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The ionization energy (IE) of FeC and the 0 K bond dissociation energies (D) and the heats of formation at
0 K (AH°q) and 298 K (AH°:s) for FeC and FeC™ are predicted by the single-reference wave function
based CCSDTQ(Full)/CBS approach, which involves the approximation to the complete basis set (CBS) limit
at the coupled cluster level up to full quadruple excitations. The zero-point vibrational energy (ZPVE) correction,
the core—valence electronic corrections (up to CCSDT level), spin—orbit couplings, and relativistic effects
(up to CCSDTQ level) are included in the calculations. The present calculations provide the correct symmetry
predictions for the ground states of FeC and FeC™ to be *A and ?A, respectively. We have also examined the
theoretical harmonic vibrational frequencies of FeC/FeC*t at the ROHF-UCCSD(T) and UHF-UCCSD(T)
levels. While the UHF-UCCSD(T) harmonic frequencies are in good agreement with the experimental
measurements, the ROHF-UCCSD(T) yields significantly higher harmonic frequency predictions for FeC/
FeC*. The CCSDTQ(Full)/CBS IE(FeC) = 7.565 €V is found to compare favorably with the experimental
IE value of 7.59318 £ 0.00006 eV, suggesting that the single-reference-based coupled cluster theory is capable
of providing reliable IE prediction for FeC, despite its multireference character. The CCSDTQ(Full)/CBS
Dy(Fet—C) and Dy(Fe—C) give the prediction of Dy(Fet—C) — Dy(Fe—C) = 0.334 eV, which is consistent
with the experimental determination of 0.3094 4 0.0001 eV. The D, calculations also support the experimental
Dy(Fet™—C) =4.1 £ 0.3 eV and Dy(Fe—C) = 3.8 & 0.3 eV determined by the previous ion photodissociation
study. The present calculations also provide the AH y(AH y03) predictions for FeC/FeC*. The analysis of the
correction terms in these calculations shows that the core—valence and valence—valence electronic correlations
beyond CCSD(T) wave function and the relativistic effects make significant contributions to the calculated
thermochemical properties of FeC/FeC". For the experimental Dy and AH, values of FeC/FeC*, which are
not known to high precision, we recommend the CCSDTQ(Full)/CBS predictions [Dy(Fe—C) = 3.778 eV,
Dy(Fet—C) = 4.112 eV, AH°(FeC) = 760.8 kJ/mol and AH (FeC™") = 1490.6 kJ/mol] based on the ZPVE
corrections using the experimental vibrational frequencies of FeC and FeC™.

An equally difficult scenario exists for accurate theoretical
predictions of IE, Dy, and AH®, values for transition metal

Transition metal (M) containing molecules are known to play
an important role in catalysis and astrophysics.!? In order to
discern the mechanisms and intermediates involved in catalytic
processes and for modeling of the solar spectra of astrophysical
interest, it is necessary to undertake spectroscopic and energetic
characterizations of gaseous transition metal ligated species and
their ions.>”7 However, due to the difficulty in preparing
transition metal containing molecules in the gas phase, the
spectroscopic and energetic studies of these molecules remain
relatively unexplored. Of the diatomic transition metal oxides,
nitrides, carbides, and hydrides (MX, X = O, N, C, and H),
only a few oxides have been subjected to high-resolution
photoionization and photoelectron studies.”~’ As a result, the
energetic properties, such as ionization energies (IEs), 0 K bond
dissociation energies (Dy’s), and 0 K heats of formation (AH®g)
of most of these benchmarking MX and MX™ species have not
been determined to high precision.!>%~8

7 Part of the “Vincenzo Aquilanti Festschrift”.
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containing species.! The difficulty arises from the existence of
many unpaired d-shell electrons of the transition metal atom(s),
which can give rise to a large number of low-lying electronic
states of different multiplicities. Thus, the extent of electron
correlation required and the correction effect due to spin—orbit
couplings for the reliable theoretical treatments of transition
metal compounds are significantly more sophisticated than
molecules of the main-group elements. Nevertheless, due to the
advance in ab initio quantum theoretical methodologies and the
significant increase in computational capacity in recent years,
reliable structural and energetic predictions for transition metal
compounds have become feasible. Currently, the multireference
configuration interaction (MRCI) methods are among the state-
of-the-art ab initio quantum chemical procedures for structural
and energetic calculations of transition metal containing species.”'

Recently, Tzeli and Mavridis have reported detailed ab initio
quantum calculations on the FeC/FeC™ system at the C-MRCI+Q
level of theory.”!” The latter calculations have taken into account
the core—valence correlation effects, the Davidson correction,
and scalar relativistic corrections and, thus, can be considered
as the current most sophisticated calculations of the FeC/FeC™"
system. Stimulated by the spectroscopic constants for FeC/FeC*
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and IE(FeC), Dy(Fe—C), and Dy(Fe*—C) values predicted by
the C-MRCI+Q calculations, we have recently performed a
high-resolution photoionization and photoelectron study of iron
carbide (FeC) using the two-color laser photoionization ef-
ficiency (PIE) and pulsed field ionization-photoelectron (PFI-
PE) schemes.® The completely rovibronically selected and
resolved state-to-state PFI-PE transitions for FeC" observed near
the photoionization threshold of FeC have allowed the unam-
biguous rotational assignment for the FeCT(X?As; v = 0—2)
vibrational bands. The finding of the J™ = 5/2 level as the lowest
rotational state confirms that the ground FeC* ion state is of
2As;, symmetry. We have also obtained the IE(FeC) = 7.59318
=+ 0.00006 eV (61,243.1 + 0.5 cm™") for the formation of FeC*
(X?Asp, vt = 0; J" = 5/2) from FeC (X?A;, v” = 0; J" = 3),
and the vibrational constants w.” = 907.4 cm™! and w."y.t =
3.24 cm™! for FeC™ (X?As;,). Based on the conservation of
energy, this experimental IE(FeC) value together with the known
IE(Fe) = 7.9024 + 0.0001 eV (63737.1 £ 0.8 cm™!) gives the
constraint for the difference of Dy(Fet—C) and Dy(Fe—C), i.e.,
IE(Fe) — IE(FeC) = Dy(Fet—C) — Dy(Fe—C) = 0.3094 eV .}
Upon comparing this experimental values with the results of
the C-MRCI+Q calculations of Tzeli and Mavridis,”!° we were
surprised to find a large deviation of 0.5 eV for the IE(FeC)
value and 0.2 eV for the Dy(Fe*—C) — Dy(Fe—C) value. These
large discrepancies have motivated us to undertake the present
follow-up, large-scale ab initio quantum theoretical calculations
for the thermochemical properties of FeC/FeC™ for comparison
with the highly precise experimental results.

