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Iron-containing molecules and ions with various types of bonding were calculated using DFT theory (B3LYP
functional) and an energy-adjusted effective core potential for iron (ECP(S)). Examination of calculated
geometries, bond dissociation energies, ionization energies, enthalpies of formation, and harmonic frequencies
and their comparison with experimental and higher level (CCSD(T), MCPF, CASSCF) computational data
show that B3LYP/ECP(S) calculations of iron-containing species are capable of giving reliable results. The
dissociation energies were calculated for iron-containing species with various bonding interactions having
experimental estimates of bond strengths varying from 5.0 (Fe+-H2) to 99.5 kcal/mol (Fe+-CH), i.e., within
a range of 95 kcal/mol, do not reveal any systematic trends in the errors. The average absolute deviation is
4.6 kcal/mol. The maximum deviation from the experimentalD0 value is+8.0 kcal/mol for Fe+-CH. This
experimental estimate, however, has an uncertainty of(7 kcal/mol. The B3LYP/ECP(S) calculated enthalpies
of formation have an average absolute deviation of 5.7 kcal/mol with the largest deviation of 14( 7 kcal/
mol of the experimental∆Hf 0 value in the case of FeCH+. Geometries and harmonic frequencies calculated
using the B3LYP/ECP(S) scheme are generally in good agreement with the available experimental data or
with results of higher level calculations.

1. Introduction

Accurate calculations of transition metal complexes have been
a challenging problem in theoretical chemistry.1 Recent years
have witnessed encouraging results of applications of density
functional theory (DFT)2 methods to metal complexes, employ-
ing both “gradient-corrected”3 and hybrid approaches4 in which
the Hartree-Fock “exact exchange” is also included in the
functional.5-8 Among various proposed functionals, the Becke’s
three-parameter hybrid functional3a,4acombined with the Lee,
Yang, and Parr (LYP) correlation functional,3b denoted as
B3LYP,4b appears to be the form which yields good results in
calculations of atomization energies,9 proton affinities,10 har-
monic frequencies of polyatomic molecules,11 and binding
energies of species containing first-row transition metals.6a,e,7b

The binding energies for iron-containing species calculated using
the B3LYP functional were found6b to be in a better agreement
with experimental data than the results obtained at the MP2
level. Transition metal species may exhibit multireference
character and require treatments that take into account nondy-
namical correlation. Density functional methods based on
nonlocal functionals appear to be capable of providing a reliable
description of such systems.1b,9h-l

Effective core potentials (ECP)12 provide a way to reduce
difficulties in calculations of species containing heavy atoms,
which are caused by a large number of two-electron integrals.1,13

It is also important that relativistic or quasi-relativistic ECPs
can reflect (to some extent) relativistic effects upon geometries
and bond energies.12-14 Quasi-relativistic ECP parameters are
derived, as a rule, from quasi-relativistic calculations for atoms

and monatomic ions, in which the mass-velocity term and
Darwin terms are taken into account as the most important
relativistic terms of the Dirac-Fock Hamiltonian.15 ECP
calculations can achieve nearly the same or sometimes even
better accuracy than all-electron calculations with large basis
sets when the same level of theory is used to describe correlation
effects.16-18

Here we report results of an approach which combines
advantages of using both DFT and ECP in calculations of
transition-metal species (denoted as B3LYP/ECP). As calcula-
tions of species containing first-row transition metals often
encounter much greater difficulties to reach an acceptable
accuracy than in the case of calculations on compounds formed
by the second- and third-row transition metals,1b,8a,19we have
chosen iron-containing species with various ligands, which
exemplify a wide variety of bonding patterns. An additional
reason to choose these species was that a larger number of
experimental data are available for them compared with
complexes formed by other first-row transition metals. While
the MRCI/CASSCF, ACPF/CASSCF, MCPF, QCISD(T), and
CCSD(T) methods give generally accurate data for transitional
metal species containing two or three heavy atoms,1b,6b,20their
requirements for computer time often make these methods
prohibitively expensive for calculations on larger systems of
experimental and industrial interest. In the present study we
examine the performance of the B3LYP/ECP scheme in order
to find out whether this approach can be a promising alternative
to methods more demanding of computer resources.

2. Computational Methods

Ab initio molecular orbital calculations21were performed with
the GAUSSIAN 94 system of programs.22 The Becke’s three-X Abstract published inAdVance ACS Abstracts,December 15, 1996.
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parameter hybrid functional4a combined with the Lee, Yang,
and Parr (LYP) correlation functional,3b denoted B3LYP,4bwas
employed in the calculations using density functional theory
(DFT):

