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Is the FeO,  Anion Bent or Linear?
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FeO,  anions were produced by co-condensation of laser-ablated iron atoms and electrons with dioxygen in
excess argon at 6 K. A photosensitive absorption at 870.6 cm ™! is assigned to the antisymmetric OFeO stretching
vibration (v3) of the inserted FeO,™ anion trapped in solid argon. On the basis of the observed v; vibrational
frequencies for Fe'®0, and Fe'®0,, the anion is estimated to be linear. Due to the severe symmetry-breaking
problems of the reference wave function, calculations with single-reference methods, including various DFT
and post-HF methods, are unreliable for this molecule. However, the state-averaged multireference MRCI
method, which incorporates both dynamical and nondynamical correlations, predicted that the anion has a
linear doublet ground state, consistent with the experimental observations.

Introduction

The interaction of iron with oxygen is of great chemical
interest. There have been many investigations on the reaction
products formed by iron and oxygen. The spectra, structures,
and bonding of the neutral iron oxides, particularly the monoxide
and dioxide molecules, have received considerable attention both
experimentally and theoretically.'”'* Iron oxide anions have also
gained much attention.!®!>~26 Collision-induced dissociation
studies of iron oxide cluster anions show that small mononuclear
anions such as FeO, ™ and FeO;™ are the stable building blocks
of the larger iron oxide clusters.?> Anion photoelectron spec-
troscopic investigations on the iron oxide anions indicate that
the FeO,™ anion has an inserted OFeO structure similar to the
FeO, neutral, and other isomers involving weakly bonded
Fe—0O, complexes were not observed in the gas phase.!%1617
Theoretical calculations also predict that the inserted dioxide
anion is the most stable isomer on the potential energy surfaces
of FeO, .22 There is no experimental report on the vibrational
spectra of the iron oxide anions.

The electronic structure and geometry of the ground state of
the FeO,  anion remain unclear. Earlier ab initio calculations
at the HF, MP2, and CCSD(T) levels of theory with the TZV*
basis set predict that the FeO,™ anion has a linear sextet ground
state,””> whereas density functional theory (DFT) calculations
with generalized gradient approximation for the exchange-
correlation potential show that the FeO,™ anion has several
closely spaced stable states, the ground state is a bent “B, state
followed by *A, (+0.05 eV), 2A; (+0.06 eV), 2B, (+0.12 eV),
and °A, (+0.35 eV) states.?* Similar discrepancy has also been
found for the isoelectronic CoO, molecule: BPWO91 calcula-
tions?* predict a bent structure with an 2A| ground state, whereas
ab initio CASSCF calculations®” predict a linear structure with
an %A, ground state, and CCSD(T)"* and B1LYP'*? calculations
predict a linear °A; (the final structure seems to be optimized
starting from a bent structure) ground state. However, experi-
mental data for CoO, indicate that it is linear with a doublet
spin state.?”?? Theoretical calculations on PtO," found that DFT
methods predict the inserted PtO," molecule to be bent while

* Corresponding author. E-mail: lizhenhua@fudan.edu.cn (Z.H.L.) and
mfzhou@fudan.edu.cn (M.Z.).

10.1021/jp806990k CCC: $40.75

multireference methods predict that it is linear with a doublet
spin state.*® From the results of CoO, and PtO,™, it seems that
the isoelectronic FeO,™ anion might be linear as well.

It appears that many disagreements were found in the
literature for FeO, . Hence, we performed a combined matrix
isolation infrared spectroscopic and systematic theoretical
investigation on the FeO,” anion. Both the experimental
observations and our best theoretical results indicate that the
FeO,™ anion has a doublet ground state with a linear geometry.

Experimental and Computational Details

The experimental setup for pulsed laser-ablation and matrix
isolation infrared spectroscopic investigation has been described
in detail previously.’! Briefly, the 1064 nm fundamental of a
Nd:YAG laser (Continuum, Minilite II, 10 Hz repetition rate
and 6 ns pulse width) was focused onto a rotating iron metal
target through a hole in a CsI window cooled normally to 6 K
by means of a closed-cycle helium refrigerator (ARS, 202N).
The ablated iron atoms and electrons were codeposited with
O, in excess argon onto the Csl window. In general, matrix
samples were deposited for 1 h at a rate of approximately 4
mmol/h. The O,/Ar mixtures were prepared in a stainless steel
vacuum line, using standard manometric technique. O, (Shang-
hai BOC, 99.95%) and isotopic %0, (ISOTEC, 99%) were used
without further purification. The infrared absorption spectra of
the resulting samples were recorded on a Bruker IFS 66V
spectrometer at 0.5 cm™ resolution between 4000 and 450 cm™!,
using a liquid nitrogen cooled HgCdTe (MCT) detector. Samples
were annealed to different temperatures and cooled back to 6
K for spectral acquisition. Selected samples were subjected to
355 nm laser irradiation.