By using the coupled cluster theory with single, double and
perturbative triple excitations [CCSD(T)] together with the
complete basis set (CBS) extrapolation technique, it has been
shown that the ab initio CCSD(T)/CBS calculation is capable
of providing accurate thermochemical predictions for molecules
of main-group elements.''”!® For example, we have bench-
marked the theoretical IE predictions for a series of hydrocarbon
radicals, including CH2, CH3, CQH, C2H3, C2H5, C3H2, C3H3,
C3H5, C3H7, C4H7, C6H5, and C6H5CH214_17 and main-group
compounds.'® The theoretical predictions have taken into account
the zero-point vibrational energy (ZPVE), core—valence (CV),
scalar-relativistic (SR), and higher-order corrections (HOC)
beyond the CCSD(T) wave function. On the basis of the
comparison between the CCSD(T)/CBS IE predictions and the
experimental IE values of selected hydrocarbon radicals, we
have concluded that the CCSD(T)/CBS method could give
accurate IE predictions to within £10 meV for CH,, CHj;, C,H,
C2H3, C2H5, CgHg, C3H5, and C3H7,]4_16 and 20 meV for C4H7
radicals.'” Furthermore, the comparison between the highly
precise experimental IE(CcHsCH,) value and the theoretical
CCSD(T)/CBS prediction has allowed us to assign the upper
error limit of about 35 meV for the CCSD(T)/CBS approach
to the IE predictions of C7 hydrocarbon radicals.!

Very recently, Balabanov and Peterson have developed
correlation consistent basis sets for the 3d transition elements. '8
These correlation consistent basis sets, which are similar to those
for main-group elements,'® exhibit systematic convergence
toward complete basis set limit by extrapolation when two or
three successive basis sets are used. The performance of this
series of correlation consistent basis sets is found to be reliable
at the Hartree—Fock, density functional theory, and couple
cluster methods.?*"2> Encouraged by the good agreement
observed between the ab initio predictions and experimental IE
values for the hydrocarbon radicals, we now extend the
CCSD(T)/CBS IE calculations for FeC, whose IE value has been
measured® with an uncertainty of 0.5 cm™'. In the present

Lau et al.

calculations, the correlation consistent basis set series for the
3d transition elements of Balabanov and Peterson is used.'® Due
to the simplicity of the FeC/FeC* molecules, we have further
included the core—valence electronic correlation at the CCSDT
level, the scalar-relativistic effect at the CCSDTQ level, and
higher-order corrections at the couple cluster level with up to
full triple and quadruple excitations. Overall, the level of theory
at which theoretical predictions are presented in this work is
effectively at the CCSDTQ(Full)/CBS level. “Full” denotes the
electronic correlations are included for the outer-core 3s3p and
valence 4s3d electrons on Fe and all the 1s2s2p electrons on
C. The comparison between the highly precise experimental
IE(FeC) value and the CCSDTQ(Full)/CBS theoretical predic-
tions presented here would serve to benchmark the current
CCSDTQ(Full)/CBS approach for reliable IE predictions of
transition metal containing compounds. More importantly, the
performance of single-reference based CCSDTQ(Full)/CBS
approach for the thermochemistry predictions of multireferenced
molecule is examined. Besides reporting the IE value of FeC,
we also present the theoretical predictions for the Dy(Fe—C),
Dy(Fe™—C), AH°(FeC) and AH°(FeC™) and a comparison of
these results with available experimental data.

II. Theoretical Calculations

There have been three coupled cluster approaches for treating
open-shell molecules. We have chosen to use the partially
unrestricted implementation, conventionally labeled as ROHF-
UCCSD(T) for the energetic, vibrational frequencies and
correlation calculations of FeC/FeC™. This method is based on
restricted open-shell Hartree—Fock (ROHF) orbitals and relaxes
the spin restriction throughout the coupled cluster calculation.?>?*
The other two approaches are the completely unrestricted
method based on unrestricted Hartree—Fock (UHF) orbitals and
the partially restricted approach based on ROHF orbitals, which
are labeled as UHF-UCCSD(T) and ROHF-RCCSD(T),>~?7
respectively. As shown below, since the ROHF-UCCSD(T)
method does not yield satisfactory results on the harmonic
vibrational frequencies of FeC/FeC*t, the UHF-UCCSD(T)
method has also been used to predict the harmonic vibrational
frequencies calculations. All the coupled cluster calculations
described below are based on the ROHF orbitals level unless
specified.

A. Extrapolated Valence Correlation Energy and Zero-
Point Vibrational Energy Correction. Our calculations first
involve the approximation to the CBS limit at the CCSD(T)
level of theory. The structures of the ground states FeC (°A)
and FeC™ (’A) have been optimized at the CCSD(T) level with
successively larger basis sets, proceeding from aug-cc-pwCVTZ,
to aug-cc-pwCVQZ and then to aug-cc-pwCV5Z. The aug-cc-
pwCVXZ (X = 3, 4 and 5) basis sets are the Dunning’s
correlation consistent polarization weighted core—valence cor-
relation first proposed®® in 2002 and were extended to 3d
transition elements recently.'® Besides the valence 2s2p electrons
on carbon and 4s3d electrons on Fe, the geometrical optimiza-
tions also correlate the core 1s electrons on carbon and outer-
core 3s3p electrons on Fe. The 1s2s2p electrons on Fe are kept
frozen and uncorrelated. The CBS energies (Eexirapolated cBs) are
estimated by two different extrapolation schemes:

(i) A three-point extrapolation scheme? using the mixed
exponent/Gaussian function of the form

EX) = Eexlrapolaled CBS +B eXP[_(X - D]+
Cexp[—(X — 1)’] (1)
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where X = 3, 4, and 5 for aug-cc-pwCVTZ, aug-cc-pwCVQZ,
and aug-cc-pwCV5Z, respectively. Here, we denote the CBS
energies extrapolated directly from the CCSD(T) energy using
eq 1 with successive aug-cc-pwCV[T-5]Z basis sets as CB-
Sweras-

(i) A two-point extrapolation scheme
power function involving the reciprocal of X

3031 ysing the simple

B
E(X) = Eextrapolated CBS + ; (2)

where X = 4 and 5 for aug-cc-pwCVQZ and aug-cc-pwCV5Z,
respectively. We denote the extrapolated CBS energies directly
from the CCSD(T) valence energy using eq 2 with the aug-cc-
pwCVI[Q,5]Z basis sets as CBS,cqs. Unless specified, the
harmonic vibrational frequencies at the CCSD(T)/aug-cc-pV5Z
level are used for the zero-point vibrational energy corrections
(AEzpyp).

