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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 5.0fFg) to 99.5 kcal/mol (F&é—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 experimeiitaialue is+8.0 kcal/mol for Fe—CH. This
experimental estimate, however, has an uncertaintiyfokcal/mol. The B3LYP/ECP(S) calculated enthalpies

of formation have an average absolute deviation of 5.7 kcal/mol with the largest deviationtof7 Ial/

mol of the experimentahH;, 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 and monatomic ions, in which the masgelocity term and

) B Darwin terms are taken into account as the most important
Accurate calculations of transition metal complexes have been g ativistic terms of the DiracFock Hamiltonians ECP

a challenging problem in theoretical chemistrfRecent years  ¢ajcylations can achieve nearly the same or sometimes even
have witnessed encouraging results of applications of density petter accuracy than all-electron calculations with large basis
functional theory (DFTjmethods to metal complexes, employ-  sets when the same level of theory is used to describe correlation
ing both “gradient-correctedand hybrid approach¢ which effectsl6-18

the Hartree-Fock “exact exchange” is also included in the Here we report results of an approach which combines
functional>~8 Among various proposed functionals, the Becke’s advantages of using both DFT and ECP in calculations of
three-parameter hybrid functiod&f*combined with the Lee,  yansition-metal species (denoted as B3LYP/ECP). As calcula-
vang, and Parr (LYP) correlation functioriél,denoted as ions of species containing first-row transition metals often
B3LYP,* appears to be the form which yields good results in encounter much greater difficulties to reach an acceptable
calculations of atomization energieqroton affinities;® har-  5¢cyracy than in the case of calculations on compounds formed
monic frequencies of polyatomic molecufésand binding by the second- and third-row transition mett#€19we have
energies of species containing first-row transition metas? chosen iron-containing species with various ligands, which

The binding energies for iron-containing_species calculated using exemplify a wide variety of bonding patterns. An additional
the B3LYP functional were fourfto be in a better agreement reason to choose these species was that a larger number of

with experimental data than the results obtained at the MP2 experimental data are available for them compared with

level.  Transition metal species may exhibit multireference complexes formed by other first-row transition metals. While
character and require treatments that take into account nondy+pe MRCI/CASSCF, ACPF/CASSCF, MCPF, QCISD(T), and
namical correlation. Density functional methods based on ccsp(T) methods give generally accurate data for transitional
nonlopa[ functionals appear to be capable of providing a reliable \,at4 species containing two or three heavy até#hi&20their
description of such system3:! requirements for computer time often make these methods
Effective core potentials (ECP)provide a way to reduce  prohibitively expensive for calculations on larger systems of
difficulties in calculations of species containing heavy atoms, experimental and industrial interest. In the present study we
which are caused by a large number of two-electron integfdls.  examine the performance of the B3LYP/ECP scheme in order
It is also important that relativistic or quasi-relativistic ECPs  to find out whether this approach can be a promising alternative
can reflect (to some extent) relativistic effects upon geometries to methods more demanding of computer resources.
and bond energié2:1* Quasi-relativistic ECP parameters are
derived, as a rule, from quasi-relativistic calculations for atoms 2. Computational Methods

Ab initio molecular orbital calculatiod$were performed with
® Abstract published imAdvance ACS Abstractfecember 15, 1996.  the GAUSSIAN 94 system of progrars.The Becke's three-
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parameter hybrid function® combined with the Lee, Yang,
and Parr (LYP) correlation function&t,denoted B3LYP was
employed in the calculations using density functional theory
(DFT):
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TABLE 1: B3LYP Calculated and Experimental Enthalpies
of Formation (in kcal/mol) of Methine, Methylene, Methyl
Radical, Methane, Carbon Monoxide, Ethane, Ethylene, and
Acetylenetd

AHio  AHro AHf 208 AHt 298 ;
B3LYP __ LSDA HF B8S molecule (calc) (exptl) A (calc) (exptl) Az
EP = (1 aE ™ + aE, ™ + 2, E*° +
Lyp VWN CH 14010 1416 150 14091 1424 1.41
aE., "+ (1-a)E (1) CH,(®B;) 9169 930 131 9179 93.0 1.13
CHs 33.20 35.6 240 3243 3480.3 2.29
— . _ . _ CHg —16.94 —16.0 0.94 —18.86 —17.8+ 0.1 0.97
(8 =0.20; a,=0.72; a =0.81) 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
In eq 1E."F is the Hartree-Fock exchangek,-SPA denotes ethylene 1453 145 —0.03 12.47 12502 -0.13
the local (Slater) exchange energy from local spin density acetylene 56.53 54.7 —1.83 56.36 54.%:0.25 —2.02

approximation (LSDA),AEB88 is Becke’s gradient correction
to the exchange function& E.-YP is the correlation functional
developed by Lee, Yang, and P#tandE.YWN 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 gifupas used

(denoted further as ECP(S)). This ECP simulating the influence

@ AH; values were calculated at the B3LYP/811+G(3df,2p)//
B3LYP/6—311G(d,p)+ ZPE(B3LYP/6-311G(d,p)) level® Experi-
mental values are taken from ref F1A; = AH;o(exptl) — AHso(calc).
d Az = AHfzgg(eXptl) — AHfzgg(Calc).