For theoretical calculations, we have chosen two groups of
methods. The first group is single-reference-based methods
including MP2,2 MP3,** MP4,** CCSD,* CCSD(T),*® and DFT.
Several well-calibrated DFT methods (BLYP,"*% OLYP 3%
BPWO91,7740 B97-2,*' O3LYP,**# B3LYP,7*4 B3pW91 7404
TPSSTPSS,* BILYP,*® and BHandHLYP)*73%47 available in
the Gaussian 03 software package were employed,*® which were
proven to give good results for transition metal-containing
compounds.**® The second group involves the CASSCF’! and
internally contracted MRCI methods.? The 6-311+4G(2df) basis
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Figure 1. Infrared spectra in the 1000—850 cm™' region from
codeposition of laser evaporated iron atoms with 1.0% O, in argon:
(a) 1 h of sample deposition at 6 K, (b) after 20 K annealing, (c) after
10 min of 355 nm irradiation, and (d) after 30 K annealing. The asterisks
denoted absorptions are due to some unknown Fe,O, clusters.
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Figure 2. Infrared spectra in the 885—775 c¢m™!' region from

codeposition of laser-evaporated Fe atoms with different gas mixtures.
Spectra were taken after 1 h of sample deposition: (a) 1% O, in argon
and (b) 1% O, + 0.1% CCl, in argon.

set is used for O and the aug-cc-pVTZ-NR basis set is employed
for Fe (NR stands for nonrelativistic).>® The integral grid used
for DFT calculations is a pruned (99 590) grid. To consider
relativistic effect, the relativistic aug-cc-pVTZ-DK basis set is
used for Fe.> The scalar relativistic effect was taken into account
by using the second-order Douglas—Kroll—Hess (DKH) ap-
proach.>*

The calculations with the first group methods were performed
with Gaussian 03,*® while the state-averaged CASSCF (SA-
CAS) and MRCI (SA-MRCI) calculations were performed with
Molpro 2002.6.%° The latter includes an active space with the
3d and 4s orbitals of Fe and 2p orbitals of O. Tight geometry
convergence criterion is used due to the floppiness of the
potential energy surface (PES) with respect to the bending of
the OFeO bond angle. Harmonic vibrational analyses were
performed analytically for all nonrelativistic DFT and MP2
calculations. All DFT and post-HF calculations were performed
with spin unrestricted HF or Kohn—Sham orbitals.

To calculate spin—orbit eigenstates, SA-MRCI energies were
used as the unperturbed energies (the diagonal elements) of the
spin—orbit matrix, while the off-diagonal spin—orbit matrix
elements were calculated by using the SA-CAS wave functions
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Figure 3. Infrared spectra in the 900—820 cm™' region from
codeposition of laser-evaporated iron with O, in excess argon. Spectra
were taken after 1 h of sample deposition at 6 K: (a) 1.0% '°0,, (b)
1.0% "0, (c) 0.5% %0, + 0.5% '®0,, and (d) 0.25% '°O, + 0.5%
10180 + 0.25% '30,.

with a smaller basis set (6-31+G(d) for O and 6-31G(d) for
Fe). The spin—orbit operator used to calculate the spin—orbit
matrix elements is the Breit—Pauli operator. The spin—orbit
matrix was then diagonalized to give spin—orbit eigenstates.

Results and Discussion

The anions were produced by the technique of laser ablation,
which has been proven to be a powerful method to produce
reactive intermediates and free radicals for gas phase jet studies
as well as low-temperature matrix isolation studies.’® Laser
ablation of the metal target produces metal atoms as well as
electrons, and as a result, anions can be formed by electron
capture of the neutral molecules during sample deposition.
Anions usually have small electron affinities (less than 4 eV)
and are photosensitive. Thus electrons can be easily detached
from them by visible or ultraviolet irradiation. As laser ablation
of the metal target produces a plume of radiation, and the
samples were deposited with concurrent irradiation, no anion
species were reported in the previous investigations on the
reactions of laser-ablated iron with oxygen.!"!* In the present
experiments, we employ quite low laser energy (3—5 mJ/pulse)
to minimize the plume of irradiation and to favor the trapping
of charged species in solid argon.