B. Higher-Order Correlation. The higher-order energy
contributions (AEyoc) beyond the CCSD(T) theory are critical
for the accurate thermochemical predictions. In our previous
studies, the HOC makes a significant contribution (9 meV) to
the IE prediction of the ethynyl radical.'* The HOC correction
incorporates higher-order triple and quadruple excitations, where
the full triple excitation effect is estimated by the difference
between CCSDT and CCSD(T) energies and the iterative
quadruple excitations are estimated as the difference of CCS-
DTQ — CCSDT energies. The HOC for FeC/FeC™" is repre-
sented by the sum

Eyoc = Eccspriang-cepvoz — Eccspmyaug-cepvoz T

ECCSDTQ/CC—pVTZ - ECCSDT/cc—pVTZ (3)

C. Scalar Relativistic Effect. The scalar relativistic (SR)
energyiscomputedusing the spin-free, one-electron Douglas—Kroll—Hess
(DKH) Hamiltonian.*>3? The calculations are done with the
DKH-contracted aug-cc-pV5Z-DK basis sets'®** at the CCSD(T)
level. The SR energetic contributions are taken as the differences
between electronic energies at the CCSD(T)/aug-cc-pV5Z level
without using the DKH Hamiltonian and at the CCSD(T)/aug-
cc-pV5Z-DK level with the DKH Hamiltonian. The relativistic
effect due to the full triple and quadruple excitations has also
been included in a similar manner as described in eq 3, except
that the aug-cc-pVQZ-DK and cc-pVTZ-DK basis sets are used
for the corresponding CCSDT and CCSDTQ calculations.

D. Core—Valence Electronic Correction Beyond CCS-
D(T). The electronic correlation contributions between the core
and valence electrons and those within core electrons have
already been included in the single-point energy and geometrical
optimization calculations at the CCSD(T) level. Additional
core—valence electronic correlations (Ecy) from the full triple
excitations are obtained as the energy difference between
CCSD(T) and CCSDT levels with the cc-pwCVTZ basis set.!32
The core 1s electrons on carbon and outer-core 3s3p electrons
on Fe are correlated in the calculations.

E. Spin—Orbit (SO) Coupling. The molecular spin—orbit
coupling (Esp) of the FeC and FeC™ are computed by first-
order perturbation theory. The calculations used an uncontracted
aug-cc-pVTZ basis set including the s, p, d, and f functions on
Fe and the s, p, d functions on C. Spin—orbit matrix elements
were computed among the components of the FeC and FeC™*
states using the internally contracted multireference configura-
tion interaction wave function.® The 2s2p electrons on C and

J. Phys. Chem. A, Vol. 113, No. 52, 2009 14323

the 4s3d electrons on Fe were included in the active space. The
atomic SO coupling corrections of Fe and Fe™ are done in
similar manner. The atomic SO correction (0.37 kJ/mol) for
carbon is directly taken from the experimental excitation
energies tabulated by Moore.*

In the present work, all the CCSD(T) single-point energy
calculations, vibrational frequency calculations, and correlation
contributions were performed using the MOLPRO 2008.1%" and
the CCSDT and CCSDTQ were done with the string-based
many-body MRCC program?® interfaced with MOLRPO. The
AH®s and AHPgoq values for the FeC and FeC" were calculated
using the atomization scheme® and the following experimental
values:** AH®;(C) = 711.2 and AHi(Fe) = 414, AH®93(C)
= 716.7, and AH®nos(Fe) = 415.5 kJ/mol.

III. Results and Discussion

At the single-reference CCSD(T) level, the ground electronic
state of FeC is predicted to have the *A symmetry with the
electronic configuration of ... 70°80°37*16%9¢!. This prediction
agrees with the previous experimental determinations and
multireference based ab initio calculations. The valence electrons
of FeC are contributed by the 4s*3d° electrons of Fe and the
25%2p? electrons of C. Due to the energy mismatch or offset of
atomic orbitals of Fe and C, the 70 orbital is overwhelmingly
dominated by the C(2s) character. Assuming that the FeC
molecule lies along the z-axis, the 8o orbital is formed by the
overlap of the Fe(3d.?) and C(2p.) orbitals and is shown to have
the major contribution from the Fe(3d.?) orbital. The two
degenerate s bonding orbitals, 377, and 37, are formed by the
overlaps of Fe(3d,) and C(2p,) and Fe(3d,;) and C(2p,),
respectively. The 19 orbitals are nonbonding in nature, consist-
ing of the Fe(3d,,) and Fe(3d,>-,%) orbitals. Taking into account
the electrostatic interaction, these two nonbonding orbitals are
expected to have slightly different energies. The 90 orbital is
shown to have the dominant Fe(4s) character and, thus, is mostly
nonbonding in nature. The triplet nature of the ground state
electronic configuration of FeC results from the close energy
spacing of the 10 and 90 orbitals. On the basis of the Mulliken
population analysis, the FeC(X?A) ground state can be viewed
to have a Fe=C triple bond, consisting of two 7 (37r*) and one
o (80%) bonds.” According to the predicted ground state
electronic configuration for FeC, the first ionization would
involve the removal of the unpaired electron in the 9¢ orbital,
resulting in the formation of the >A ground electronic state for
FeC™. The formation of the FeC*(X?As),) ground state has been
confirmed in our recent PFI-PE study.® Thus, the triple bond in
FeC is expected to be nearly unaffected by the process of
ionization. The correct prediction of the FeC(X?A) and FeC*(X?As
2) ground states represents a triumph for the ab initio quantum
calculations.3 10

