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Vibrationally resolved photofragment spectroscopy of FeO 1
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~Received 11 February 1999; accepted 26 April 1999!

We report the first vibrationally resolved spectroscopic study of FeO1. We observe the 0←0 and
1←0 bands of a6S←X 6S transition at 28 648.7 and 29 311 cm21. Under slightly modified source
conditions the 1←1 transition is observed at 28 473 cm21. In addition to establishing anupper limit
D0

o(Fe1–O!<342.7 kJ/mol, our results give the first experimental measurements of the vibrational
frequencies in both the ground state,n09583864 cm21, and the excited electronic state,n085662
62 cm21. Partially resolved rotational structure underlying the vibrational peaks has been analyzed
to measure the predissociation lifetime and estimate the change in molecular constants upon
electronic excitation. ©1999 American Institute of Physics.@S0021-9606~99!00328-1#
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I. INTRODUCTION

The chemistry of gas-phase transition metal oxide c
ions (MO1) has received a great deal of attention, primar
due to their ability to selectively oxidize a variety of organ
molecules.1 Much of this interest has centered on FeO1 be-
cause of its ability to activate methane under therm
conditions:2,3

FeO11CH4→Fe11CH3OH. ~1!

The reactions of FeO1 with H2 and CH4 have been studied
in detail in the laboratories of Schwarz, Armentrout, and B
hme; a recent paper summarizes the results of all th
groups, which span a broad range of pressures and ex
mental conditions.4 FeO1 reacts inefficiently with H2 , but
reacts with moderate efficiently with methane~k57.462.2
310211cm3 s21 under thermal conditions!, producing
Fe11CH3OH ~39%! and FeOH11CH3 ~61%! as the major
products.4 The Fe1–O bond strength was measured v
bracketing reactions by Kappes and Staley in 1981,5 and by
Beauchamp and co-workers6 in 1982 using a guided ion
beam spectrometer. The most reliable values are base
recent studies of the endothermic reactions of Fe1 with O2

and ethylene oxide in a second-generation guided ion b
spectrometer.7 Armentrout has recently reevaluated8 these
results to determineD0

o(Fe1–O!533565 kJ/mol. In the only
spectroscopic investigation of FeO1 to date Freiser and co
workers measured the photofragment spectrum of FeO1, ob-
serving a gradual onset at;420 nm leading to a sharp fea
ture near 350 nm whose width was determined by the;10
nm resolution of their spectrometer.9 From the dissociation
onset they assignedDo(Fe1–O!5285620 kJ/mol.

FeO1 ~Refs. 10–14! and its reactions with H2 ~Refs.
15–17! and CH4 ~Ref. 18! have been the subject of manyab
initio studies. Fiedleret al. used density functional theor
and the complete active space perturbation theory CASP
to study the ground and low-lying excited electronic states
late first-row transition metal oxides.19 They predict that
FeO1 has a6S ground state and three low-lying quart
states at energies of 1.0 to 1.4 eV. Higher-lying states w
not calculated. In a separate study14 Fielderet al. used mul-
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tireference perturbation theory to calculate the spectrosc
constants of FeO1, predicting r e51.643 Å, ve5915.2
cm21 ~n05915.7 cm21) and Do5338.9 kJ/mol, in good
agreement with the measured value.8 Recentab initio calcu-
lations suggest that the mechanism for methane activatio
the enzyme soluble methane monooxygenase is simila
that of gas-phase FeO1. FeO1 has therefore been propose
as a model for the active site in the enzyme.20

FeO1 is important in the iron chemistry of the
mesosphere21 and has been detected mass-spectrometric
at altitudes near 90 km where it is produced by the reac
of Fe1 ~introduced by meteorites! with ozone.22 In addition,
Kopp et al. used the known rates of the Fe11O3 and
FeO11O reactions to estimate mesospheric@O# from their
measured@Fe1# and @FeO1# and satellite measurements
@O3#.22

As part of an effort to spectroscopically characterize
reactants and intermediates3 of the FeO11CH4 reaction we
report the first vibrationally resolved spectroscopic study
gas-phase FeO1.

II. EXPERIMENTAL APPROACH

The experiment involves the photodissociation of ions
the dual time-of-flight mass spectrometer shown in Fig.
Briefly, ions produced in the source are mass selected, p
todissociated at the turning point of a reflectron, and
masses of fragment ions determined by time-of-flight.