In eq 1ExHF is the Hartree-Fock exchange,ExLSDA denotes
the local (Slater) exchange energy from local spin density
approximation (LSDA),∆EB88 is Becke’s gradient correction
to the exchange functional,3aEcLYP is the correlation functional
developed by Lee, Yang, and Parr,3b andEcVWN is the correlation
energy calculated using local correlation functional of Vosko,
Wilk, and Nissair (VWN).
For iron the energy-adjusted quasi-relativistic effective core

potential (ECP) developed by the Stuttgart group23 was used
(denoted further as ECP(S)). This ECP simulating the influence
of the Ne-like core, Fe16+, on the 3s23p63d64s2 (3d74s1) valence
shell was derived using atomic excitation and ionization
energies.23a Applicability of the ECPs generated from Hartree-
Fock atomic calculations to DFT calculations has been shown
recently.24 Geometries were optimized25 at the B3LYP level
using the 6-311G(d,p) basis set (the 6-311G(d,2p) basis set was
used for FeHn species)21 and the (8s7p6d)/[6s5p3d] valence basis
set23a for the first- and second-row main-group atoms and for
iron, respectively. The 6-311+G(3df,2p) basis set for main-
group atoms and the (8s7p6d2f)/[6s5p4d2f] valence basis set
for iron23bwere used to calculate final energies. In some cases
for the sake of comparison we carried out calculations using
BD(T) (Brueckner doubles including a perturbation correction
for triple excitations),26 QCISD(T),27 and CCSD(T)28 levels of
theory. The stationary points on the potential energy surfaces
were characterized by calculations of vibrational frequencies,
which were done numerically in the ECP calculations of iron-
containing species at the B3LYP level. Enthalpy-temperature
corrections were derived using harmonic frequencies which were
computed at the B3LYP/6-311G(d,p) level and scaled by 0.98
according to Bauschlicher and Partridge9b and standard statistical
thermodynamics formulas.21,29 Theoretical enthalpies of forma-
tion at 0 and 298 K,∆Hf 0 and ∆Hf 298, respectively, were
derived from calculated B3LYP atomization energies for the
species at 0 or 298 K and standard experimental enthalpies of
formation for the atoms at 0 or 298 K, respectively. Experi-
mental temperature corrections for atoms, taken from ref 30,
were used. The compendium of Lias et al.31 was used as the
source of thermodynamical data unless stated otherwise.
Throughout the text, bond lengths are in angstroms and bond
angles are in degrees.
It would be reasonable to examine the performance of the

B3LYP calculations for some main-group compounds for which
experimental data have been well-established, before considering
iron-containing compounds for which the experimental data are
relatively scarce and are not always accurate. The enthalpies
of formation for methine, methylene, methyl, methane, carbon
monoxide, ethane, ethylene, and acetylene as well as the bond
dissociation energies for ethane, ethylene, and acetylene cal-
culated at the B3LYP/6-311+G(3df,2p)//B3LYP/6-311G(d,p)
+ ZPE(B3LYP/6-311G(d,p)) level are given in Tables 1 and
2. Methine, methylene, carbon monoxide, and ethane are the
ligands in iron complexes considered below. As seen from these
tables, the calculated enthalpies of formation agree well with
the experimental values. The average absolute deviations for

the ∆Hf 0 and ∆Hf 298 values are 1.45 and 1.48 kcal/mol,
respectively. The largest deviation is-3.3 kcal/mol in the case
of CO. The calculated bond energies show reasonably good
agreement with the experimental values. The largest deviation
is the underestimation of the C-C bond energy in ethane by
5.3 kcal/mol. The CtC bond energy in acetylene is underes-
timated by 5.1 kcal/mol (Table 2). For the CdC bond
dissociation energy in ethylene the B3LYP/6-311+G(3df,2p)
calculations lead to results comparable in accuracy with G2
calculations.32 Therefore, we can conclude that the B3LYP
calculations are capable of providing reliable estimates of
formation enthalpies and bond dissociation energies for the
simplest hydrocarbons.

3. Results and Discussion

Atomic Excitation and Ionization Energies of Fe and Fe+.
A fundamental requirement which a computational scheme must
possess when applied to calculations of transition-metal species
is its ability to correctly reproduce atomic excitation and
ionization energies.16,34 As seen from the data listed in Table
3, the5D-5F excitation energy calculated at the B3LYP level
using either the ECP(S)/[6s5p4d2f] valence basis set or all-
electron (AE) basis set is underestimated whereas the QCISD-
(T) and CCSD(T) calculations resulted in overestimated values.
Calculations using the MCPF approach give an exaltation energy
of 27.0 kcal/mol.6b DFT and, particularly, B3LYP calculations
are biased6b,8,19in favor of the 3d7s1 configuration over the 3d6-
4s2 configuration of Fe. As a consequence, the calculated5D-
5F excitation energy is underestimated (Table 3). If the
relativistic correction is added, which increases the calculated
Fe((5D)-(5F)) excitation energy by 5.1 kcal/mol,37 the CCSD-
(T), QCISD(T), and BD(T) values are overestimated, whereas
the difference between the B3LYP/AE value and the experi-
mental value decreases and the B3LYP/ECP(S) result turns out

Exc
B3LYP ) (1- a0)Ex

LSDA + a0Ex
HF + ax∆E

B88 +

acEc
LYP + (1- ac)Ec

VWN (1)

(a0 ) 0.20; ax ) 0.72; ac ) 0.81)