A. Structures and Harmonic Vibrational Frequencies of
FeC and FeC". The bond lengths r. (r.") and harmonic
vibrational frequencies w. (w.") of FeC(X3A) [FeCT(X?A)]
predicted at the CCSD(T)/aug-cc-pVXZ and CCSD(T)/aug-cc-
pwCVXZ levels are summarized in Table 1. The calculations
at the CCSD(T)/aug-cc-pwCVXZ level have included the
core—valence and valence—valence electronic correlations for
the 3s3p4sdp electrons on Fe and 1s2s2p electrons on C.
Included in Table 1 are the theoretical r. (r.7) and w. (w.")
values for the neutral and cation obtained in the C-MRCI+Q
calcuations,”!® and the highly precise experimental results for
the neutral**! and the cation.®

As shown in Table 1, the CCSD(T) predicted r. values for
FeC are in the range from 1.577 to 1.571 A with successively
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TABLE 1: The Bond Length r, (r.") in A and Harmonic
Vibrational Frequency . (».") in em™! for FeC(X3A) [FeC™"
(X?A)] Predicted at the ROHF-UCCSD(T)/aug-cc-pVXZ and
ROHF-UCCSD(T)/aug-cc-pwCVXZ Levels, Where X = T,
Q,and 5

FeC (CA) FeC™ (A)
re e ret ot
aug-cc-pVTZ 1577 1114 1.560 1180
1.577¢ 845 1.558¢  901¢
aug-cc-pVQZ 1573 1155 1555 1230
aug-cc-pVSZ 1571 1175 1554 1251
aug-cc-pwCVTZ  1.565 1290 1550 1368
aug-cc-pwCVQZ  1.562 1345 1.547 1419
aug-cc-pwCV5Z  1.561 1373 1.546 1440
C-MRCI+Q" 1.598 877 1.557 928

experimental 1.596¢ 862.9+6.2¢  1.559¢ 927.14¢

@ Calculated at the UHF-UCCSD(T) level. » Taken from values at
the C-MRCI+Q level in refs 9 and. 10. ¢ Reference 3. ¢ Reference
41. ¢ Reference 8.

increasing basis set size from aug-cc-pVTZ to aug-cc-pV5Z.
Included with the core—valence correlation effect, the bond
lengths at all three basis sets are decreased by about 0.01 A.
All the predicted CCSD(T) bond lengths for FeC are shorter
than the C-MRCI+Q prediction of 1.598 A obtained by Tzeli
and Marvidis.” The latter value is almost in exact agreement
with the experimental value of 1.596 A Similar shortening in
the r. value was also found in the previous MRCI study when
the 3s3p electrons are correlated.

The CCSD(T) w. values of FeC range from 1114 to 1175
cm™! over the three aug-cc-pVXZ basis sets. The predictions
are significantly higher than the C-MRCI value® of 877 cm™!
and the experimental value of 862.9 4 6.2 cm™1.*! Inclusion of
the core—valence correlation effect does not improve the
predictions but rather yields even larger vibrational frequencies.
The predicted vibrational frequencies at the aug-cc-pV5Z and
aug-cc-pwCV5Z significantly deviate from the experimental
value by more than 300 and 500 cm ™!, respectively. The large
discrepancies in the harmonic vibrational frequencies between
the CCSD(T) predictions and experimental value suggest that
the ROHF based CCSD(T) theory may be inadequate in
describing the curvature of the potential energy surface around
the equilibrium structure of ground state FeC.

To shed light on the vibrational frequencies predictions for
FeC/FeC*t with the CCSD(T) methods, we have performed
additional harmonic vibrational frequencies calculations for the
ground state of FeC/FeC" using the ROHF-based RCCSD(T)
and completely spin-relaxed UCCSD(T) implementations. The
calculated w/w." at the ROHF-UCCSD(T), ROHF-RCCSD(T),
and UHF-UCCSD(T) levels with the aug-cc-pVTZ basis set are
1114/1180, 1193/1186, and 845/901 cm™!, respectively. The
optimized r./r.* at the ROHF-UCCSD(T), ROHF-RCCSD(T),
and UHF-UCCSD(T) levels using the aug-cc-pVTZ basis set
are 1.577/1.560, 1.575/1.558, and 1.577/1.558 A, respectively.
The theoretical w/w." and r./r." values calculated at the UHF-
UCCSD(T)/aug-cc-pVTZ level are also included in Table 1.
While the optimized bond distances r./r.” are very similar
among the three CCSD(T) methods, significant large discrep-
ancies are found among the calculated vibrational frequencies.
The harmonic vibrational frequencies obtained at the UHF-
UCCSD(T)/aug-cc-pVTZ level are in line with the experimental
wJw." values. We have examined the ground state potential
energy surface of FeC in the vicinity of the potential minimum
at the distances of r. £+ 0.005, r. £ 0.010, and r. £+ 0.015 A
using the ROHF-UCCSD(T) and UHF-UCCSD(T) methods.
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The potential energy surface near the potential well of FeC at
the ROHF-UCCSD(T)/aug-cc-pVTZ level is found to be steeper
than that at the UHF-UCCSD(T)/aug-cc-pVTZ level. As the
force constant (second derivative of energy with respect to bond
distance) is directly proportional to the curvature of the potential
energy surface near the potential well, the vibrational frequency
(proportional to the square root of force constant) at the ROHF-
UCCSD(T)/aug-cc-pVTZ level is significantly larger than that
at the UHF-UCCSD(T)/aug-cc-pVTZ level for FeC. The same
observation is found in the comparison of the potential energy
surfaces near the FeC' minimum obtained at the ROHF-
UCCSD(T) and UHF-UCCSD(T) levels. As the density func-
tional theory has been extensively used for structural and
energetic predictions of transition-metal compounds,*?> we have
also performed relevant calculations for FeC/FeC*t at the
B3YLP/aug-cc-pVTZ level, yielding the r./r.* and w/w." values
of 1.610/1.557 A and 593/613 cm™!, respectively. The latter
vibrational frequency predictions are much smaller than the
experimental values, indicating that the DFT calculation at the
B3YLP/aug-cc-pVTZ level is not an accurate theoretical method
for the spectroscopic calculations of FeC/FeC™.