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

of the Ne-like core, F€*, on the 383pf3dP4<? (3d74s') valence bond B3LYP Gz expt
shell was derived using atomic excitation and ionization E%;g? 12223-%7 1?2-21 1871%3: L0
energieg32 Applicability of the ECPs generated from Hartree z : ' ' 1719
Fock atomic calculations to DFT calculations has been shown Hc=cH 22366 226.27 228 88 0.69
recently?* Geometries were optimizétat the B3LYP level 2208

using the 6-311G(d,p) basis set (the 6-311G(d,2p) basis SELWAS  acyicylated at the B3LYP/6311+G(3df,2p)//B3LYP/6-311G(d.p)
used for Fel species) and the (8s7p6d)/[6s5p3d] valence basis 1 ZPE(B3LYP/6-311G(d,p) level® G2 values are taken from ref 32.
set32for the first- and second-row main-group atoms and for cExperimental values are taken from ref 3For recent experimental
iron, respectively. The 6-31G(3df,2p) basis set for main-  estimates of the €C and G=C bond dissociation energies of ethylene
group atoms and the (8s7p6d2f)/[6s5p4d2f] valence basis setand acetylene, respectively; see ref 33.

for iron?3P were 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
(1) ( gap of CO. The calculated bond energies show reasonably good

for triple excitationsf® QCISD(T)2” and CCSD(T38 levels of ; _ 2
theory. The stationary points on the potential energy surfaces@dreement Wlth. the _expenmental values. The Igrgest deviation
were characterized by calculations of vibrational frequencies, IS the underestimation of the-& bond energy in ethane by
which were done numerically in the ECP calculations of iron- 2-3 kcal/mol. The €C bond energy in acetylene is underes-

containing species at the B3LYP level. Enthatggmperature ~ tumated by 5.1 kcal/mol (Table 2). For the=C bond
corrections were derived using harmonic frequencies which were dissociation energy in ethylene the B3LYP/6-313(3df,2p)
computed at the B3LYP/6-311G(d,p) level and scaled by 0.98 calculat!ons 2Iead to results comparable in accuracy with G2
according to Bauschlicher and Partrifiyend standard statistical ~ calculations?? Therefore, we can conclude that the B3LYP
thermodynamics formula:2® Theoretical enthalpies of forma- ~ Calculations are capable of providing reliable estimates of
tion at 0 and 298 KAH;o and AHsaes respectively, were fqrmatlon enthalpies and bond dissociation energies for the
derived from calculated B3LYP atomization energies for the SimPlest hydrocarbons.
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, Atomic Excitation and lonization Energies of Fe and Fé.
were used. The compendium of Lias eflilvas used as the A fundamental requirement which a computational scheme must
source of thermodynamical data unless stated otherwise.possess when applied to calculations of transition-metal species
Throughout the text, bond lengths are in angstroms and bondis its ability to correctly reproduce atomic excitation and
angles are in degrees. ionization energie$®3* As seen from the data listed in Table

It would be reasonable to examine the performance of the 3, the®D—5F excitation energy calculated at the B3LYP level
B3LYP calculations for some main-group compounds for which using either the ECP(S)/[6s5p4d2f] valence basis set or all-
experimental data have been well-established, before consideringelectron (AE) basis set is underestimated whereas the QCISD-
iron-containing compounds for which the experimental data are (T) and CCSD(T) calculations resulted in overestimated values.
relatively scarce and are not always accurate. The enthalpiesCalculations using the MCPF approach give an exaltation energy
of formation for methine, methylene, methyl, methane, carbon of 27.0 kcal/moE® DFT and, particularly, B3LYP calculations
monoxide, ethane, ethylene, and acetylene as well as the bondare biase®81%n favor of the 3ds! configuration over the 3d
dissociation energies for ethane, ethylene, and acetylene cal-4s’ configuration of Fe. As a consequence, the calculéited
culated at the B3LYP/6-31G(3df,2p)//B3LYP/6-311G(d,p)  °F excitation energy is underestimated (Table 3). If the
+ ZPE(B3LYP/6-311G(d,p)) level are given in Tables 1 and relativistic correction is added, which increases the calculated
2. Methine, methylene, carbon monoxide, and ethane are theFe(fD)—(°F)) excitation energy by 5.1 kcal/m#lthe CCSD-
ligands in iron complexes considered below. As seen from these(T), QCISD(T), and BD(T) values are overestimated, whereas
tables, the calculated enthalpies of formation agree well with the difference between the B3LYP/AE value and the experi-
the experimental values. The average absolute deviations formental value decreases and the B3LYP/ECP(S) result turns out

the AHio and AHsogg values are 1.45 and 1.48 kcal/mol,
respectively. The largest deviations8.3 kcal/mol in the case