TABLE 1: B3LYP Calculated and Experimental Enthalpies
of Formation (in kcal/mol) of Methine, Methylene, Methyl
Radical, Methane, Carbon Monoxide, Ethane, Ethylene, and
Acetylenea,b

molecule
∆Hf 0

(calc)
∆Hf 0

(exptl) ∆1
c

∆Hf 298

(calc)
∆Hf 298

(exptl) ∆2
d

CH 140.10 141.6 1.50 140.91 142.4 1.41
CH2(3B1) 91.69 93.0 1.31 91.79 93.0 1.13
CH3 33.20 35.6 2.40 32.43 34.8( 0.3 2.29
CH4 -16.94 -16.0 0.94 -18.86 -17.8( 0.1 0.97
CO -24.12 -27.20 -3.08 -23.32 -26.42 -3.31
ethane -15.87 -16.4 -0.53 -19.67 -20.1( 0.05 -0.59
ethylene 14.53 14.5 -0.03 12.47 12.5( 0.2 -0.13
acetylene 56.53 54.7 -1.83 56.36 54.5( 0.25 -2.02

a ∆Hf values were calculated at the B3LYP/6-311+G(3df,2p)//
B3LYP/6-311G(d,p)+ ZPE(B3LYP/6-311G(d,p)) level.b Experi-
mental values are taken from ref 31.c ∆1 ) ∆Hf 0(exptl)- ∆Hf 0(calc).
d ∆2 ) ∆Hf 298(exptl) - ∆Hf 298(calc).

TABLE 2: B3LYP and G2 Calculated and Experimental
Bond Dissociation Eneries (D0, in kcal/mol) for the
Carbon-Carbon Bonds in Ethane, Ethylene, and Acetylene

bond B3LYPa G2b exptl

H3CsCH3 82.27 88.31 87.6c

H2CdCH2 168.8 174.4 171.01( 1.20d

171.9c

HCtCH 223.66 226.27 228.80( 0.69d

229.8c

aCalculated at the B3LYP/6-311+G(3df,2p)//B3LYP/6-311G(d,p)
+ ZPE(B3LYP/6-311G(d,p) level.bG2 values are taken from ref 32.
c Experimental values are taken from ref 31.d For recent experimental
estimates of the CdC and CtC bond dissociation energies of ethylene
and acetylene, respectively; see ref 33.
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to provide the closest agreement with experiment. However,
as the ECP(S) is a quasi-relativistic pseudopotential, it is
doubtful whether inclusion of such relativistic corrections is
justified.
The B3LYP/ECP(S) results found for the6D-4F excitation

energy of Fe cation are quite satisfactory. While the B3LYP/
AE calculations6b give rise to a negative value of-3.8 kcal/
mol, the B3LYP/ECP(S) scheme leads to a value of 3.6 kcal/
mol, which is remarkably close to the experimental energy of
5.8 kcal/mol. This agreement between the B3LYP/ECP and
the experimental values for the6D-4F excitation energy for
Fe+, in contrast to a qualitative disagreement in the case of the
B3LYP/AE value,6b is of a particular importance since it does
not lead to a significant error in calculated energies of the
dissociation leading to Fe+ cation, whereas the error in the
B3LYP/AE 6D-4F excitation energy gives rise to an error of
9.6 kcal/mol in the dissociation energies.6b,38 Calculations of
the6D-4F excitation energy at the UMP4, QCISD(T), CCSD-
(T), and BD(T) levels of theory using the ECP(S) give
overestimated values (Table 3). The MCPF/AE (modified
coupled-pair functional) and CCSD(T)/AE values are 10.4 and
8.3 kcal/mol, respectively.6b The B3LYP calculations using the
Hay-Wadt ECP (ECP(H-W))35 and a (5s5p3d)/[3s4p2d]
valence basis set lead to a qualitatively incorrect value (-5.5
kcal/mol) for the Fe+(6D-4F) excitation energy.7b We also
calculated the Fe+(6D-4F) excitation energy using the all-
electron Wachters basis set39 augmented with diffuse s and d
functions as well as f polarization functions, (15s11p8d3f)/
[9s6p3d1f].40 This basis set is denoted as WHext. The Fe+-
(6D-4F) excitation energy calculated with this basis set at the
MP2, MP4, QCISD(T), CCSD(T), BD(T), and B3LYP levels
of theory are from 6 to 10 kcal/mol lower than the excitation
energy computed using the ECP(S) and the valence basis set
described above (Table 3). At the B3LYP/WHext level, this
energy is negative, in contrast to the experimental value of 5.8
kcal/mol.
The5D(d6s2)-6D(d6s1) ionization energy of Fe calculated at

the B3LYP/ECP(S) level is 8.15 eV. This value is close to the
experimental result of 7.87 eV.31 ACPF/ECP(S) calculations

give 7.75 eV,23cwhereas the calculated ionization energy is 7.41
eV at the PMP3/ECP(H-W)/DZ level.34b

Iron Hydride and Its Cation. According to the experimental
data,41a the 4∆ state of FeH is the ground state.41a Photode-
tachment experiments41b indicate the6∆ state to be 5.5 kcal/
mol higher in energy. However, most calculations show the
6∆ state to be lower in energy, and very high levels of theory
are required to get accurate state separation energies for FeH
(e.g., MRCI+Q calculations with the MCPF correction for the
3s3p correlation).42 The B3LYP/ECP(S) calculations predict
the 6∆ state to be 2.8 kcal/mol lower in energy than the4∆
state. The MCPF calculation with the [9s8p5d2f/4s3p2d] basis
set also favors the6∆ state by 3.5 kcal/mol.43 The Fe-H
bonding energies (De) calculated for the4∆ and6∆ states agree
with the data of other calculations (Table 4). The corresponding
D0 values calculated for the4∆ state at the B3LYP/ECP(S) (32.3
kcal/mol) and BD(T)/ECP(S) (35.7 kcal/mol) levels are close
to the experimental estimate of 36.6( 2.0 kcal/mol (Table 4).
The Fe-H bond length and harmonic frequencies calculated at
the B3LYP/ECP(S) level are in acceptable agreement with the
experimental values and close to the results of MRCI+Q42 and
BD(T)/ECP(S) calculations.
The B3LYP/ECP(S) bond dissociation energy for FeH+(5∆),