Our recent rovibronically selected and resolved state-to-state
PFI-PE study gives r." = 1.559 A and w." = 927.14 + 0.04
cm™! for the ground state of FeC*.® The slight contraction of
0.037 A observed for the bond distance from r. = 1.596 A to
r¥ = 1.559 A upon ionization is consistent with the bonding
analysis that the 90 orbital is mostly nonbonding in nature.
Similar shortening in bond length is confirmed by both the
C-MRCI+Q and CCSD(T) calculations.® ' Comparing the
theoretical predictions with these experimental r.t and w.*
values, we find that the C-MRCI+Q calculation of Tzeli and
Marvidis'® again provides excellent predictions for r," = 1.557
A and w." = 928 cm™". The present CCSD(T) predictions on
the bond length of FeC™ are found to be insensitive to the basis
set effect with the r.* values in the range from 1.560 A (aug-
cc-pVTZ) to 1.554 A (aug-cc-pV5Z). These values are in good
accord with the experimental determination. Similar to the
calculations of the neutral FeC, the bond length for the cation
is found to decrease by 0.01 A when the core—valence
correlation is taken into account.

Likewise to the comparison of the experimental and theoretical
vibrational frequencies for the neutral, the CCSD(T) harmonic
vibrational frequencies for FeC" are considerably higher than the
experimental frequency® by 253 (aug-cc-pVTZ) to 324 cm™! (aug-
cc-pV5Z). When the core—valence correlation effect is included,
it is disappointing to see the deviations of CCSD(T) predictions
from the experimental value become even larger. The large
discrepancy observed between the experimental and CCSD(T)
harmonic frequencies for FeC* is again indicative of the potential
deficiency of the ROHF-UCCSD(T) approach for vibrational
frequency calculations of transition metal containing species.

B. Ionization Energy of FeC. FeC and FeC" are known to
have many low-lying excited states, giving rise to their
multireference characters. Thus, it is of great interest to examine
whether the single-reference coupled cluster theory can provide
reliable energetic predictions for FeC/FeC™ and other transition
metal containing species.”!? The individual energy corrections
(AEexirapolated css AEcy, AEzpve, AEso, AEgg, and AEyoc) for
the IE(FeC), IE(Fe), Dy(FeC), and Do(FeC™) predictions are
listed in Table 2. The CCSDTQ(Full)/CBS IE(Fe) = 7.900 eV
is found to be in excellent agreement with the experiment IE(Fe)
= 7.9024 £ 0.0001 eV.* For the IE(Fe) prediction, the major
corrections are AEsg = 0.094 eV and AEyoc = 0.011 eV. The
average of the AE xuapolaed cas contributions to the IE(FeC) values



FeC and FeC" Study

J. Phys. Chem. A, Vol. 113, No. 52, 2009 14325

TABLE 2: Individual Energy Contributions to the CCSDTQ(Full)/CBS Predictions for the IE(FeC), IE(Fe), Dy(Fe—C), and

Dy(Fet—C) Predictions”

IE(FeC) IE(Fe) Dy(Fe—C) Dy(Fe*—C)
AE xsapolated cBs’ wCTQ5 7.425 7.799 3.770 4.144
wCQ5 7.426 7.802 3.799 4.176
average 7.426 7.801 3.785 4.160
AEcy© (T)—T 0.008 —0.005 —0.006 —0.018
AEZPVEd 0005 _0073 _0078
0.004¢ —0.053¢ —0.057¢
AEsq —0.039 —0.001 —0.049 —0.012
AEgg® CCSD(T) 0.147 0.093 —0.088 —0.142
(T)—T 0.002 0.000 0.001 —0.001
T—Q —0.005 0.001 0.000 0.005
subtotal 0.144 0.094 —0.087 —0.138
AEgpoc" (T)—T —0.013 0.008 —0.162 —0.142
T—Q 0.034 0.003 0.350 0.320
subtotal 0.021 0.011 0.188 0.178
CCSDTQ(Full)/CBS IE or Dy 7.565 7.900 3.758 4.092
7.564¢ 3.778¢ 4.112¢
experimental 7.59318 £ 0.00006/ 7.9024 + 0.0001 3.8+£0.3" 4.1£0.3°
7.74 £ 0.09¢ 34+£02" 3.7£0.2°

@ All quantities and energy differences are in electronvolts. ” Extrapolated from the core and valence correlation energies using eqs 1 and 2
with the aug-cc-pwCV|[T-5]Z and aug-cc-pwCV[Q,5]Z basis sets, respectively. © Core—valence electronic correlation obtained as the energy
difference between CCSD(T) and CCSDT levels using the cc-pwCVTZ basis set. ¢ Based on the harmonic vibrational frequencies at the
CCSD(T)/aug-cc-pV5Z level. ¢ Values obtained using the experimental vibrational frequencies of FeC/FeC" for ZPVE corrections. / Spin—orbit
coupling obtained at the MRCI level with the uncontracted cc-pVTZ basis set. ¢ Scalar relativistic effect calculated at the CCSD(T)/
aug-cc-pV5Z-DK, CCSDT/aug-cc-pVQZ-DK and CCSDTQ/cc-pVTZ-DK levels. " Higher-order effect calculated at the CCSDT/aug-cc-pVQZ
and CCSDTQ/cc-pVTZ levels. 'IE or Dy = AEqapotacacss T AEcy + AEzpyp + AEso + AEsg + AEyoc. / Reference 8. k Reference 4.
! Reference 44. ™ The value of Dy(Fe—C) is deduced based on Dy(Fe™—C) = 4.1 + 0.3, IE(FeC) = 7.59318 + 0.00006 eV, and IE(Fe) =
7.9024 4+ 0.0001 eV. " The value of Dy(Fe—C) is deduced based on Dy(Fet—C) = 3.7 £ 0.2, IE(FeC) = 7.59318 =+ 0.00006 eV, and IE(Fe) =

7.9024 £+ 0.0001 eV. ? Reference 43. ” Reference 47.