Figure 1 shows the spectra in the 1000—850 cm™" region
from codeposition of laser-ablated iron atoms and electrons with
1.0% O, in argon. The absorptions due to O3 (1039.8 cm™!,
not shown), O,~ (953.8 cm™'), and O," (1118.7 cm ™! not shown)
that are common to other metal reactions with O, were
observed.”’ In addition, product absorptions at 872.8, 945.8,
797.0, and 870.6 cm™! were observed after sample deposition
at 6 K. The 945.8 and 797.0 cm™! absorptions are due to the
antisymmetric (v3) and symmetric (v,) stretching vibrations of
the inserted FeO, molecule.!! The 872.8 cm™! absorption was
previously assigned to the FeO absorption,!! but recent inves-
tigation in this group indicates that it should be regarded as
ArFeO isolated in solid argon.” The 870.6 cm™! absorption was
not observed in the previous experiments employing relatively
high ablation laser energy.!! This absorption remains almost
unchanged upon sample annealing to 25 K, but it was destroyed
when the sample was subjected to 355 nm laser irradiation and
its intensity cannot be recovered on subsequent sample annealing
to high temperatures. Strong absorptions at 968.8 and 955.9
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TABLE 1: Relative Energies (eV) Calculated by Various Methods*

C21/ Dmh

method 2A, B, A, B, N NG 23+ L. 63, *
BLYP 0.00 0.04 0.08 0.04 0.48 0.11 0.42 0.24 0.73
B3LYP 0.34 0.36 0.01 0.00 0.11 0.41 0.74 0.08 0.16
BILYP 0.45 0.46 0.00 —¢ 0.00 0.50 0.88 0.03 0.02
BHandHLYP 1.51 1.51 — — —¢ 1.52 1.95 0.24 0.00
OLYP 0.22 0.32 0.02 0.00 0.14 0.44 0.56 0.19 0.31
O3LYP 0.46 0.51 0.03 0.02 0.00 0.60 0.77 0.14 0.06
BPWI1 0.08 0.15 0.06 0.00 0.38 0.23 0.47 0.23 0.63
B3PWO1 0.46 0.48 0.01 0.00 0.04 0.54 0.82 0.09 0.09
B97-2 0.46 0.48 0.05 0.05 0.00 0.56 0.80 0.12 0.00
TPSSTPSS 0.09 0.12 0.03 0.00 0.42 0.18 0.60 0.17 0.61
MP2 0.38 0.41 1.37 1.28 - 0.48 1.05 2.19 0.00
MP3 —¢ —¢ 3.44 2.12 - 2.01 2.86 1.38 0.00
CCSD 1.15 1.15 —d —¢ - 1.17 1.70 0.42 0.00
CCSD(T)¢ 0.45 0.46 —d — — 0.53 0.87 0.39 0.00

@ All energies are relative to the electronic ground state (marked bold) at that level of theory. The basis sets used are 6-3114+G(2df) for O
and aug-cc-pVTZ-NR for Fe. ? A few occupied orbitals have undefined symmetry. The symmetry of the wave function was judged from HF
orbital pictures. ¢ The final optimized geometry is a De, structure. ¢ Geometry optimization could not converge due to discontinuity in the
potential energy surface. ¢ Single point calculations on CCSD optimized geometry.

TABLE 2: Harmonic Vibrational Frequencies (cm ') of the Antisymmetric Stretching Mode of FeO, . Bold Value Indicates

That the Corresponding Structure is a Transition State”

CZz/ Dmh

method 2A, B, ‘A, “B, N 2N 3, L, DR
BLYP 959.7 961.6 872.9 879.5 778.8 963.1 945.0 843.8 802.8
B3LYP 993.6 997.5 884.8 883.5 850.1 1002.5 984.6 797.3 854.3
BILYP 973.2 985.8 856.3 - 859.0 997.6 987.3 712.1 861.2
BHandHLYP 1100.6 1122.2 —¢ - —¢ 1002.7 1018.1 2166.6 916.5
OLYP 956.7 959.4 874.9 886.1 789.3 957.0 947.2 829.5 811.0
O3LYP 971.9 979.1 881.2 879.4 830.3 978.2 969.7 806.5 8394
BPWI1 975.2 980.5 891.0 898.7 804.6 981.0 961.3 858.1 826.2
B3PWI1 876.3 1009.6 895.8 895.3 867.6 1014.4 996.0 800.4 871.8
B972 994.1 997.1 882.3 874.7 850.0 997.5 987.9 777.6 850.6
TPSSTPSS 989.2 991.7 899.2 905.0 817.4 993.2 973.8 864.6 838.5
MP2 3751.1 1103.1 678.4 997.1 ¢ 1054.3 983.3 2649.4i 847.3
MP3 — — 170.4 —d — 1009.5 971.1 19452.2i 940.7
CCSD —d — —d — —¢ 1022.6 992.4 696.0 894.9
EXP 870.6