D(Fe+-H), is 55.7 kcal/mol. The experimentalD0 value49

(converted from 298 to 0 K) is 48.8( 1.4 kcal/mol. MCPF
calculations giveD0(Fe+-H) ) 52.3 kcal/mol.42 All-electron
calculations using the B3LYP functional and Wachters basis
set39 for Fe lead toD0(Fe+-H) ) 61 kcal/mol,7c whereas the
B3LYP/AE calculations with the augmented Wachters basis set,
(14s11p6d1f/[8s6p4d1f],6d give D0 ) 59.0 kcal/mol. For the
ground5∆ state of FeH+, there andωe values calculated at the
B3LYP/ECP(S) level are 1.565 Å and 1856 cm-1. These values
are close to those obtained at the MCPF level (1.597 Å and
1817 cm-1).51

The proton affinity of Fe (FeH+ f Fe+ H+) was calculated
at the B3LYP/ECP(S) level to be 183.7 kcal/mol at 298 K (182.8
kcal/mol at 0 K). This is in good agreement with the
experimental PA298(Fe) value of 181.2( 1.4 kcal/mol.49

Iron Dihydride and Its Cation. Experimental data on FeH2

TABLE 3: Relative Energies (in kcal/mol) of the Lowest Electronic Terms of Fe Atom (5D and 5F) and Fe+ Cation Calculated
at Various Computational Levelsa

UMP2 UMP4 QCISD(T) CCSD(T) BD(T) B3LYP exptl

Fe(5D-5F) 12.2b (16.4)c 17.9d 27.5 27.8 (26.1)c 20.3 13.7 (6.8)c 20.1e

Fe+(6D-4F) 8.9f (4.2)c 12.7h [5.1] 17.6 [6.9] 17.7 (8.3)c [7.1] 17.6 [7.1] 3.6 (-3.8)c,i 5.8e

[3.1]g [-4.2]
aCalculated using the ECP(S)23a and the (8s7p6d2f)/[6s5p4d2f] valence basis set.23b b 12.5 kcal/mol at the PMP2/ECP(S) level. Calculations16

at the MP2 level with Hay-Wadt ECP (ECP(H-W))35 and a TZ-quality valence basis set gave 17.7 kcal/mol.c Values given in parentheses were
obtained in all-electron calculations6b using the (14s11p6d1f)/[8s6p4d1f] basis set.d 24.8 kcal/mol at the MP4/ECP(H-W)/TZ level.16 e j-averaged
values36 taken from ref 37.f 8.2 kcal/mol at the PMP2/ECP(S)/6s5p4d2f] level. MP2/ECP(H-W)/TZ calculations16 led to a value of 1.8 kcal/mol.
g The Fe+(6D-4F) excitation energy calculated using the WHext basis set39,40 is given in square brackets.h 4.9 kcal/mol at the MP4/ECP(H-W)/TZ
level.16 i B3LYP/ECP(S) calculations with the (8s7p6d)/[6s5p3d] basis set give the Fe+(6D-4F) energy of 9.2 kcal/mol.7b The B3LYP/ECP(H-
W) calculations yield a negative value (varying from-5.57b to -8.57a kcal/mol depending on the valence basis set contraction) for this excitation
energy.

TABLE 4: Computational Results for FeH(4∆)a

CI/ECPb CASSCF/CIc MRCI+Qd MCPFe BD(T) B3LYP/ECP(S) Exptl.f

r(Fe-H) (Å) 1.578 (1.718) 1.591 (1.704) 1.564 1.563 1.600 1.577 (1.683) 1.61
(1.692) (1.694) (1.685) (1.77( 0.06)

ω (cm-1) 1701 (1564) 1641 (1554) 1744 (1638) 1821 (1583) 1755 (1932) 1715 (1546) 1827
De (kcal/mol) 35.4 (28.9) 72.87 (44.97) 38.0 (41.5) 38.21 (38.36) 34.7 (37.5)
D0 (kcal/mol) 35.7 (35.60) 32.3 (35.3) 36.6( 2.0g

aData for the6∆ state are shown in parentheses.bCalculations43 using the [3s2p3d1f] basis set and ECP for Fe taken from ref 44.c The energies
(including the effect of Davidson’s correction) given in ref 45 were used in a parabolic fit to obtain there andωe values; see ref 46 for details.
dReference 47.e [9s8p5d2f/4s3p2d] basis set.46 f Experimental data on there andωe values were taken from ref 41b for the6∆ state and from ref
48 for the4∆ state.g Experimental estimates for Fe-H bond energy vary from 43.97 to 26.05 kcal/mol.49 The average FeH bond energy (D298 )
37.5( 2.0 kcal/mol) given in ref 49 was adjusted to 0 K value by subtracting 0.88 kcal/mol ((3/2)RT at 298 K).
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indicate that this molecule has a linear geometry in the5∆g