. Results and Discussion
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TABLE 3: Relative Energies (in kcal/mol) of the Lowest Electronic Terms of Fe Atom D and 5F) and Fe* Cation Calculated

at Various Computational Levelst

UMP2 UMP4 QCISD(T) CCSD(T) BD(T) B3LYP exptl
FefD—5F) 12.2 (16.4¥ 17.9' 275 27.8(26.5) 20.3 13.7 (6.8) 20.1
Fe"(°D—*F) 8.9 (4.2r 12.7[5.1] 17.6[6.9] 17.7 (8.3)[7.1] 17.6[7.1] 3.6 (3.8) 5.8
3.1 [—4.2]

a Calculated using the ECP@)and the (8s7p6d2f)/[6s5p4d2f] valence basi¥et 12.5 kcal/mol at the PMP2/ECP(S) level. Calculatiéns
at the MP2 level with HayWadt ECP (ECP(HW))3 and a TZ-quality valence basis set gave 17.7 kcal/fidhlues given in parentheses were
obtained in all-electron calculatiosising the (14s11p6d1f)/[8s6p4d1f] basis $64.8 kcal/mol at the MP4/ECP(HW)/TZ level ¢ ©j-averaged
values$® taken from ref 371 8.2 kcal/mol at the PMP2/ECP(S)/6s5p4d2f] level. MP2/ECP(W/TZ calculation$? led to a value of 1.8 kcal/mol.
9 The Fe (°D—*F) excitation energy calculated using the WHext basi¥-4&s given in square brackets4.9 kcal/mol at the MP4/ECPHW)/TZ
level1® 1 B3LYP/ECP(S) calculations with the (8s7p6d)/[6s5p3d] basis set give th€-e*F) energy of 9.2 kcal/mok The B3LYP/ECP(H-
W) calculations yield a negative value (varying frors.5° to —8.52 kcal/mol depending on the valence basis set contraction) for this excitation

energy.

TABLE 4: Computational Results for FeH(*A)?2

CI/[ECP CASSCF/Ct  MRCI+Q! MCPPF BD(T) B3LYP/ECP(S) Exptl.
r(Fe-H) (A)  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) (1.7Z 0.06)
w (cm) 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)
Dy (kcal/mol) 35.7 (35.60) 32.3(35.3) 3662.00

a Data for the®A state are shown in parenthese€alculation$® using the [3s2p3d1f] basis set and ECP for Fe taken from ref ide energies
(including the effect of Davidson’s correction) given in ref 45 were used in a parabolic fit to obtaip #mel w. values; see ref 46 for details.
d Reference 47¢[9s8p5d2f/4s3p2d] basis s¥t.f Experimental data on the andwe values were taken from ref 41b for tRA state and from ref
48 for the*A state.9 Experimental estimates for Fé1 bond energy vary from 43.97 to 26.05 kcal/MdlThe average FeH bond enerdy.gs =
37.5+ 2.0 kcal/mol) given in ref 49 was adjustedl ® K value by subtracting 0.88 kcal/mol ((3R2) at 298 K).

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 tiB—*F excitation
energy of Fe cation are quite satisfactory. While the B3LYP/
AE calculation&® give rise to a negative value 63.8 kcal/

give 7.75 eVe*whereas the calculated ionization energy is 7.41
eV at the PMP3/ECP(H-W)/DZ levéf?

Iron Hydride and Its Cation. According to the experimental
data®'a the “A state of FeH is the ground staf&. Photode-
tachment experimerf® indicate the®A state to be 5.5 kcal/
mol higher in energy. However, most calculations show the
6A state to be lower in energy, and very high levels of theory

mol, the B3LYP/ECP(S) scheme leads to a value of 3.6 kcal/ are required to get accurate state separation energies for FeH

mol, which is remarkably close to the experimental energy of

(e.g., MRCH-Q calculations with the MCPF correction for the

5.8 kcal/mol. This agreement between the B3LYP/ECP and 3s3p correlation}? The B3LYP/ECP(S) calculations predict

the experimental values for tHf®—4F excitation energy for

the A state to be 2.8 kcal/mol lower in energy than the

Fe", in contrast to a qualitative disagreement in the case of the state. The MCPF calculation with the [9s8p5d2f/4s3p2d] basis