FeO1 ions are produced in a standard laser ablat
source.23,24 The frequency-doubled output of a pulse
Nd:YAG laser~Continuum Surelite I,1 in Fig. 1! operating
at 20 Hz repetition rate is loosely focused onto a rotating a
translating iron rod~2! ~Sigma-Aldrich, 99.98% pure!. The
resulting plasma is entrained in a pulse of gas~3! introduced
through a home-built piezoelectric pulsed valve.25 Fe1 ions
produced by ablation react with N2O ~Merriam–Graves,
99.8% pure! in the gas pulse to produce FeO1,26 which ex-
pands through a 2.5 mm dia., 4.5 mm long tube into
source vacuum chamber. After 10 cm the beam is skimm
and ions pass into the differential chamber. The sou
chamber is maintained below 531025 Torr by a 2400l /s
3 © 1999 American Institute of Physics



r

e
s

e
ed

t
b
fe
-

he

ct

le
d

or
ns
he
lu
la
f-

ed
-

io
r
n

ol

i
c

ch
a
ke

o
s
ion
in
t
0

d to
e-

ser

li-
rum
5
at

se

nge

d

1434 J. Chem. Phys., Vol. 111, No. 4, 22 July 1999 Husband et al.
diffusion pump~Varian VHS-6! and the differential chambe
is kept below 331026 Torr by a baffled diffusion pump
~Varian VHS-4, 600l /s throughput!. The apparatus can b
run as either a beam-modulated time-of-flight ma
spectrometer27,28 or in a coaxial Wiley–McLaren
configuration.29 Signal levels are typically a factor of fiv
larger in the Wiley–McLaren configuration, which was us
for these studies. Ions are extracted along the beam axis
ing a pulsed electric field, then accelerated to 1800 V kine
energy. It is convenient to have the source and flight tu
grounded, so, after acceleration, the ions must be rere
enced to ground potential.30 This is accomplished by main
taining the rereferencing tube~4! at 21800 V as the ion
cloud enters, then rapidly pulsing it to ground prior to t
ions’ exit using a potential switch.31 An Einzel lens and de-
flectors guide the ions through an aperture into the dete
chamber, which is maintained below 231027 Torr by a 240
l /s ion pump~Varian VacIon Plus 300 StarCell!. A final
deflector ~5! allows the ion beam to traverse the 5° ang
through the reflectron and onto the detector. When the
flector is off,,0.1% of the incident ions reach the detect
Applying a pulsed voltage to the deflector allows only io
within a few mass units of the ion of interest to reach t
detector, forming an effective mass gate. This is very va
able in the present studies as, without the mass gate, the
peak from Fe1, which is by far the most abundant ion, a
fects the baseline in the rest of the mass spectrum.

The unfocused output of a frequency-doubled puls
tunable dye laser~6! ~Continuum ND6000, Continuum Pow
erlite 8020 pump!, linewidth ,0.2 cm21 near 350 nm, inter-
acts with the mass-selected ion at the turning point32 of the
reflectron33,34 ~7! and the masses of charged dissociat
fragments~dashed lines in the figure! are determined by thei
subsequent flight times to a 40 mm dia. dual microchan
plate detector~8! ~Galileo Electro-optics!. The resulting sig-
nal is amplified tenfold by a high-speed amplifier and c
lected on a 500 MHz digital oscilloscope~Tektronics 524A!.
Parent ion resolution at the turning point of the reflectron
m/Dm'150 while that for the photofragments at the dete
tor is m/Dm'100. Photodissociation pathways and bran
ing ratios are obtained from the difference between m
spectra collected with the photodissociation laser bloc
and unblocked. In these studies Fe1 is the only fragment ion
observed, as expected. The photofragment spectrum is
tained by monitoring the yield of a specific fragment ion a
function of laser wavelength and normalizing to parent
signal and laser power. A LabView-based program runn
on a PowerMacintosh computer reads the digitized outpu
fast gated integrators~Stanford Research Systems SR25!
monitoring parent and fragment ion signals.

FIG. 1. Schematic view of the photofragment spectrometer. Labels are
scribed in the text.
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Various gas mixtures and backing pressures are use
minimize production of vibrationally excited ions. Best r
sults are achieved with 3% N2O and 15% N2 in He at a
backing pressure of 4 atm. Dissociation is linear with la
fluences up to;1 mJ/cm2 for the 0←0 transition, and.10
mJ/cm2 for the 1←0 transition. The laser wavelength is ca
brated using the photoacoustic vibrational overtone spect
of H2O near 700 nm.35 Our reported spectra include a 0.2
cm21 Doppler shift due to the transverse ion beam velocity
the turning point of the reflectron.