ground state.52 The B3LYP/ECP(S) calculated Fe-H bond
length (1.647 Å) is closer to the experimental value52 of 1.665
Å than the bond length calculated at the CI/CASSCF (1.746
Å)53aand CIPSI (1.70 Å)53b levels of theory. The antisymmetric
stretching vibration calculated using B3LYP/ECP(S) is 1639
cm-1, which is in good agreement with the experimental value
of 1675 cm-1 determined in the gas-phase spectroscopic study
of FeH2.52 There are no direct experimental estimates of the
De(HFe-H) orD0(HFe-H) for FeH2 to date. The interpretation
of the data of Halle et al.,54which was suggested by Armentrout
and Sunderlin,49a leads to theD0(HFe-H) > 66.7( 2 kcal/
mol. This is a very large bond strength as compared with M-H
bonds in other metal hydrides.49a The B3LYP/ECP(S) calcula-
tions give theD0(HFe-H) value of 69.7 kcal/mol, which agrees
well with the estimate of Armentrout and Sunderlin.49a The
B3LYP/ECP(S) calculations indicate that the Fe+ H2 f FeH2
reaction is almost thermoneutral. (The reaction energy and
enthalpy are 2.2 and 0.4 kcal/mol, respectively.)
For the FeH2+ cation having aC2V structure (R(H-H) ) 0.811

Å, R(Fe-H) ) 1.704 Å,∠HFeH) 27.5°) in the ground (4A2)
state, the B3LYP/ECP(S) calculatedD0(Fe+-H2) value is 9.8
kcal/mol, which agrees better with the experimental value of 5
kcal/mol31 than the B3LYP/AE value of 19 kcal/mol.7c

Iron Oxide and Its Cation. The highest level calculations
on FeO to date (IC-ACPF/[7s 6p 4d 3f 2g]) leads to a bond
dissociation energy for FeO of 84.2 kcal/mol.55 The experi-
mental estimates vary from 92.9( 3.056 to 95.9( 1.8 kcal/
mol.57 Our B3LYP/ECP(S) calculations of FeO giveDe and
Do values of 93.0 and 91.7 kcal/mol, respectively. Calculations
at the BD(T)/AE level58 using the extended Wachters basis set
lead toDe andDo values of 89.4 and 88.3 kcal/mol, respectively.
The B3LYP/ECP(S) calculated Fe-O bond length (1.614 Å)
is close to the experimental value of 1.616 Å.59 The B3LYP/
AE calculations6h using the Wachters basis set (augmented with
diffuse d and f polarization functions; (15s12p6d1f)/[9s7p4d1f])
givesR(Fe-O) ) 1.611 Å. The Fe-O bond length calculated
at the CASSCF level is 1.609 Å.55 The harmonic frequency
was calculated at the B3LYP/ECP(S) level to be 887 cm-1 (869
cm-1 using a scaling factor of 0.98). This is close to the
experimental estimate60 of 880 cm-1 and to a value of 885 cm-1

obtained by recent ICACPF/CASSCF calculations.55 The
B3LYP/AE calculations led to a 903 cm-1 fundamental.6h The
ionization energy of FeO calculated at the B3LYP/ECP(S) level
(8.9 eV) is in excellent agreement with the experimental
value31,61 of 8.9 ( 0.1 eV. This is apparently a fortuitous
agreement.62

The enthalpy of formation of FeO calculated at the B3LYP/
ECP(S) level agrees with the experimental data31 (Table 5). The
B3LYP/ECP(S) calculated proton affinity of FeO is 222.2 kcal/
mol at 0 K. This is rather close to the experimental estimate
of PA0(FeO) which is 211( 5 kcal/mol.31

According to higher level calculations,64 the ground state of
FeO+ is the6Σ+ state having the dissociation energy,D0(Fe+-
O), of 81.0 kcal/mol (at the CASPT2N level with BSSE
corrections). This is in excellent agreement with the recent
experimentalDo value of 81.4( 1.4 kcal/mol.65 (Another
experimental estimate forDo(Fe-O) is 68( 5 kcal/mol.66) The
MRCI+D calculations give aDe value of 74.6 kcal/mol.64 The
De andDo values for FeO+ calculated at the B3LYP/ECP(S)
level are 75.8 and 74.7 kcal/mol, respectively. The Fe-O bond
length in FeO+ calculated at this level (1.640 Å) is close to the
value of 1.643 Å found by the CASPT2N calculations.64 The
B3LYP/ECP(S) calculated enthalpy of formation for FeO+ is
in reasonable agreement with the experimental value (Table 5).