based on the two- and three-point extrapolation methods is 7.426
eV. The AEzpyg correction for IE(FeC) obtained using the
harmonic vibrational frequencies at the CCSD(T)/aug-cc-pV5Z
level, is 0.005 eV. Although our predicted harmonic vibrational
frequencies for FeC/FeC™ deviate from the experimental values
over 300 cm™!, the latter AEpvg contribution for IE(FeC) is
nearly identical to the AEzpyg correction (0.004 eV) calculated
with the experimental harmonic frequencies because AEzpyvg
depends only on difference (w.” — w,) of the vibration
frequencies. Thus, the AEzpyg correction obtained using the
inaccurate CCSD(T)/aug-cc-pV5Z vibrational frequencies of
FeC/FeC+ is expected to have only negligible effect on
theoretical IE(FeC) prediction. This also explains the observation
that the AEzpyg contribution is essentially invariant to the basis
set effect. The core—valence electronic contribution due to the
full triple excitation beyond the CCSD(T) wave function
calculated with cc-pwCVTZ basis set is 0.008 eV. As expected,
the relativistic effect plays an important role for the thermo-
chemistry predictions of transition-metal compounds, its con-
tribution to the IE(FeC) at the CCSD(T)/aug-cc-pV5Z level is
0.147 eV. Together with the relativistic effects from the full
triple and quadruple excitations, we obtain an overall AEgg
contribution of 0.144 eV to the IE(FeC) value. The higher-order
correction, consisting of full triplet and quadruple excitations
beyond CCSD(T) theory, make a significant contribution of
0.021 eV to the IE(FeC) value. The CCSDT and CCSDTQ
calculations are performed with the aug-cc-pVQZ and cc-pVTZ
basis sets, respectively. Putting all the correlation contributions
together, we have arrived a value of 7.565 eV for IE(FeC) at
the CCSDTQ(Full)/CBS level included with the core—valence
electronic correlations (up to CCSDT level), relativistic effect
(up to CCSDTAQ level), higher-order correction (up to CCSDTQ
level), harmonic ZPVE correction, and spin—orbit couplings.
It is encouraging to find that our predicted IE value comes to
less than 30 meV below the highly precise experimental value

of 7.59318 4 0.00006 eV.? The excellent agreement between
our prediction and measured values for IE(FeC) suggests that
the single-reference based coupled cluster theory is capable of
predicting the IE(FeC) value within the chemical accuracy (£4
kJ/mol). In this IE(FeC) prediction, we have found that the
contribution from the relativistic effect is significant (over 0.14
eV). Inclusions of the core—valence and valence—valence
electronic correlations beyond CCSD(T) wave function are
critical (together they make a contribution of +29 meV) for
bringing our IE(FeC) prediction closer to the experimental value.
Compared with the experimental IE(FeC) value, our current
IE(FeC) prediction at the CCSDTQ(Full)/CBS level is signifi-
cantly more accurate than the previous prediction (7.10 eV) of
Tzeli and Marvidis® calculated with the C-MRCI+Q method
(using the atomic natural orbital basis for Fe and cc-pVQZ basis
for C), which included the core—valence correlation effects,
Davidson correction, and scalar relativistic effect.

We have recently completed a similar IE prediction for nickel
carbide (NiC)*® and found that the CCSDTQ(Full)/CBS IE(NiC)
is also in excellent agreement with the experimental determi-
nation*¢ based on rotationally resolved photoionization and
photoelectron measurements. This observation indicates that the
agreement between the theoretical CCSDTQ(Full)/CBS IE(FeC)
prediction and the experimental IE(FeC) measurement as
presented here is not accidental.

C. 0 K Dissociation Energies of Fe—C and Fe™—C. On
the basis of the cation thermochemical cycle, we can show that
the IE(FeC), IE(Fe), Dy(Fe—C), and Do(Fe™—C) are related by
the following equation

Dy(Fe—C) + IE(Fe) = IE(FeC) + Dy(Fe"—C) (4)

While the experimental IE(FeC) = 7.59318 £ 0.00006 eV and
IE(Fe) = 7.9024 £ 0.0001 eV* are accurately known, the
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experimental Dy(Fe—C) and Dy(Fe®—C) values have not yet
been determined with high precision. Using the IE(FeC) and
IE(Fe) together with the Dy(Fet—C) value of 94 4 7 kcal/mol
(or 4.1 & 0.3 eV) determined from the early photodissociation
measurement® of Hettich and Freiser, we arrive at an experi-
mental value of 3.8 £ 0.3 eV for Dy(Fe—C). The uncertainty
of this Dy(Fe—C) value is large and depends heavily on that of
the Dy(Fe*—C) value. Our predicted values for Dy(Fe™—C) =
4.092 eV and Dy(Fe—C) = 3.758 eV calculated at the CCS-
DTQ(Full)/CBS level are in excellent accord with the experi-
mental Dy(Fet™—C) of 4.1 £ 0.3 eV and the deduced Dy(Fe—C)
value of 3.8 & 0.3 eV, respectively. Referring to the individual
energetic contributions to the CCSDTQ(Full)/CBS predictions
for Dy(Fe—C) and Dy(Fe™—C) listed in Table 2, we found that
the most significant energetic corrections in the Dy(Fe—C) and
Dy(Fet—C) predictions are from the relativistic effect and the
higher-order corrections beyond the CCSD(T) wave function.
The respective AEsg contributions to the Doy(Fe—C) and
Dy(Fet—C) predictions are —0.087 and —0.138 €V, whereas
the AExoc contributions are 0.188 and 0.178 eV. The AExoc
contributions from higher-order coupled cluster excitations are
large (in absolute value) but opposite compared with the AEgg
contributions, and if either the relativistic or the higher-order
correction is ignored in the D, predictions, the agreement
between theoretical predictions and experimental measurements
would become worse. We note that there is another experimental
Dy(Fe™—C) value of 84.2 £ 4.1 kcal/mol (or 3.7 & 0.2 eV)
deduced recently by Angeli et al.’ based on the measured
appearance threshold for the dissociation reaction of Fe(CO)s
— FeC" + O + 4CO + e™. Using this experimental Dy(Fe™—C)
of 3.7 £ 0.2 eV, together with the known IE(FeC) and IE(Fe)
values, a lower experimental value for Dy(Fe—C) of 3.4 £ 0.2
eV is obtained. Considering the fact that our theoretical
prediction is much closer to the value Dy(Fe™—C) = 4.1 £ 0.3
eV by Hettich and Freiser,” we believe that the Dy(Fe™—C)
value of 3.7 + 0.2 eV deduced from the appearance threshold
measurement by Angeli et al. may be too low. The formation
of FeC' from dissociative photoionization of Fe(CO)s is
expected to involve sequential dissociation processes, and thus,
the appearance energy of FeC™ reported by Angeli et al.*’ may
suffer from a larger uncertainty than their reported error limit.*3
In the current CCSDTQ(Full)/CBS calculations of Dy(Fe—C)
and Dy(Fe*—C), we have obtained the ZPVE correction based
on the harmonic vibrational frequencies at the CCSD(T)/aug-
cc-pV5Z level. As we mentioned before, the CCSD(T)/aug-cc-
pV5Z harmonic vibrational frequencies deviate significantly
from the experimental harmonic vibrational frequencies. If the
experimental harmonic vibrational frequencies of the FeC and
FeC* are used for AEpyg correction in the Dy predictions, the
present values for the Dy(Fe—C) and Dy(Fe™—C) should be
increased by about 20 meV, yielding Dy(Fe—C) = 3.778 eV
and Dy(Fe™—C) = 4.112 eV. Although the difference of 20 meV
is small compared to the uncertainties of 0.2—0.3 eV estimated
for the experimental D, values, we believe the latter Dy(Fe—C)
and Dy(Fet—C) predictions are more accurate than those
obtained using the theoretical CCSD(T)/aug-cc-pV5Z harmonic
frequencies.