III. RESULTS

The photofragment spectrum of internally cold FeO1

shows two clear peaks in the region 27 600–32 400 cm21.
The intense peak near 28 650 cm21 is shown in Fig. 2; the
much weaker feature near 29 310 cm21 is in Fig. 3. The
peaks are asymmetric and have widths of 15 and 40 cm21,
respectively. We also observe a 400 cm21-wide feature near
30 500 cm21 which is an order-of-magnitude less inten
than that at 29 310 cm21. Extremely low levels of back-
ground nonresonant signal are found throughout the ra
covered. When helium alone is used as a bath gas, FeO1 is

e-

FIG. 2. Photofragment spectrum of56FeO1, showing the 0←0 transition
~solid lines! and best-fit simulation~dashed lines!.

FIG. 3. Photofragment spectrum of the 1←0 transition in 56FeO1. The
intensity scale is relative to the 0←0 band.
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less efficiently cooled and an additional band is obser
near 28 470 cm21. Less efficient cooling also leads to a mo
pronounced asymmetry in the observed peaks, as well
general increase in the nonresonant signal level.

Freiser and co-workers9 obtained the photofragmen
spectrum of FeO1 in an ion cyclotron resonance spectrom
eter using a lamp–monochromator combination with 10
~800 cm21 at 350 nm! resolution, observing a peak near 35
nm whose low-intensity tail extends to 420 nm. The width
the peak is determined by the resolution of their spectro
eter. The apparent threshold at 420 nm was used to as
Do(Fe1–O!5285620 kJ/mol. The peak shown in Fig.
clearly corresponds to the feature they observe at 350
~28 600 cm21!. Our study suggests their observed tailing
low energy is due to internally excited ions, giving rise to
anomalously low threshold. Our results are indicative
transitions to a predissociative state, with a lifetime suffici
to observe vibrational structure. The observed peaks co
spond to 0←0 and 1←0 transitions, at 28 648.7 and 29 31
cm21, respectively, and a 1←1 transition at 28 473 cm21.
Peak positions are based on rotational simulations~see be-
low!. The energy of the 0←0 transition establishes theupper
limit D 0

o(Fe1–O!<342.7 kJ/mol. This value is consiste
with the thermodynamic value forD0

o(Fe1–O) of 33565
kJ/mol reported by Armentrout and co-workers7,8 based on
the endothermic Fe11O2 reaction. Since dissociation o
FeO1 (X 6S) to electronically excited Fe1(4F0)1O(3P0)
requires 35765 kJ/mol,36 we must observe dissociation t
ground electronic state fragments Fe1(6DJ)1O(3PJ).

The positions of the three peaks allow the first expe
mental determination of the vibrational frequencies in b
the ground (X 6S1) state, (n09583864 cm21) and the pre-
dissociative state (n08566262 cm21). A Franck–Condon
analysis of the integrated intensities of the 0←0 and 1←0
transitions ~10:1! allows an estimation of the change
Fe1–O bond length upon excitation of 0.02460.004 Å.
Fielder et al. predict n095915.7 cm21 using multireference
perturbation theory, in good agreement with our measu
value considering the difficulty of calculations on high sp
systems.14 The vibrational frequency of FeO1 is surprisingly
close to the 832.41 cm21 value measured for the isoele
tronic MnO (X 6S1) radical.37

In addition to the vibrational structure discussed abo
the spectrum also contains rotational information. While
resolution is insufficient to show discrete rotational line
reproducible features are observed. The 0←0 band is shown
in Fig. 2 with a simulation of the underlying rotational e
velope. Concentrating initially on the observed band we
partially resolved rotational structure: a single intense p
that tails to low energy.Ab initio calculations indicate a6S
ground state for FeO1.14 Observation of a single intens
peak for the 0←0 band points to the predissociative sta
also being a6S state. The tailing to low energies is chara
teristic of a lengthening of the FeO1 bond upon excitation.

The rotational structure in the 0←0 band was simulated
assuming a6S←6S transition. The large spin–spin intera
tions found in systems containing transition metals of
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make these systems intermediate between Hund’s case~a!
and ~b! for low lying rotational levels. The standar
Hamiltonian37

H5B~J2S!22D~J2S!41g~J2S!S1 2
3 l~3Sz22S2!,

~2!

for a 6S state was diagonalized in a Hund’s case~a! basis,
and transition intensities obtained following the procedu
outlined by Hougen.38 To account for lifetime broadening
the resulting spectrum was convoluted with a Lorentzian
appropriate width.39