“The basis sets used are 6-3114+G(2df) for O and aug-cc-pVTZ-NR for Fe. * A few occupied orbitals have undefined symmetry. The
symmetry of the wave function was judged from HF or Kohn—Sham orbital pictures. ¢ A final linear Do, structure was optimized. ¢ HF wave
function breaks symmetry during the numerical evaluation of Hessian matrix and it produces discontinuity in PES. ¢ Geometry optimization

could not converge due to the discontinuity in PES.

cm™! together with some unknown weak absorptions at 927.4,
917.1, 913.8, and 904.6 cm ™! (marked with asterisks in Figure
1) appeared on sample annealing. The 955.9 cm™! absorption
was previously assigned to the O—O stretching (v;) mode of
cyclic Fe(O,), this absorption together with the 968.8 cm™!
absorption was reassigned to the symmetric and antisymmetric
FeO, stretching modes of the side-on bonded peroxo—iron
dioxide complex, (7*-0,)Fe0,.® The end-on bonded (1!-
0,)FeO, complex, which exhibits absorptions at 1204.5, 975.3,
and 871.6 cm™',%% is not observed here due to large sample scan
times. As has been discussed, the (1'-O,)FeO, absorptions are
very photosensitive and decreased quickly with increasing the
sample scan times, during which the sample was irradiated by
the light emitted from the IR source.”

One experiment was done with CCly doped to serve as an
electron trap.®’ As shown in Figure 2, the 870.6 cm™! absorption
was eliminated when 0.1% CCl; was doped. One experiment
was performed with 1.0% '30, in argon and all the product
absorptions were shifted. Similar experiments were done with
the 0.5% %0, + 0.5% '*0,, and 0.25% '°0, + 0.5% '°O'30 +
0.25% 30, mixed samples. The spectra in the 900—820 cm ™!
region with different isotopic samples are shown in Figure 3.

The weak band at 870.6 cm™! was observed on sample
deposition and destroyed on 355 nm laser photolysis. This band
was not observed in the previous thermal iron atom and oxygen
reaction experiments, which suggests that the band is due to a
charged species. The removal of this absorption from identical
experiment upon doping with the electron trapping molecule
adds strong support to the identification as an anion. The 870.6
cm™! band shifted to 839.7 cm™! with 80,. The *0/*#0 isotopic
frequency ratio of 1.0368 is characteristic of an antisymmetric
OFeO stretching vibration. In the mixed '°O, + !0, experiment,
only the pure isotopic counterparts were presented, while a triplet
was observed in the °0, + 10'80 + '80, experiment (Figure
3), which indicate that two equivalent oxygen atoms are
involved. Therefore, we assign the 870.6 cm™! band to the
antisymmetric stretching vibration of the FeO, ™ anion. The 0/
130 isotopic frequency ratio of the antisymmetric stretching
vibration (1.0368) implies that the FeO,™ anion is linear. This
ratio is lower than that of the neutral FeO, molecule (1.0380).
The bond angle of neutral FeO, was determined from the oxygen
and iron isotopic frequencies to be 150(410)°.!!

To verify whether the FeO,  anion is linear or bent and to
determine its electronic ground state, quantum chemical calcula-
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TABLE 3: IR Intensities (km/mol) of the Antisymmetric Stretching Mode of FeO,™
CQL‘ Doch
method 2A, ’B, Ay ‘B, 5A, A 3t 1L Dy
BLYP 246.1 236.2 329.4 277.8 2359 267.4 4759 354.2 393.3
B3LYP 273.8 290.5 354.3 334.8 367.5 285.5 602.1 105.1 458.2
BILYP 192.8 265.6 238.8 —< 407.5 258.8 626.7 0.7 467.9
BHandHLYP 1829.7 777.4 —c —c —¢ 163.8 720.6 —229402.9 554.5
OLYP 243.5 215.5 333.3 271.8 277.5 254.1 490.2 325.5 416.3
O3LYP 235.0 248.7 369.5 354.3 356.4 249.9 560.2 199.3 457.2
BPWO1 230.9 233.7 337.8 291.9 245.2 265.8 479.0 354.9 400.1
B3PWOI1 37.3 284.6 356.9 336.4 483.2 281.4 602.5 98.2 478.0
B972 263.9 274.9 347.0 313.8 494.2 250.9 612.9 59.2 496.8
TPSSTPSS 245.4 245.4 353.3 324.0 250.9 271.1 499.0 337.9 392.1
MP2 —d 360.2 979.1 1566.1 - 36.0 1216.4 —935476.2 671.9
MP3 —¢ —¢ 1422.8 — — 547.1 155.5 —d 636.8
CCSD — —f —¢ —¢ — 213.8 653.8 190.3 596.9

