�–�25�.

V. CONCLUSIONS

Reactions of neutral iron oxide clusters with methanol
are studied by time of flight mass spectrometry employing

118 nm SPI and DFT calculations. Direct association reac-
tion is observed for the FeO cluster, and methanol dehydro-
genation reactions are detected for FeO1,2 and Fe2O2–5 clus-
ters. DFT calculations are additionally performed and the
following conclusions can be drawn from the theoretical
studies: �1� the O–H bond of methanol is more readily acti-
vated by iron oxide than the C–H bond of the methyl group,
and hydrogen transfer from the O–H group occurs prior to
that from the C–H group; �2� neutral water elimination reac-
tions are energetically more favorable than dehydrogenation
reactions on iron oxide clusters; �3� for the product FeCH2O,
the reaction of iron monoxide with methanol �FeO
+CH3OH→FeCH2O+H2O� is an overall barrierless process,
whereas the reaction of iron atom with methanol �Fe
+CH3OH→FeCH2O+H2� has high reaction barriers �0.41–
1.15 eV�; �4� neutral formaldehyde �CH2O� is suggested to
be generated from the reactions of FeO1,2 and Fe2O2–5 with
CH3OH at room temperature based on experimental obser-
vations. The various reaction mechanisms explored by DFT
are in good agreement with the experimental results, and the
condensed phase methanol oxidation to formaldehyde cata-
lytic reaction can be understood by the proposed cluster cata-
lytic cycles.
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