B3LYP/AE valuebt is of a particular importance since it does
not lead to a significant error in calculated energies of the
dissociation leading to Fecation, whereas the error in the
B3LYP/AE 8D—“F excitation energy gives rise to an error of
9.6 kcal/mol in the dissociation energi®s$8 Calculations of
the ®D—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, respectivel§f The B3LYP calculations using the
Hay—Wadt ECP (ECP(HW))3® and a (5s5p3d)/[3s4p2d]
valence basis set lead to a qualitatively incorrect vatug.%
kcal/mol) for the F&(®D—4F) excitation energy? We also
calculated the FgD—4F) excitation energy using the all-
electron Wachters basis $&augmented with diffuse s and d
functions as well as f polarization functions, (15s11p8d3f)/
[9s6p3d1f]*® This basis set is denoted as WHext. TheFe
(5D—*F) 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

set also favors théA state by 3.5 kcal/md® The Fe-H
bonding energiedYe) calculated for théA and®A states agree
with the data of other calculations (Table 4). The corresponding
Do values calculated for thA 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 36462.0 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 MRQ12 and
BD(T)/ECP(S) calculations.

The B3LYP/ECP(S) bond dissociation energy for F€iA),
D(Fet—H), is 55.7 kcal/mol. The experimentdly value*®
(converted from 298 to O K) is 48.& 1.4 kcal/mol. MCPF
calculations giveDg(Fet—H) = 52.3 kcal/mol? All-electron
calculations using the B3LYP functional and Wachters basis
sef? for Fe lead toDo(Fe"—H) = 61 kcal/mol’¢ whereas the
B3LYP/AE calculations with the augmented Wachters basis set,
(14s11p6d1f/[8s6p4d1ff give Dy = 59.0 kcal/mol. For the
ground®A state of FeH, ther. andwe values calculated at the
B3LYP/ECP(S) level are 1.565 A and 1856 ¢in These values

energy computed using the ECP(S) and the valence basis setire close to those obtained at the MCPF level (1.597 A and

described above (Table 3). At the B3LYP/WHext level, this

1817 cnr?).5t

energy is negative, in contrast to the experimental value of 5.8  The proton affinity of Fe (FeHH— Fe+ H*) was calculated

kcal/mol.

The 5D(dfs?)—D(d%s") ionization energy of Fe calculated at
the BBLYP/ECP(S) level is 8.15 eV. This value is close to the
experimental result of 7.87 e¥.. ACPF/ECP(S) calculations

at the BSLYP/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 PAgg(Fe) value of 181.2: 1.4 kcal/mol*®

Iron Dihydride and Its Cation. Experimental data on FeH
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indicate that this molecule has a linear geometry in the
ground staté? The B3LYP/ECP(S) calculated Féd bond
length (1.647 A) is closer to the experimental v&fuef 1.665

A than the bond length calculated at the CI/CASSCF (1.746
A)53aand CIPSI (1.70 AP levels of theory. The antisymmetric
stretching vibration calculated using B3LYP/ECP(S) is 1639
cm1, which is in good agreement with the experimental value
of 1675 cnt! determined in the gas-phase spectroscopic study
of FeH.52 There are no direct experimental estimates of the
De(HFe—H) or Do(HFe—H) for FeH; to date. The interpretation

of the data of Halle et aP4 which was suggested by Armentrout
and Sunderlirt?@ leads to theDo(HFe—H) > 66.7 £+ 2 kcal/
mol. This is a very large bond strength as compared witbtHM
bonds in other metal hydridé%* The B3LYP/ECP(S) calcula-
tions give theDo(HFe—H) value of 69.7 kcal/mol, which agrees
well with the estimate of Armentrout and Sunderfi. The
B3LYP/ECP(S) calculations indicate that the FéH, — FeH,
reaction is almost thermoneutral. (The reaction energy and
enthalpy are 2.2 and 0.4 kcal/mol, respectively.)

For the Fek™ cation having &,, structure R(H—H) = 0.811
A, R(Fe—H) = 1.704 A, 0HFeH = 27.5) in the ground {A,)
state, the B3LYP/ECP(S) calculat&g(Fe"—H,) value is 9.8
kcal/mol, which agrees better with the experimental value of 5
kcal/moP! than the B3LYP/AE value of 19 kcal/mét.