Iron Monohydroxide and Its Cation. The B3LYP/ECP-
(S) calculations show that FeOH has the6A′ ground state. The
quartet (4A′) state is 8.7 kcal/mol higher in energy at the B3LYP
level using the 6-311G(d,p) basis set for oxygen and hydrogen
and the (8s7p6d)/[6s5p3d] valence basis set for iron, respec-
tively. The B3LYP/ECP(S) calculatedDo(Fe-OH) (72.7 kcal/
mol,De) 74.3 kcal/mol) and ionization energy (7.66 eV) agree
well with the experimental values of 76.9( 4 kcal/mol and
7.9( 0.2 eV, respectively.56

The bond dissociation energy of Fe+-OH (5A′′) calculated
at the B3LYP/ECP(S) level is 83.8 kcal/mol (De ) 85.6 kcal/
mol) (Table 6). This value lies within a range of the
experimental estimates which vary from 73 and 79 to 87 kcal/
mol (for details, see refs 65-67). The B3LYP/ECP(S) calcu-
lated enthalpy of formation for FeOH+ is 210.7 kcal/mol at 0
K (Table 5). This value is only 3.3 kcal/mol smaller than the
experimental estimate of∆Hf 0(FeOH+), and recent experimental
studies68 indicate that the∆Hf 0(FeOH+) value is somewhat
lower than that given in ref 31.
Iron Sulfide. The B3LYP calculated bond length (2.045 Å)

and the harmonic vibrational frequency (502 cm-1) are close
to the ICACPF/CASSCF values55 of 2.024 Å and 521 cm-1.
The Fe-S bond dissociation energies,De andDo, are 70.56 and
69.87 kcal/mol. TheDo value for FeS(5∆) calculated at the
B3LYP/ECP(S) level agrees better with the experimental value66

of 76.3 kcal/mol than a value of 64.6 kcal/mol obtained in the
ICACPF/CASSCF calculations.55 The BD(T)/AE calculations

TABLE 5: B3LYP/ECP(S) Calculated and Experimental
Gas Phase Enthalpies of Formation (in kcal/mol)a

species ∆Hf o(calc) ∆Hf o(exptl) ∆b

FeO(5∆) 66.2c 60.0( 5 -6.2
FeO+ (6Σ+) 271.3c 265.3 -6.0
FeOH(6A′) 33.8 31.9( 4 -1.9
FeOH+(5A′′) 210.7 214d +3.3d
FeS(5∆) 94.7 88.6( 3.9 -6.1
FeF(6∆) 14.3 11.4( 5.0 -2.9
FeCl(6∆) 54.0 59.7( 21 +4.7
FeCH+(3∆) 335.6 322( 7 -13.6
FeCH2+(4B2) 285.6 292 +6.4
a Experimental∆Hf o values are taken from refs 30 and 31 unless

stated otherwise.b ∆ ) ∆Hf o(exptl) - ∆Hf o(calc). c B3LYP/ECP(S)
calculated∆Hf 298(FeO) value is 66.1 kcal/mol. This value is close to
the experimental estimate30 of 60.0( 5 kcal/mol.dRecent experimental
results68 indicate that the∆Hf(FeOH+) value is lower than the value
given in ref 31.

TABLE 6: B3LYP/ECP(S) Calculated and Experimental
Gas Phase Bond Dissociation Energies (in kcal/mol)a

bond D0(calc) D0(exptl) D0(exptl)- D0(calc)

Fe+-H 55.7 48.4( 1.4b -7.3
Fe+-H2 9.8 5.0 -4.8
Fe-O 91.7 92.9( 3.0 +1.2
Fe+-O 74.7 81.4( 1.4 +6.7
Fe-OH 72.7 76.9( 4c +4.2
Fe+-OH 83.8 73-87 -3.8i
Fe-S 69.9 76.3 +6.4
Fe-F 103.2 107( 5 +3.8
Fe+-F 98.6 95.8d -2.8
Fe-Cl 73.5 77.9( 3.4e +4.4
Fe+-Cl 76.2 83.9d +7.7
Fe+-CH 91.5 99.5( 7 +8.0
Fe+-CH2 79.7 82( 5f +2.3
Fe+-C2H6 19.9 17.9( 3g -2.0
Fe+-CO 27.1 31.3( 8h +4.2
a Experimental values are taken from ref 31 unless stated otherwise.

bReference 49.cReference 56.dReference 66.eReference 84.f Ref-
erence 70.gReference 77.hReference 83.i An averageD0 (Fe+-OH)
value of 80 kcal/mol was taken as the experimental estimate.
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with the extended Wachters basis set giveR(Fe-S) ) 2.041
Å, De ) 68.61, andDo ) 67.83 kcal/mol.58 The enthalpy of
formation for FeS (∆Hf o) calculated using B3LYP/ECP(S) is
94.7 kcal/mol (Table 5). This is in acceptable agreement with
the experimental estimate of 88.6( 3.9 kcal/mol.30

FeCHn (n ) 1 and 2) and Their Cations. The dissociation
energy for FeCH(2∆) was calculated to be 68.4 kcal/mol (De )
71.1 kcal/mol) at the B3LYP/ECP(S) level. The B3LYP/ECP-
(S) Fe-C bond length in FeCH (1.739 Å) is shorter than that
calculated at the MP2/ECP(H-W)/TZ level (1.904 Å).16 For
FeCH+(3∆) the De, Do, and ∆Hf 0 values calculated at the
B3LYP/ECP(S) level are 94.6, 91.5, and 335.6 kcal/mol,
respectively. While the calculated Fe+-CH bond dissociation
energy (Do) is slightly smaller than the experimental estimate
of 99.5 ( 7 kcal/mol,70,71 the ∆Hf o value displays a larger
deviation (13.6 kcal/mol) from the experimental value of 322
( 7 kcal/mol, respectively.70 The PMP4/ECP(H-W)/TZ//MP2/
ECP(H-W)/TZ calculations16 led to an underestimated value
of Do (78.1 kcal/mol) for Fe+-CH. The Fe-C bond length in
FeCH+ calculated at this level is 1.813 Å,16whereas the B3LYP/
ECP(S) geometry optimization led to a 0.074 Å shorter bond
length.
B3LYP/ECP(S) calculations giveDe andDo values for Fe-