“Bold values indicate that the corresponding structure is a transition state. The basis functions used are 6-311+G(2df) for O and
aug-cc-pVTZ-NR for Fe. * A few occupied orbitals have undefined symmetry. The symmetry of the wave function was judged from HF or
Kohn—Sham orbital pictures. ¢ A final linear D., structure was optimized. IR intensity too large to be printed out by the Gaussian 03
program. ¢ HF wave function breaks symmetry during the numerical evaluation of Hessian matrix and it produces discontinuity in PES.
/ Geometry optimization could not converge due to the discontinuity in PES.

TABLE 4: Douglas—Kroll—Hess 2nd Order Scalar Relativistic Calculations for Several States of the Bent Structure at the

DFT Level*
2A1 4B2 6A]
method  AE (eV)  Rro (A)  Aoreo (deg)  AE (V)  Rreo (A)  Aoreo (deg) 3 (em™)  AE (eV)  Rreo (A)  Aoreo (deg)
BLYP 0.00 1.620 144.4 0.12 1.642 125.3 895.5 0.59 1.717 141.9
B3LYP 0.22 1.608 149.7 0.00 1.647 142.8 898.8 0.10 1.702 152.6
OLYP 0.16 1.601 140.4 0.00 1.629 124.9 902.8 0.18 1.705 143.4
O3LYP 0.36 1.597 143.0 0.03 1.640 140.3 893.0 0.00 1.698 149.9
BPWO1 0.00 1.606 142.7 0.00 1.632 127.2 913.2 0.40 1.703 141.5
B3PWI1 0.34 1.598 148.0 0.00 1.637 141.3 9114 0.02 1.692 152.2
B97—2 0.35 1.596 146.3 0.13 1.622 126.9 931.6 0.00 1.699 180.0
TPSSTPSS 0.00 1.609 145.8 0.01 1.633 129.3 920.6 0.44 1.702 143.4

@ All energies are relative to the electronic ground state (marked bold) at that level of theory. The basis sets used are the relativistic
aug-cc-pVTZ-DK basis set for Fe and the nonrelativistic 6-311+G(2df) basis set for O.

TABLE 5: Key Geometry Parameters of FeO, from
Nonrelativistic DFT Calculations®

2A1 4B2 GAI

Rreo Aoro  Rro  Aoreo  Rreo Aoreo

method (A) (deg) (A) (deg) (A) (deg)
BLYP 1.625 142.4 1.652 128.6 1.723 141.6
B3LYP 1.615 147.2 1.654 142.9 1.707 151.9
OLYP 1.607 139.5 1.638 126.7 1.712 143.0
O3LYP 1.603 141.4 1.647 140.4 1.704 149.1
BPWI1 1.611 141.2 1.640 129.3 1.709 141.2
B3PWO1 1.604 145.6 1.644 141.8 1.698 151.5
B97-2 1.603 144.2 1.650 144.6 1.705 174.6
TPSSTPSS 1.614 143.6 1.640 132.8 1.708 142.4

“ The basis sets used are aug-cc-pVTZ-NR for Fe and 6-311+G(2df)
for O.

tions were performed. We first optimize the geometry of FeO,™
with the single-reference-based methods for several states, and
the results are listed in Table 1. As can be seen from Table 1,
the electronic ground state of FeO,  depends strongly on the
method used. Among the DFT methods used, only BHandHLYP
predicts a linear ground state structure, while all other methods
predict a bent ground state structure. Only the BLYP method
predicts that the doublet A state is the electronic ground state,
while all other methods prefer high spin state to be the electronic
ground state. The post-HF methods including MP2, MP3,
CCSD, and CCSD(T) all predict that the linear =" state is the
ground state. Cao et al. have studied the bent A, linear “B,,
and °A, states (under the C,, point group notation) using post-

HF methods.?? They also concluded that the sextet state is the
ground state.