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/n¥®l.The experi-
mental estimates vary from 928 3.0°% to 95.94 1.8 kcal/
mol.5” Our B3LYP/ECP(S) calculations of FeO g and
D, values of 93.0 and 91.7 kcal/mol, respectively. Calculations
at the BD(T)/AE levet using the extended Wachters basis set
lead toDe andD, values of 89.4 and 88.3 kcal/mol, respectively.
The B3LYP/ECP(S) calculated F© bond length (1.614 A)
is close to the experimental value of 1.616%The B3LYP/

AE calculation&" using the Wachters basis set (augmented with
diffuse d and f polarization functions; (15s12p6d1f)/[9s7p4d1f])
givesR(Fe—0) = 1.611 A. The Fe-O bond length calculated
at the CASSCF level is 1.609 &. The harmonic frequency
was calculated at the B3LYP/ECP(S) level to be 887 £(869
cm! using a scaling factor of 0.98). This is close to the
experimental estimateof 880 cnt! and to a value of 885 cm
obtained by recent ICACPF/CASSCF calculatiéhs.The
B3LYP/AE calculations led to a 903 cthfundamentaf" The
ionization energy of FeO calculated at the B3LYP/ECP(S) level
(8.9 eV) is in excellent agreement with the experimental
value’l6l of 8.9 + 0.1 eV. This is apparently a fortuitous
agreemeng?

The enthalpy of formation of FeO calculated at the B3LYP/
ECP(S) level agrees with the experimental &fafable 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 PA(FeO) which is 2114 5 kcal/mol3?

According to higher level calculatiort4 the ground state of
FeO' is the®=* state having the dissociation enerfs(Fe"—
0), of 81.0 kcal/mol (at the CASPT2N level with BSSE
corrections). This is in excellent agreement with the recent
experimentalD, value of 81.4+ 1.4 kcal/mol®® (Another
experimental estimate f@,(Fe—0) is 684+ 5 kcal/mol®®) The
MRCI+D calculations give ®. value of 74.6 kcal/mat* The
D and D, values for FeO calculated at the B3LYP/ECP(S)
level are 75.8 and 74.7 kcal/mol, respectively. The-Bebond
length in FeO calculated at this level (1.640 A) is close to the
value of 1.643 A found by the CASPT2N calculatidisThe
B3LYP/ECP(S) calculated enthalpy of formation for Fe®

in reasonable agreement with the experimental value (Table 5).
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TABLE 5: B3LYP/ECP(S) Calculated and Experimental
Gas Phase Enthalpies of Formation (in kcal/moB

species AHg(calc) AHso(exptl) AP
FeOfA) 66.2 60.0+ 5 —-6.2
FeO' (°+) 271.3 265.3 -6.0
FeOHCEA") 33.8 319+ 4 -19
FeOHM(5A") 210.7 214 +3.3
FeSfA) 94.7 88.6t+ 3.9 —6.1
FeFEA) 14.3 11.4+5.0 -2.9
FeCIEA) 54.0 50.7+ 21 +4.7
FeCH(3A) 335.6 322+ 7 -13.6
FeCH"(*B>) 285.6 292 +6.4

a ExperimentalAH;, values are taken from refs 30 and 31 unless
stated otherwis€. A = AH¢o(exptl) — AH¢o(calc). B3LYP/ECP(S)
calculatedAHs298(FeO) value is 66.1 kcal/mol. This value is close to
the experimental estim&fof 60.0+ 5 kcal/mol.® Recent experimental
result$® indicate that theAHy(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/mél)

bond Do(calc) Do(exptl) Do(exptl) — Do(calc)
Fet—H 55.7 48.44+ 1.4 -7.3
Fet—H, 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 76.9f 4° +4.2
Fet—OH 83.8 73-87 -3.8
Fe-S 69.9 76.3 +6.4
Fe—F 103.2 1045 +3.8
Fet—F 98.6 95.8 -2.8
Fe—Cl 735 77.9+ 3.4 +4.4
Fe"—Cl 76.2 83.9 +7.7
Fe"—CH 91.5 99.5+ 7 +8.0
Fet—CH, 79.7 82+ 5 +2.3
Fet—C;He 19.9 17.9+ 39 -2.0
Fet—CO 27.1 31.3- 8" +4.2

a Experimental values are taken from ref 31 unless stated otherwise.
b Reference 49 Reference 567 Reference 66° Reference 84 Ref-
erence 709 Reference 77" Reference 83.An averageD, (Fe"—OH)
value of 80 kcal/mol was taken as the experimental estimate.

Iron Monohydroxide and Its Cation. The B3LYP/ECP-
(S) calculations show that FeOH has fi#é ground state. The
quartet ¢A") 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) calculatdd,(Fe—OH) (72.7 kcal/
mol, De = 74.3 kcal/mol) and ionization energy (7.66 eV) agree
well with the experimental values of 768 4 kcal/mol and
7.9+ 0.2 eV, respectively®

The bond dissociation energy of FeOH (°A"") calculated
at the B3LYP/ECP(S) level is 83.8 kcal/mdd{ = 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 6567). The B3LYP/ECP(S) calcu-
lated enthalpy of formation for FeOHis 210.7 kcal/mol at 0
K (Table 5). This value is only 3.3 kcal/mol smaller than the
experimental estimate @H;o(FeOH"), and recent experimental
studie&® indicate that theAH;o(FeOH") value is somewhat
lower than that given in ref 31.