CH2(3B2) which are 59.1 and 56.7 kcal/mol, respectively.
Similar to the De and Do values for Fe-CH, these bond
dissociation energies for iron methylene are larger than those
calculated at the PMP4/ECP(H-W)/TZ level (34.8 and 32.6
kcal/mol, respectively). Our all-electron calculations58 at the
QCISD(T)/MP2 level using the Wachters basis set39 augmented
by two 4p functions, a diffuse d function, and diffuse s and
three f functions also lead to lowerDe (48.8 kcal/mol) andDo

(46.4 kcal/mol) values. To the best of our knowledge, there
are no experimental estimates for the Fe-CH2 bond energy to
date. The IR spectrum of iron methylene isolated in argon
matrix has been reported.72 The B3LYP/ECP(S) calculated the
Fe-C stretching frequency of 567 cm-1 (scaled with 0.98) is
close to the experimental value72 of 623.6 cm-1, and it is not
clear to what extent matrix effects are amenable for this
difference.
In contrast to FeCH2, many studies, both experimental46b,70,73

and theoretical,6c,16,74,75have been carried out on FeCH2+. The
Fe-C bond length for the4B1 ground state of FeCH2+ was
calculated to be 1.817 and 1.857 Å at the MCPF and B3LYP/
AE levels of theory.6c The geometry optimization of FeCH2+

at the MP2 level using the Hay-Wadt ECP led to a longer value
(1.889 Å) for the Fe-C bond length.16 Our B3LYP/ECP(S)
calculations resulted in the Fe-C bond length of 1.850 Å.
Calculations of the Fe+-CH2 bond dissociation energy (De)
gave 71.5 (ICAPF),74a 63.4 (MCPF),74b 59.1 (CCSD),74a and
70.9 kcal/mol (CCSD(T)).74a TheDo energy was calculated to
be 68 kcal/mol at the MR-SDCI-CASSCF level of theory,75 74
( 5 kcal/mol at the ICAPF level,74a,76 61.6 kcal/mol at the
PMP4/ECP(H-W)/TZ level,16 and 87.3 kcal/mol at the B3LYP
level with an all-electron (14s11p6d3f)/[8s7p4d2f] basis set.6c

The B3LYP/AE calculations using a DZP-type basis set give
Do(Fe+-CH2) ) 79.2 kcal/mol.2b Our B3LYP/ECP(S) calcula-
tions on FeCH2+(4B2) lead to theDe andDo values of 82.6 and
79.7 kcal/mol, respectively. ThisDo value is in good agreement
with the experimental estimates of 82( 570 and 81.5( 4 kcal/
mol.73b We also calculated the enthalpy of formation for
FeCH2+. The obtained∆Hf 0 value is 285.6 kcal/mol, which is
in a reasonably good agreement with the experimental∆Hf 0

value31 of 292 kcal/mol (Table 5).
Complex of Iron Cation with Ethane. In contrast to the

above FeCH+ and FeCH2+ complexes, the FeC2H6
+ complex

exemplifies a relatively weak complex with the experimental
bond dissociation energy (Do(Fe+-C2H6)) of only 17.9( 3 kcal/
mol.77,78 We calculated various geometries of Fe+-C2H6

complexes,1-4. TheCs structure of the4A′′ state (1a) is the
lowest in energy. The ethane moiety in1a maintains the
staggered conformation of ethane, and the Fe-H distances are
2.027 and 2.197 Å (Figure 1), whereas theC2V structure2awith
shorter Fe-H distances (1.842 Å) but longer Fe-C distances
(2.366 Å) than those in1a is not a minimum. The charge on
the iron calculated using the natural population analysis (NPA)79

at the UHF/6-311+G(3df,2p)/ECP(S) level is 0.954. This value,
which is very close to that calculated using the Wachters basis
set augmented with diffuse p and d functions (0.95),80 shows
that the interaction between the iron and ethane is mainly
electrostatic. We did not consider the H3CFeCH3+ structure
which is higher in energy than1a as shown by recent
calculations at the B3LYP/AE80 and MCPF81 levels of theory.

The B3LYP/ECP(S) calculated bond dissociation energy,Do-
(Fe+-C2H6), for the lowest energy structure1a is 19.9 kcal/
mol (Table 7). This value agrees with the experimental estimate
of 17.9 ( 3 kcal/mol,77,78 in contrast to the B3LYP/AE
calculated value of 27 kcal/mol.80 As noted above, the B3LYP/
ECP(S) calculations reproduce the Fe+(6D-4F) excitation energy
reasonably well, whereas the B3LYP/AE calculations lead to a
qualitatively incorrect result (Table 3). This resulted in an
overestimatedDo(Fe+-C2H6) value calculated at the B3LYP/
AE level.
FeCO+. Computational results for FeCO+ obtained at

various levels of theory are presented in Table 7. As seen from
these data, B3LYP/ECP(S) calculations provide values that are
in general agreement with the results of higher level calculations.
The Fe+-CO bond dissociation energy (Do) is 27.1 kcal/mol
at the B3LYP/ECP(S) level. This value is close to the best