The harmonic vibrational frequencies and IR intensities of
the v; mode calculated at various levels are listed in Tables 2
and 3, respectively. Compared to the experimental vibrational
frequency, BHandHLYP, the only DFT method that predicts a
linear electronic ground state (sextet), gives a reasonable v;
vibrational frequency of 916.5 cm™!. However, the same method
predicts a very high v; vibrational frequency of 2166.6 cm™!
with an unphysical intensity of —229402.9 km/mol for the linear
quartet state. An unusually high IR intensity for the bending
2A, state is also obtained with the BHandHLYP method.
Although all the single-reference post-HF methods predict a
linear %, ground state, the v; vibrational frequency for this
state strongly depends on the level of theory used: MP2 predicts
a value of 847.3 cm™'; MP3 predicts a value of 940.7 cm™;
and CCSD predicts a value of 894.9 cm™!. This is in disagree-
ment with the general trend that a higher level correlation
method would give lower vibrational frequencies.®' For the other
states, these three methods also give controversial results. MP2
gives a very high vibrational frequency of 3751.1 cm™! for the
2A, state, and an imaginary one (2649.4i cm™!) with an
unphysical IR intensity (—935476.2 km/mol) for the linear “IT,
state. At the MP3 level, the bent *A, state has a very low
vibrational frequency of 170.4 cm™!. Apparently, the results
predicted by the above-mentioned single-reference-based meth-
ods are highly doubtful.
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TABLE 6: [S*O0Values of the HF/Kohn—Sham Wave Function®

J. Phys. Chem. A, Vol. 112, No. 51, 2008 13645

C2y Dooh

method 2A 1 2B 1 4A2 4B 2 6A 1 zAg 22g+ 4Hg 62g+
BLYP 0.77 0.78 3.78 3.78 8.77 0.79 0.75 3.82 8.77
B3LYP 0.81 0.82 3.85 3.85 8.79 0.86 0.76 3.96 8.78
BILYP 0.85 0.86 391 — 8.79 0.91 0.77 4.04 8.79
BHandHLYP 1.09 1.10 — — — 1.17 0.80 4.47 8.81
OLYP 0.78 0.80 3.80 3.81 8.77 0.83 0.76 3.85 8.77
O3LYP 0.80 0.83 3.84 3.84 8.78 0.87 0.77 3.92 8.78
BPWOI1 0.77 0.78 3.79 3.78 8.77 0.79 0.76 3.82 8.77
B3PWO1 0.81 0.82 3.85 3.86 8.78 0.86 0.77 3.97 8.78
B97-2 0.83 0.85 3.87 3.87 8.79 0.90 0.77 3.98 8.79
TPSSTPSS 0.78 0.79 3.79 3.79 8.77 0.81 0.76 3.83 8.77
MP2 1.11 1.20 4.48 4.12 — 1.39 0.90 5.05 8.82
MP3 — — 5.45 4.21 — 1.72 1.11 5.16 8.82
CCSD 1.42 1.44 —b — — 1.61 0.97 5.17 8.82
ideal value 0.75 0.75 3.75 3.75 8.75 0.75 0.75 3.75 8.75

@ A final linear Do, structure was optimized. » Geometry optimization could not converge due to the discontinuity in the PES.

To explore the relativistic effect, we recomputed the bent
2A1,*B,, and °A states using the second-order Douglas—Kroll—
Hess (DKH) approach in which the scalar relativistic effects
are taken into consideration. The results are presented in Table
4. For comparison, the key geometric parameters optimized by
the nonrelativistic DFT methods are listed in Table 5. It can be
found that relativistic effects have little effect on the calculated
geometries and energetics except for the “B, and ®A; states with
the B97-2 method. We also performed relativistic harmonic
vibrational frequency analysis for the “B, state. The v; vibra-
tional frequencies predicted by the DFT methods are all about
15 cm™' higher than the nonrelativistic values. Obviously,
relativistic effects for FeO,™ are small and cannot account for
the discrepancy between the DFT results and the experimental
observations.