Iron Sulfide. The B3LYP calculated bond length (2.045 A)

and the harmonic vibrational frequency (502 @éjnare close

to the ICACPF/CASSCF valugsof 2.024 A and 521 cm.
The Fe-S bond dissociation energid3; andD,, are 70.56 and
69.87 kcal/mol. TheD, value for FeS{A) calculated at the
B3LYP/ECP(S) level agrees better with the experimental $&lue
of 76.3 kcal/mol than a value of 64.6 kcal/mol obtained in the
ICACPF/CASSCEF calculatiorfS. The BD(T)/AE calculations
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with the extended Wachters basis set gR(Ee—S) = 2.041

A, De = 68.61, andD, = 67.83 kcal/moP® The enthalpy of
formation for FeS AHs,) calculated using B3LYP/ECP(S) is
94.7 kcal/mol (Table 5). This is in acceptable agreement with
the experimental estimate of 88463.9 kcal/mol°

FeCH, (n = 1 and 2) and Their Cations. The dissociation
energy for FeCH{) was calculated to be 68.4 kcal/m@ld=
71.1 kcal/mol) at the B3LYP/ECP(S) level. The B3LYP/ECP-
(S) Fe-C bond length in FeCH (1.739 A) is shorter than that
calculated at the MP2/ECP(H-W)/TZ level (1.904 R®).For
FeCH((A) the De, Do, and AHsq values calculated at the
B3LYP/ECP(S) level are 94.6, 91.5, and 335.6 kcal/mol,
respectively. While the calculated FeCH bond dissociation
energy Do) is slightly smaller than the experimental estimate
of 99.5 + 7 kcal/mol7%7! the AH¢, value displays a larger
deviation (13.6 kcal/mol) from the experimental value of 322
+ 7 kcal/mol, respectively® The PMP4/ECP(HW)/TZ/IMP2/
ECP(H-W)/TZ calculationd® led to an underestimated value
of D, (78.1 kcal/mol) for Fé—CH. The Fe-C bond length in
FeCH' calculated at this level is 1.813%&whereas the B3LYP/
ECP(S) geometry optimization led to a 0.074 A shorter bond
length.

B3LYP/ECP(S) calculations givB. andD, values for Fe-
CH,(®B,) which are 59.1 and 56.7 kcal/mol, respectively.
Similar to the D and D, values for Fe-CH, these bond

Glukhovtsev et al.

1 .OQEA@

Cersh  1541A
2.497A

b 1.089 A
Y 1AM

1a Cg
Figure 1. The C-C and C-H bond lengths as well as the Fe-H and
Fe-C distances in the FeC,Hs Cs structurelaoptimized at the B3LYP/
ECP(S) level.
exemplifies a relatively weak complex with the experimental
bond dissociation energp{(Fet—C;Hg)) of only 17.9+ 3 kcal/
mol.””78 We calculated various geometries of "FeCHg
complexes1—4. TheC; structure of the!A" state (a) is the
lowest in energy. The ethane moiety Ira maintains the
staggered conformation of ethane, and the Halistances are
2.027 and 2.197 A (Figure 1), whereas @g structure2awith
shorter Fe-H distances (1.842 A) but longer F€ distances
(2.366 A) than those idais not a minimum. The charge on
the iron calculated using the natural population analysis (NPA)
at the UHF/6-313G(3df,2p)/ECP(S) level is 0.954. This value,
which is very close to that calculated using the Wachters basis

dissociation energies for iron methylene are larger than thoseget augmented with diffuse p and d functions (0®®hows

calculated at the PMP4/ECPW)/TZ level (34.8 and 32.6
kcal/mol, respectively). Our all-electron calculati&hat the
QCISD(T)/MP2 level using the Wachters basis$%atigmented

by two 4p functions, a diffuse d function, and diffuse s and
three f functions also lead to lowéx, (48.8 kcal/mol) and,
(46.4 kcal/mol) values. To the best of our knowledge, there
are no experimental estimates for the-f&H, bond energy to
date. The IR spectrum of iron methylene isolated in argon
matrix has been reportéd. The B3LYP/ECP(S) calculated the
Fe—C stretching frequency of 567 crh(scaled with 0.98) is
close to the experimental valtfeof 623.6 cntl, and it is not
clear to what extent matrix effects are amenable for this
difference.