The theoretical values of Dy(Fe—C) and Dy(Fe*—C) have also
been reported by Tzeli and Mavridis using the MRCI methods
with different size basis sets.>!? Their best estimate to the
dissociation energy without correction of the ZPVE for FeC,
D.(Fe—C), obtained at the C-MRCI+Q level included with
core—valence correlation effects, Davidson correction, and scalar
relativistic effect is 88.1 kcal/mol (or 3.82 eV). This D.(Fe—C)
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value may be converted into Dy(Fe—C) = 86.9 kcal/mol (or
3.77 eV) by subtracting the corresponding ZPVE (w./2 = 438.5
cm™!) obtained at the C-MRCI+Q level. The Dy(Fe*—C) at
the C-MRCI+Q level included with core—valence correlation
effects, Davidson correction, and scalar relativistic effect is 92
kcal/mol (or 4.0 eV).!® While our predicted Dy(Fet—C) value
at the coupled cluster level is similar to this Dy(Fe*—C) value
obtained with the C-MRCI+-Q theory, our CCSDTQ(Full)/CBS
Dy(Fe—C) value is similar with the C-MRCI+Q ones. Compared
with the experimental values of Dy(Fe—C) and Dy(Fe*—C), our
CCSDTQ(Full)/CBS predictions are in better agreement with
experiment measurements. Nevertheless, the C-MRCI+Q D
predictions calculated by Tzeli and Mavridis still fall within
the uncertainty range of the experimental values. The agreement
between our CCSDTQ(Full)/CBS predictions with the experi-
mental values and with the MRCI-based theoretical predictions
suggests that the single-reference based coupled cluster theory
(with excitations up to full quadruple) is capable of yielding
reliable thermochemical predictions for transition metal contain-
ing molecules with significant multireference characters.

As pointed out above, using the highly precise experimental
IE(FeC) and IE(Fe) values and eq 4, we can arrive at the
experimental value of Dy(Fe™—C) — Dy(Fe—C) = 0.3094 +
0.0001 eV. The latter value is compared to the present
CCSDTQ(Full)/CBS prediction of 0.334 eV and the C-MRCI+Q
value of ~0.2 eV for Dy(Fe*—C) — Dy(Fe—C). This comparison
again indicates that the D, values obtained by the present
CCSDTQ(Full)/CBS calculations are more accurate than those
of the C-MRCI+Q calculations.

D. Heats of Formation for FeC and FeC". Two values for
AH°p(FeC™) have been determined based on the ion photodis-
sociation study by Hettich and Freiser and the ion appearance
energy measurement by Angeli et al.***” These two AH®(FeC™)
values have large uncertainties and are found to differ by more
than 34 kJ/mol. Using the Dy(Fe™—C) value of 94 4 7 kcal/
mol and the known values of AH®;(Fe™) and AH°(C), Hettich
and Freiser derived a value of 358 &+ 7 kcal/mol (or 1497 4+ 29
kJ/mol) for AH%(FeC"), which is about 5 kJ/mol above our
CCSDTQ(Full)/CBS prediction (1492.5 kJ/mol) shown in Table
3. Similarly, another experimental value of AH°p(FeCt) =
366.0 =+ 6 kcal/mol (or 1531.1 £ 25 kJ/mol) was deduced using
the Dy(Fe™—C) value of 84.2 & 4.1 kcal/mol determined from
the appearance threshold measurement by Angeli et al.*” The
latter Dy(Fe™—C) value is larger than our CCSDTQ(Full)/CBS
prediction by almost +40 kJ/mol. As we suggested above that
the Dy(Fet—C) value of 3.7 £+ 0.2 eV deduced from the
appearance energy measurement of FeCT from Fe(CO)s by
Angeli et al. is likely too low, it is logical to find the
AH°y(FeC™) value deduced from this bond energy to be too
high, given that the experimental values for AH°p(Fe™) and
AH°y(C) are known precisely. In view of the excellent
agreement between our theoretical predictions and experimental
measurements on the IE(FeC) and Dy(Fe™—C), our current
theoretical value of AH°p(FeC') = 1492.5 kJ/mol strongly
suggests that the experimental value of AH°p(FeC") = 1497
=+ 29 kJ/mol obtained by Hettich and Freiser is more reliable.
As a result, the AH®(AHpo3) values of 762.6 (765.9)/1492.5
(1495.8) kJ/mol for FeC/FeC* predicted at the CCSDTQ(Full)/
CBS level should constitute a reliable set of thermochemical
data. If the experimental harmonic vibrational frequencies of
the FeC and FeC' are used for the ZPVE and thermal
corrections of the AH®; predictions, the AH y(AH ) values
for FeC/FeC* become 760.8 (764.2)/1490.6 (1493.9) kJ/mol.
Although these values are only a couple of kJ/mol off the
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TABLE 3: Individual Energy Contributions to the
CCSDTQ(Full)/CBS Atomization Energies and AH°w/AH 98
Values for FeC and FeC**