Although the observed band contour is sufficient to yie
some rotational information, discrete rotational lines are
quired before full assignment of all molecular constants c
be made. In the absence of such lines it is necessary to
strain the simulation parameters somewhat. One mean
this end involves fixing the ground state constants and o
mizing the upper state constants; in effect estimating the
ferences in molecular constants for the upper and gro
states rather than their absolute values. A requirement of
method is a good approximation of the ground state c
stants. The results of the calculations performed by Fiel
et al.14 for FeO1 (X 6S) are summarized in Table I. Unfor
tunately, the complete set of ground state molecular c
stants needed for our rotational simulation were not cal
lated. The MnO (X 6S) radical, isoelectronic with FeO1, has
been the subject of several high-resolution spectrosco
studies.37,40,41Molecular constants for MnO are also show
in Table I. The strong similarities between the calculat
values for FeO1 and the experimentally determined valu
for MnO suggest that MnO is a good model for FeO1. For
consistency we use only MnO values for the ground st
rather than a mixture of MnO and calculated FeO1 values.
Although Merer and co-workers observe a6S←6S transi-
tion in MnO,37,41 this transition is centered near 550 n
~18 000 cm21!, and therefore does not correspond to the tr
sition observed in our study.

A further reduction of simulation parameters can
made. The MnO (X 6S) values for the centrifugal distortion
constantD, and the spin–rotational coupling constantg, are
7.19031027 and20.0024 cm21, respectively. In the presen
study the experimental resolution, limited by the lifetime
the predissociative state, is 1.5 cm21. At this resolution, and
at the low rotational levels populated in a molecular bea
contributions fromD and g are not significant. They were
consequently set to zero in the simulations, reducing

TABLE I. Molecular constants for56FeO1 ~calculated! and55MnO ~experi-
mental!.

Constant 56FeO1 (X 6S1) 55MnO (X 6S1)

r 0 (Å) (B0 (cm21)) 1.648a ~0.4991! a 1.647b ~0.501 21! b

n0 (cm21) 915.7a 832.41c

D0 (cm21) 5.79331027 a 7.19031027 b

l ~cm21! 0.574b

g ~cm21! 20.0024b

aReference 14. Equilibrium values have been converted tov50 values.
bReference 40.
cReference 37.
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number of free parameters to five: the term valueT0 , bond
length r 8, spin–spin coupling constantl8, the excited state
lifetime t, and the rotational temperature. These parame
were optimized in a nonlinear least-squares routine42 to ob-
tain the fit shown with dashed lines in Fig. 2. It was fou
that a mixture of two rotational temperatures is required
match the observed band shape. For the spectrum show
Fig. 2 the best fit was achieved with 80% of the molecules
a rotational temperature of 8 K and the remainder at 72 K
Resulting, best-fit molecular parameters are summarize
Table II.

The rotational simulations predict a change in bo
length Dr 50.02760.005 Å for the 0←0 transition, consis-
tent with the Dr 50.02460.004 Å predicted from the
Franck–Condon overlap. This relatively small change
bond length is consistent with an excitation between mole
lar orbitals centered on iron rather than a charge tran
transition from the oxygen atom to the iron.43 The values of
the spin–spin coupling constants used for the simula
shown in Fig. 2 arel950.574 cm21 andl850.760.1 cm21.
These are effective coupling constants with contributio
from direct spin–spin coupling and second-order spin–o
couplingleff5lSS1lSO. For a molecule such as FeO1 con-
taining heavy atoms the largest contribution toleff would be
expected to come from the second-order spin–o
coupling.39 A series of simulations was performed usin
larger values ofl8, in an attempt to interpret the three pea
in the 0←0 band as spin structure and deemphasize the n
for two rotational temperatures. These simulations lead
spectra with a pronounced central dip and fail to capture
observed width.

The 1←0 peak is much broader than the 0←0 transition.
The rotational simulations suggest a linewidth of 39 cm21,
corresponding to a lifetime in thev851 state of 0.14 ps. The
quality of the fit is unaffected by any physically reasona
value of r 8 or l8.

In conclusion we report the first vibrationally resolve
spectroscopic study of FeO1. We observe the 0←0 and 1←0
bands of a6S←X 6S transition. Under slightly modified
source conditions the 1←1 transition is observed. In additio
to supporting thermodynamic information given by ion bea
experiments by Armentrout and co-workers,7,8 our results
give the first experimental measurements of the vibratio
frequencies in both the ground and an excited electro
state. Partially resolved rotational structure underlying

TABLE II. Optimized molecular constants for56FeO1.

Constant

X6S

(v950)

Upper
6S(v850)

Upper
6S(v851)

T0 (cm21) 0 28 648.760.1 2931162
r ~Å! 1.647a 1.67460.005
B ~cm21! b 0.501 21a 0.48460.003
l ~cm21! 0.574a 0.760.1
t ~ps! 3.5 0.14

aValues correspond to MnO constants~Ref. 40! and were not optimized in
the present study. See text.

bB values for correspondingr values. Shown for reference.
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vibrational peaks has been analyzed to estimate the di
ences in molecular constants between the ground and u
states.
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