In contrast to FeChH many studies, both experimeri&|70.73
and theoretical®16.747have been carried out on FegH The
Fe—C bond length for the!B; ground state of FeCH was
calculated to be 1.817 and 1.857 A at the MCPF and B3LYP/
AE levels of theory®® The geometry optimization of FeGH
at the MP2 level using the HayWadt ECP led to a longer value
(1.889 A) for the Fe-C bond lengtH® Our B3LYP/ECP(S)
calculations resulted in the F€ bond length of 1.850 A.
Calculations of the Fe-CH, bond dissociation energyD{)
gave 71.5 (ICAPF}*63.4 (MCPF)/* 59.1 (CCSDY“2 and
70.9 kcal/mol (CCSD(T)J*@ The D, energy was calculated to
be 68 kcal/mol at the MR-SDCI-CASSCF level of thed?y4
4+ 5 kcal/mol at the ICAPF level27661.6 kcal/mol at the
PMP4/ECP(H-W)/TZ level® and 87.3 kcal/mol at the B3LYP
level with an all-electron (14s11p6d3f)/[8s7p4d2f] basist&et.
The B3LYP/AE calculations using a DZP-type basis set give
Do(Fe"—CHy) = 79.2 kcal/moB® Our B3LYP/ECP(S) calcula-
tions on FeCH"(“B,) lead to theD, andD, values of 82.6 and
79.7 kcal/mol, respectively. Thi3, value is in good agreement
with the experimental estimates of 82570 and 81.5+ 4 kcal/
mol.”3® We also calculated the enthalpy of formation for
FeCH". The obtained\Hso value is 285.6 kcal/mol, which is
in a reasonably good agreement with the experimefitddo
value’! of 292 kcal/mol (Table 5).

Complex of Iron Cation with Ethane. In contrast to the
above FeCH and FeCH"™ complexes, the Felg™ complex

that the interaction between the iron and ethane is mainly
electrostatic. We did not consider theg®&FeCH* structure
which is higher in energy tharla as shown by recent
calculations at the B3LYP/A¥ and MCPE! levels of theory.

H H
. H SgH
Fet‘ﬂ\lc/ . H\g'
“‘, ‘\ N \\C,,,’
\ / n,,, - 4 \“ H
H H H H
1Cs 2Cyy
H H
F;,:Z}x»-.,,,,, &
S N
H H
3C, 4 Csy

(a = quartet state, b - sextet state)

The B3LYP/ECP(S) calculated bond dissociation eneldgy,
(Fe"—C,He), for the lowest energy structurka is 19.9 kcal/
mol (Table 7). This value agrees with the experimental estimate
of 17.9 & 3 kcal/mol?”78 in contrast to the B3LYP/AE
calculated value of 27 kcal/m&}. As noted above, the B3LYP/
ECP(S) calculations reproduce the"B®—4F) excitation energy
reasonably well, whereas the B3LYP/AE calculations lead to a
qualitatively incorrect result (Table 3). This resulted in an
overestimated,(Fe"—C;H¢) value calculated at the B3LYP/
AE level.

FeCO". Computational results for FeCOobtained 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 F&—CO bond dissociation energp§) is 27.1 kcal/mol
at the B3LYP/ECP(S) level. This value is close to the best
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TABLE 7: Computational Results for FeCO* (“X-)2 4. Conclusions

UHF UMP2 CCSD(T) MCPF  B3LYP Our calculations of iron-containing molecules and ions with
r(Fe—C) (&) 2.139 1.880 1.910 1.922 1.873(1.887) various types of bonding, which were carried out using the
r(C-0) (A) 1.098 1145 1.140 1.136 1.126(1.129) B3LYP/ECP(S) computational scheme, lead to the following
v(bend) (cm?) 264 321 314 (319) conclusions:
y(Fe-CO) (cnT?h) 243 405 425 (423)

W(C—0) (cmY) = 2522 2153 2237 (2225) Q) B3LYP/ECP(S)_ c_alculat_ions of iron-containin_g sp(_aci_es
D. (kcal/mol) —290 26.6 231 200 28.6(42.3) 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 (Fé—H,) to 99.5 kcal/mol (F&-—H), i.e.,

2 The data of all-electron calculations at the UHF, UMP2, CCSD(T),
MCPF, and B3LYP levels of theory were taken from ref BResults
of the all-electron B3LYP calculatioffs using the (14s11p6dif)/