Figure 1. The C-C and C-H bond lengths as well as the Fe-H and
Fe-C distances in the Fe+-C2H6 Cs structure1aoptimized at the B3LYP/
ECP(S) level.
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theoretical value82 of 30.7 kcal/mol and the experimental
estimate83 of 31.3( 1.8 kcal/mol (Table 6).
Iron Fluoride, Iron Chloride, and Their Cations. The

bond dissociation energies of FeX(6∆) and FeX+(5∆) (X ) F
and Cl) and the ionization energy of FeCl calculated using the
B3LYP/ECP(S) scheme are given in Tables 6 and 8. These
values agree well with experimental estimates. While the
B3LYP/AE and QCISD(T) calculations using the Wachters basis
set give theDo(Fe-Cl) values of 81.57 and 81.8 kcal/mol,
respectively,40 the B3LYP/ECP(S) calculations lead toDo(Fe-
Cl) ) 73.5 kcal/mol. All these calculatedDo values demonstrate
good agreement with the experimental estimate of 77.9( 3.4
kcal/mol.84 TheDo(Fe+-Cl) values calculated at the QCISD-
(T)//QCISD and B3LYP//B3LYP levels using augmented
Wachters basis sets (80.3 and 83.8 kcal/mol) show better
agreement with the experimental estimate (83.9 kcal/mol)66 than
the B3LYP/ECP(S) value of 76.2 kcal/mol (Table 6). The
B3LYP/ECP(S) calculated adiabatic ionization energy (IE) of
FeCl is 8.01 eV (Table 8), which is closer to the experimental
estimate ofe8.08( 0.10 eV84 than the QCISD(T) and B3LYP/
AE calculated IE values of 7.89 and 7.85 eV, respectively.40

The B3LYP ∆Hf 0 values for FeF and FeCl agree with the
experimental data (Table 5), although it should be noted that
the ∆Hf 0(FeCl) value given in ref 30 is an indirect estimate
(with an uncertainty of( 21 kcal/mol), and our calculations at
the QCISD(T)/AE level give a smaller∆Hf(FeCl) value.40

It is notable that while the bond strength decreases from Fe-F
to Fe+-F, an opposite ordering is found for theDo(Fe-Cl) and
Do(Fe+-Cl) values (Table 6), although the Fe-X bond lengths
(X ) F and Cl) are shorter in the cations (1.711 (X) F) and
2.079 Å (X ) Cl)) than those in the corresponding neutral
molecules (1.804 (X) F) and 2.234 Å (X) Cl)). The Fe-F
bond length in FeF optimized at the B3LYP/ECP(S) level
demonstrates good agreement with the experimental estimate
of there(Fe-F)) 1.7914 Å.85 The Fe-Cl bond length in FeCl
calculated using the B3LYP/ECP(S) scheme is slightly longer
than the values found at the QCISD/AE (2.179 Å) and B3LYP/
AE (2.196 Å) levels of theory.40 The harmonic frequency
calculated for FeF at the B3LYP/ECP(S) level (638 cm-1, the
scaled value is 625 cm-1) is close to the experimental value30

of 630 cm-1. For FeCl, however, the B3LYP/ECP(S) frequency
(370 cm-1, the scaled value is 362 cm-1) is smaller than the
experimental estimate (404.9 cm-1)30 and the MP2/AE value
of 409 cm-1 (unscaled).40

4. Conclusions

Our calculations of iron-containing molecules and ions with
various types of bonding, which were carried out using the
B3LYP/ECP(S) computational scheme, lead to the following
conclusions:
(1) B3LYP/ECP(S) calculations of iron-containing species

are capable of providing reliable results. The dissociation
energies calculated for iron-containing species with various
bonding with experimental estimates of the bond strength
varying from 5.0 (Fe+-H2) to 99.5 kcal/mol (Fe+--H), i.e.,
within a range of 95 kcal/mol (Table 6), do not reveal any
systematic trends in the errors. The average absolute deviation
is 4.6 kcal/mol. The largest deviation form the experimental
Do value is+8.0 kcal/mol for Fe+-CH. This experimental
estimate, however, has an uncertainty of(7 kcal/mol.
(2) The B3LYP/ECP(S) calculated enthalpies of formation

(Table 5) have an average absolute deviation of 5.7 kcal/mol
with the largest deviation of 14( 7 kcal/mol of the experimental
∆Hf 0 value in the case of FeCH+.
(3) The ionization energies calculated using the B3LYP/ECP-

(S) scheme (Table 8) demonstrate acceptable agreement with
the experimental values.
(4) Geometries and harmonic frequencies calculated using

the B3LYP/ECP(S) scheme are generally in good agreement
with the available experimental data or with results of higher
level calculations.
(5) While in some cases the data obtained are even in better

agreement with the experimental values than the results of higher
level all-electron calculations, the performance of the B3LYP/
ECP(S) approach should not be overestimated. We do not
consider the set of iron-containing species used in our study as
a comprehensive set representing all types of Fe-L bonding.
Therefore, it is possible that larger deviations can be found in
B3LYP/ECP(S) calculations of other iron compounds. It is not
clear for now whether reliable results can be found in B3LYP/
ECP(S) calculations of species with iron-iron bonding and
species containing other first-row transition metals as well the
second- and third-row transition metals. These studies are in
progress.
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