The single-reference wave functions of the FeO,™ molecule
may suffer from severe symmetry breaking problems. DFT
methods generally show better resistance to symmetry breaking 523
However, all the DFT methods employed here do not provide
reliable results. The problems caused by symmetry breaking
are even much worse for the post-HF methods. The calculated
energy gaps between different states strongly depend on the
method used and differ by as much as 2.1 eV (Table 1). The v;
vibrational frequency predicted also strongly depends on the
method used (Table 2). Abnormal frequencies and unphysical
IR intensities are obtained for many states. The large [3°[values
of the HF reference functions indicate that the HF reference
wave functions of all states except the sextet states are severely
spin contaminated (Table 6). The T1 diagnostic value of the
CCSD wave function for the 2Ag state is 0.09, much larger than
the normal single-reference/multireference borderline value of
0.02.64

Table 7 lists the valence molecular orbitals of the linear D,
and bent C,, structures. For the doublet zAg state, the unpaired
electron is in the 19, orbitals, which is doubly degenerated. The
vibrational bending mode of the linear FeO,™ will lower the
symmetry from D, to C,, and the 2Ag state will split into
the 2A,| and B, states. The bending may thus create instability
in one of the two states or both states. This is the so-called
Renner—Teller effect resulting from the coupling between
electronic degenerate states and the vibrational bending mode
of a linear molecule. The electronic structure calculations of
FeO,™ may also be perturbed by the pseudo-Jahn—Teller effect
(PJT), which happens when two noninteracting states, e.g., two
states, belong to different irreducible representations may
become interacting when the framework of the molecule changes

symmetry.®>% For example, one of the 37, orbitals and one of
the 10, orbitals of the linear FeO,™ anion both belong to the a;
irreducible representation under C,, point group, and therefore
may become interacting when the symmetry is reduced from
D.,, to C,,. If the energies of the two interacting orbitals are
close enough, the interaction is strong, which will produce an
overall first-order singularity in its force constants along the
symmetry-breaking coordinate.®

The above discussions indicate that the calculation results
with single-reference-based methods are unreliable. Therefore,
multireference methods should be used. As discussed above,
since both the Renner—Teller effect and the pseudo-Jahn—Teller
effect may present, the Jahn—Teller vibronic coupling effects
should be considered.” In addition, since FeO,  has unpaired
electrons and Fe is a transition metal, spin—orbit coupling should
also be taken into consideration. Therefore, both vibronic cou-
pling and spin—orbit coupling should be involved in order to
obtain reliable energy levels.®

We performed state-averaged CASSCF (SA-CAS) calcula-
tions including 9 low-lying electronic states (under the C,, point
group notation): one A, one ?B,, three *A,, three “B,, and one
®A,. State-averaged MRCI calculations were then performed by
using these SA-CAS reference wave functions. A potential
energy scan was first performed by symmetrically stretching
the FeO bond while fixing the molecule at a linear structure.
The equilibrium bond distance for the *A, state is determined
to be 1.644 A. The FeO bond is then fixed at 1.644 A and a
second potential energy scan was performed by bending the
OFeO angle. The resulting energy profiles are presented in
Figures 4 (SA-CAS) and 5 (SA-MRCI). At both the CASSCF
and MRCI levels, the electronic ground state is a linear doubly
degenerated A, state. This state splits into the *A; and *B; states
under the C,, point group notation. The ?A; and ’B, states are
still almost degenerate at the largest bending angle we have
considered. This indicates that the Renner—Teller effect is not
prominent for the electronic ground state of FeO,  at all. For
the “B, and %A, excited states, the two methods give qualitatively
different results: at the CASSCEF level, the energies of the two
lowest *B, states decrease rapidly with decreasing the OFeO
angle, whereas the highest *B, state increases with decreasing
the OFeO angle. The energies of three *A, states increase with
decreasing the OFeO angle. Thus, the resulting potential energy
minima at the bending geometry for the B, states are due to
the Renner—Teller effect. At the MRCI level, the three *B, states
obviously have two avoid-crossing points at OFeO bond angles
of around 140° and 160°. In addition, the linear °Z, state (°A,
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TABLE 7: Valence Molecular Orbitals and Their Irreducible Representations for the Linear FeO,  Under the D, and
C,, Point Group Notation (in Parentheses) with the C, Axis Perpendicular to the Paper Plane and the y Axis Along the
Molecular Framework and for the Bent FeO,™ Under the C,, Point Group Notation with the yz Symmetry Plane in the

Paper Plane’

Linear Doh Structure

Bent C», Structure

2m, (2a3) -
70, (11a;) -
18, (10a;) .
3m, (3b1) -

40, (4b2)

28.2

7b,

11a,

1031

4b,

6b,

9&1

3b,

la,

5b,

8&1

4b,

73.1

“The numbering is not the actual order but just for the convenience of discussion.
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Figure 4. Potential energy profiles of FeO,  at the state-averaged
CASSCEF level without considering spin—orbit coupling effect: (a) by

stretching the FeO bond while keeping the molecule linear and (b) by
bending the OFeO angle while keeping the FeO bond at 1.644 A.

under the C,, point group notation) is lower than the *I1, state
(*A; and “B; under the C,, point group notation) with MRCI,
whereas the 6%, state is the highest one among nine states at
the CASSCF level. The results indicate that dynamic correlation
is important for the FeO,™ anion.