[8s6p4d1fbasis set for Fe are given in parentheses. within a range of 95 kcal/mol (Table 6), do not reveal any
systematic trends in the errors. The average absolute deviation
TABLE 8: B3LYP/ECP(S) Calculated and Experimental is 4.6 kcal/mol. The largest deviation form the experimental
lonization Energies (eV} D, value is+8.0 kcal/mol for Fé—CH. This experimental
species IE(calc) IE(exptl) IE(expth IE(calc) estimate, however, has an uncertainty4af kcal/mol.
Fe 8.15 7.87 —0.28 (2) The B3LYP/ECP(S) calculated enthalpies of formation
FeO 8.90 8.9-0.16 0.0 (Table 5) have an average absolute deviation of 5.7 kcal/mol
FeOH 7.66 7.9:0.2 0.24 with the largest deviation of 14 7 kcal/mol of the experimental
FeCl 8.01 <8.08+ 0.10 0.07 AHsg value in the case of FeCH
a Experimental values are taken from ref 3Reference 84. (3) The ionization energies calculated using the B3LYP/ECP-

(S) scheme (Table 8) demonstrate acceptable agreement with
theoretical valu® of 30.7 kcal/mol and the experimental the experimental values.

estimaté? of 31.3 & 1.8 kcal/mol (Table 6). (4) Geometries and harmonic frequencies calculated using
Iron Fluoride, Iron Chloride, and Their Cations. The the B3LYP/ECP(S) scheme are generally in good agreement
bond dissociation energies of F&X) and FeX (°A) (X = F with the available experimental data or with results of higher

and Cl) and the ionization energy of FeCl calculated using the 'evel calculations. . .
B3LYP/ECP(S) scheme are given in Tables 6 and 8. These (5) While in some cases the data obtained are even in better
values agree well with experimental estimates. While the agreement with the experimental values than the results of higher

B3LYP/AE and QCISD(T) calculations using the Wachters basis |€vel all-electron calculations, the performance of the B3LYP/
set give theDo(Fe—Cl) values of 81.57 and 81.8 kcal/mol, ECP(S) approach should not be overestimated. We do not

respectively’® the B3LYP/ECP(S) calculations lead By(Fe— consider the set of iron-containing species used in our study as
Cl) = 73.5 kcal/mol. All these calculatdd, values demonstrate & comprehensive set representing all types of F@onding.
good agreement with the experimental estimate of 27.3.4 Therefore, it is possible that larger deviations can be found in

kcal/mol84 The Do(Fe"—Cl) values calculated at the QCISD- B3LYP/ECP(S) calculations of other iron compounds. Itis not
(TY/QCISD and B3LYP//B3LYP levels using augmented clear for now whether reliable results can be found in B3LYP/
Wachters basis sets (80.3 and 83.8 kcal/mol) show better ECP(S) calculations of species with iremon bonding and
agreement with the experimental estimate (83.9 kcalAfibin species containing other flrs.t-.row transition metals as well thg
the B3LYP/ECP(S) value of 76.2 kcal/mol (Table 6). The Second- and third-row transition metals. These studies are in
B3LYP/ECP(S) calculated adiabatic ionization energy (IE) of Progress.

FeCl is 8.01 eV (Table 8), which is closer to the experimental )

estimate of<8.08+ 0.10 e\P*than the QCISD(T) and B3LYP/ Acknowledgment. We thank National Center for Super-
AE calculated |E values of 7.89 and 7.85 eV, respectifely. Computing Applications (Urbana, IL), Pittsburgh Supercomput-
The B3LYP AHro values for FeF and FeCl agree with the N9 Center_, and CRAY Research for generous amounts of
experimental data (Table 5), although it should be noted that COMPuter time. M.N.G. also thanks Dr. N. J. R. van Eikema
the AHro(FeCl) value given in ref 30 is an indirect estimate Hommes for makln.g available the Molecule program which was
(with an uncertainty oft 21 kcal/mol), and our calculations at  USed to prepare Figure 1.

the QCISD(T)/AE level give a smallekH¢(FeCl) value®

It is notable that while the bond strength decreases frorrH-e

to P ~F, an opposite ordering is found for thg(Fe-Cand () @ 280t b 2 2emer W, . Bme Craenge oy ond
s : .
Do(Fe’—Cl) values (Table 6), although the ¥ bond lengths can Chemical Society: Washington, DC, 1989. (b) Siegbahn, P. BdM.

(X = F and ClI) are shorter in the cations (1.7114XF) and Chem. Phys1996 93, 333.

2.079 A (X = CI)) than those in the corresponding neutral " t§]2)O|(a_) LSEaHQV\{Sg. J. K., A?\ldzelrg, Jk. Vl\/‘c-,,9 ilfd%gghy FlIJDnclt_:iongld
— ethoas In emistryspringer: ew York, . IS, D. E., .

molecules (1'.804 O=F) and 2.234 A (X= Cl)). The Fe-F Density Functional Theory of Molecules, Clusters, and Spliiswer:

bond length in FeF optimized at the B3LYP/ECP(S) level pordrecht, 1995.
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calculated using the B3LYP/ECP(S) scheme is slightly longer peyiin £ 3.- Chablowski, C. F.: Frisch, M. J. Phys. Chem1994 80,
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