FeC FeC*
AEcxlrapola[cd CBSb wCTQ5 363.8 —352.7
wCQ5 366.6 —349.9
average 365.2 —351.3
AEcy* (T)—T —0.6 —1.4
AEzpyi? -7.0 =75
—5.2¢ —5.6°
AEsd —4.7 -1.0
AEgR® CCSD(T) -85 —22.7
(T —T 0.1 0.0
T—Q 0.0 0.6
subtotal —8.4 —22.1
AEgoc” (T)—T —15.7 —14.5
T—Q 33.8 30.5
subtotal 18.1 16.0
CCSDTQ(Full)/CBS =D, ! 362.6 —367.3
364.4¢ —365.4¢
CCSDTQ(Full)/CBS AH®/ 762.6 1492.5
760.8¢ 1490.6¢
experimental AHC% 764 £ 29¢ 1497 + 29F
798.5 £ 25! 1531.1 £ 25¢
CCSDTQ(Full)/CBS AH®p95™ 765.9 1495.8
764.2¢ 1493.9¢

“All quantities and energy differences are in kJ/mol.
b Extrapolated from the core and valence correlation energies using
eqs 1 and 2 with the aug-cc-pwCV[T-5]Z and aug-cc-pwCV[Q,5]Z
basis sets, respectively. ¢Core—valence electronic correlation
obtained as the energy difference between CCSD(T) and CCSDT
levels using the cc-pwCVTZ basis set. ¢ Based on the harmonic
vibrational frequencies at the CCSD(T)/aug-cc-pV5Z level. ¢ Values
obtained using the experimental vibrational frequencies of FeC/
FeC* for ZPVE corrections. / Spin—orbit coupling obtained at the
MRCI level with the uncontracted cc-pVTZ basis set. ¢ Scalar
relativistic effect calculated at the CCSD(T)/aug-cc-pV5Z-DK,
CCSDT/aug-cc-pVQZ-DK, and CCSDTQ/cc-pVTZ-DK levels.
" Higher-order effect calculated at the CCSDT/aug-cc-pVQZ and
CCSDTQ/cc-pVTZ levels. 2Dy, = AEciapotacaces T AEcy +
AEZPVE + AESO + AESR + AEHOC~ i AHOfO is the sum of EDO and
the experimental AH;(C) and AH®(Fe) values.  The AH®(FeC™)
value is from ref 43. The AH®y(FeC) value is deduced from the
AH°(FeC™) = 1497 + 29 kJ/mol and IE(FeC) = 7.59318 =+
0.00006 eV. ‘The AH°y(FeC") value is from ref 47. The
AH®(FeC) values is deduced from the AH°y(FeC") = 1531.1 +
25 kJ/mol and IE(FeC) = 7.59318 £ 0.00006 eV. "™ AH®neg is the
sum of XD, thermal and enthalpy corrections, and experimental
AH®105(C) and AH°pog(Fe) values.

CCSDTQ(Full)/CBS values based on the theoretical harmonic
frequencies, they are expected to be more accurate predictions.

IV. Conclusion

We have performed high-level theoretical predictions for the
spectroscopic and energetic properties of FeC/FeC™ at the
coupled cluster level using the correlation consistent basis sets.
The calculations involve approximation to the complete basis
set (CBS) limit at the coupled cluster level up to quadruple
excitations. The zero-point vibrational energy correction, the
core—valence electronic corrections (up to CCSDT level),
spin—orbit couplings, and relativistic effects (up to CCSDTQ
level) are taken into account. While the UHF-UCCSD(T)
harmonic frequencies for FeC/FeC™ are found to be in agreement
with the experimental measurements, the ROHF-UCCSD(T)
yields significantly higher harmonic frequency predictions for
FeC/FeC*. The predicted IE(FeC) of 7.565 eV effectively at
the CCSDTQ(Full)/CBS level is 30 meV below the experimental
value of 7.59318 4 0.00006 eV determined from the recent
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two-color laser PFI-PE measurement. Comparing the predicted
D, values with the available experimental data, we conclude
that the experimental Do(Fe™—C) (4.1 & 0.3 eV) and Dy(Fe—C)
(3.8 £ 0.3 eV) determined by the early ion photodissociation
study are more reliable than those deduced based on the
dissociative photoionization measurement. Likewise, our CCS-
DTQ(Full)/CBS prediction on the AH®(FeC") = 1492.5 kJ/
mol is also in better agreement with the experimental value
(1497 £ 29 kJ/mol) derived from the Dy(Fe™—C) value by the
ion photodissociation experiment of Hettich and Freiser. For
accurate predictions of the Dy and AH®; values for FeC/FeC™,
we found that the energetic contributions due to relativistic effect
and the higher-order corrections beyond the CCSD(T) theory
are highly critical. On the basis of the comparisons between
the CCSDTQ(Full)/CBS predictions and the previous C-MRCI+Q
calculations, the single-reference based CCSDTQ(Full)/CBS
method in general performs in par with the multireference based
theoretical theory. The comparison between the theoretical and
experimental IE(FeC) and D, values in the present study
supports the conclusion that the single-reference CCSDTQ(Full)/
CBS method is capable of giving reliable energetic predictions
for transition metal containing diatomic molecules with multi-
reference characters. We recommend the predicted D, values
[Dy(Fe—C) =3.778 eV and Dy(Fet—C) = 4.112 eV] and AH®y/
AH°p93 values [AH®p(FeC)/AH pnos(FeC) = 760.8/764.2 kJ/mol
and AH®p(FeC™)/AHCpno3(FeC™) = 1490.6/1493.9 kJ/mol] based
on the ZPVE corrections obtained from the experimental
vibrational frequencies of FeC/FeC*. As these Dy and AH g/
AH° g values have not been experimentally determined with
high precision, our theoretical predictions presented here should
be taken as a reliable set of thermochemical data.
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