After considering the spin—orbit coupling effect, the degener-
ate states become nondegenerate. The spin—orbit energy profiles
(using SA-MRCI energies as unperturbed energies) obtained
by symmetrically stretching the FeO bonds and bending the
OFeO angle are presented in Figure 6. The spin—orbit coupling
constant between the lowest two states is large and the first
excited state >As, (°B; in the C,, point group notation) is
separated from the electronic ground state As;, (*A; in the Cs,
point group notation) by 759 cm™! at the linear equilibrium
geometry. The second and higher excited states are separated
from the first excited state by more than 868 cm™!. Therefore,
both the ground state and the first excited state are barely
affected by the Renner—Teller and pseudo-Jahn—Teller effects.

J. Phys. Chem. A, Vol. 112, No. 51, 2008 13647
aum T Ll T L] T T T L
(a) I ————— 2As=2A1}
2 ity ZL\IllBII
L - 4. 5
5000 ? —wi—= LK)
N & o oAy
\ e
4000 F '\ A “Ugt:\!.
= 4n!( B,)
[ 4
§ 000 g
s 4 4.
5 i Hs( B,)
B 6
2 (A
2000
1000
0 i A L i i i i i
161 1.63 1.65 1.67 1.69 1.71 173 1.75
R.,,, (Angstrom)
b) so000 : ; ; ; : ;
(b) _ e B
7000 F I-——- 0B
L 411‘(‘.!\,]
y (M
a 1A,
& dl'lg(ﬂAQJ
= =Ny 41'Jat"B,}
% G
£ ° 11,('B,)
5 + dﬂg{‘Bﬂ
&
2 —=am—=- 504
0L " : ; ’ :

120 130 140 150 160 170 180
OFeO (degree)
Figure 5. Potential energy profiles of FeO,  at the state-averaged
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Both states have a linear equilibrium structure. The energy
profiles of the second and higher excited states are greatly
affected by the Renner—Teller and pseudo-Jahn—Teller effects
and the second and third excited spin states even have multiple
minima at bending geometries (one very shallow minimum
between 150° and 160° and one at about 130°). Since the
electronic ground state of FeO,  is barely affected by the
Renner—Teller and pseudo-Jahn—Teller effects and is well
separated from other excited states, harmonic vibrational
frequency analyses at the MRCI level with full valence CASSCF
reference wave function (no spin—orbit coupling effect included)
give v; vibrational frequencies of 873.8 cm™! for the ?A; state
and 884.9 cm™!' for the ?B,; state, which are in excellent

agreement with the experimental value of 870.6 cm™'.

Further Discussion

In the above section, we have demonstrated that all the single-
reference-based methods used in the present study are not
suitable for the FeO,™ anion due to the strong multireference
character of the molecule and the symmetry-breaking problems
in the single-reference wave functions. State-averaged multi-
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reference CASSCF and MRCI methods, especially the later one,
which incorporates both dynamical and nondynamical correla-
tion effects, give results in good agreement with the experi-
mental results. Both the experimental and accurate MRCI results
indicate that the electronic ground state of FeO,™ is a doublet
spin state with a linear equilibrium geometry. Due to the strong
spin—orbit coupling effect, excited electronic states are well
separated from the electronic ground state and the later is barely
affected by the Renner—Teller and pseudo-Jahn—Teller effects.
One would expect that other isoelectronic molecules, such as
FCSZ_,69 RUOQ_, CO()2,27’29 RhOZ, Ni02+, Pd02+, and Pt02+,30
may also have similar linear electronic ground states. As
mentioned in the Introduction section, experimental evidence
indeed indicates that CoQ; is a linear molecule with a doublet
ground state and multireference methods predict a linear PtO,*
with a doublet ground state. Thus theoretical calculations
involving these molecules with use of post-HF methods and
DFT methods might be unreliable. Further studies on these
interesting metal compounds are suggested.
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