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Ab initio multi-reference configuration interaction (MRCI) and coupled cluster singles doubles and
perturbative triples [CCSD(T)] levels of theory were used to study ground and excited electronic states of
HfCO. We report potential energy curves, dissociation energies (D), excitation energies, harmonic
vibrational frequencies, and chemical bonding patterns of HfCO. The £~ ground state of HfCO has an
16%20%1n? electron configuration and a ~30 kcal mol™ dissociation energy with respect to its lowest-
energy fragments Hf(’F) + CO(X'Z*). We further evaluated the D, of its isovalent HfCX (X = S, Se, Te, Po)
series and observed that they increase linearly from the lighter HfCO to the heavier HfCPo with the
dipole moment of the CX ligand. The same linear relationship was observed for TiCX and ZrCX. We
utilized the CCSD(T) benchmark values of D, excitation energy, and ionization energy (IE) values to
evaluate density functional theory (DFT) errors with 23 exchange—-correlation functionals spanning GGA,
meta-GGA, global GGA hybrid, meta-GGA hybrid, range-separated hybrid, and double-hybrid functional
families. The global GGA hybrid B3LYP and range-separated hybrid ©B97X performed well at
representing the ground state properties of HfCO (i.e., D and IE). Finally, we extended our DFT analysis
to the interaction of a CO molecule with a Hf surface and observed that the surface chemisorption
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energy and the gas-phase molecular dissociation energy are very similar for some DFAs but not others,

Open Access Article. Published on 19 September 2023. Downloaded on 5/22/2026 8:54:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/pccp

|. Introduction

Transition metal (TM) carbonyl complexes are frequently
encountered in synthetic organometallic chemistry and are
cornerstones of modern coordination chemistry. Owing to the
diverse physicochemical properties and the tunability of their
reactivity through modification of the metal center, they have
numerous industrial," biochemical,” and catalytic** applica-
tions. Hence, isolated gas-phase TM(CO), models and the
chemisorption of CO on metal surfaces are often investigated
to shed light on their catalytic potencies.’™

The fact that the dominant binding mode of CO with
electropositive metals is via the less electronegative C rather
than the more electronegative O is at first glance surprising.'°
This unique characteristic of CO arises from the two-electron o
lone pair present on the C, making it the strongest ligand in the
spectrochemical series. Often, M- - -CO interactions are further
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suggesting moderate transferability of the benchmarks on these molecules to the solid state.

supported by the superior n-acceptor ability of CO that induces
metal-to-ligand n back-donation.'® However, the electron flow
through the n-frame (or to n* orbitals of CO) simultaneously
weakens the C-O bond."’

To date, a majority of transition metal CO studies are
focused on the first- and second-row TMs, with less attention
on the heavier third-row TMs. For example, according to the
Cambridge Structural Database (CSD, 2021.1.0) there are 164
first-row (TM = Sc-V) and 185 second-row (TM = Y-NDb) crystal
structures available with the TM-C =0 bonding configuration,
whereas the number of complexes for the corresponding search
for third-row structures (TM = La-Ta) is only 97."" Among the
third-row TMs, one of the least studied systems is Hf, of which
only 9 hits are obtained from the CSD for a Hf~-C= 0 search."
While this analysis does not include a review of the solution or
gas-phase chemistry studies for third-row structures, it never-
theless gives a sense of the proportion of studies that have been
dedicated to third-row complexes.

In reviewing the literature, we were only able to locate two
experimental gas-phase studies on Hf(CO), systems, which are
related to infrared spectra analysis.'>'* Work by Zhou and
Andrews provides evidence for the existence of all Hf(CO); 4
and Hf(CO),” species.'> They also report the stretching fre-
quency of CO of HfCO to be 1869 cm™ " (obtained from laser-
ablated hafnium in solid neon) and a trend of greater d — n*
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back-donation going from TiCO to HfCO."” This trend is
consistent with the spectroscopic study of M(CO)e_s" (M = Ti-Hf)
by Brathwaite and Duncan."

Computational modelling is vital in understanding the
chemistry of systems that are challenging to handle under
laboratory conditions.'*® For example, Hf compounds are
known to be highly toxic, motivating theoretical studies.'”®
However, selection of appropriate computational tools is cru-
cial to make accurate predictions. In general, unsaturated
TM(CO),, complexes have several close-lying electronic states,
which make them challenging to model accurately with
computation."'** High-level multi-reference theories pro-
vide a platform for predictions of systems with many low-
lying electronic states.”**® The gold-standard coupled cluster
level of theory can also deliver predictions with higher preci-
sion relative to most computationally tractable multi-reference
(MR) methods as long as the targeted states are sufficiently
single-reference (SR) in nature.”® However, both MR and SR
coupled cluster levels of theory require a great deal of quantum
chemical expertise and computing power, which makes them
less widely used, especially in larger systems.*>*> On the other
hand, density functional theory (DFT) is widely popular due to
its black box nature and reasonable accuracy at low computa-
tional cost.>’>° However, a practitioner must select an appro-
priate exchange-correlation functional because the best-
performing functional depends on the system and property.>°

In this work, we probe the interactions between Hf and CO
with high-level multi-reference configuration interaction theory
(MRCI), coupled cluster singles doubles and perturbative triples
[CCSD(T)], as well as with DFT. Specifically, numerous low-lying
electronic states of HfCO are analyzed with MRCI and their
potential energy profiles, equilibrium electronic configurations,
corresponding chemical bonding patterns, and various energy-
related properties are reported. The single-reference electronic
states are investigated with CCSD(T) and used as benchmarks for
evaluating DFT errors associated with 23 exchange-correlation
functionals that span multiple rungs of “Jacob’s ladder”.*" We
assess whether performance trends are transferable to solid-state
systems by studying the chemisorption of one CO on a Hf
surface with a set of DFT functionals.

II. Computational details

Internally contracted multi-reference configuration interaction
(MRCI)**** and coupled cluster singles doubles and perturba-
tive triples [CCSD(T)]*° correlated wavefunction theory (WFT)
calculations were carried out with the MOLPRO 2015.1 code.”
These calculations used the largest Abelian subgroup, C,,, of
the parent C,,, point group associated with the linear species
HfCX (X = O, S, Se, Te, Po).

First, at the MRCI level we obtained full potential energy
curves (PECs) of HfCO arising from Hf(*F) + CO(X'Z"), Hf(*P) +
CO(X'T"), Hf('D) + CO(X'Z"), and Hf(°F) + CO(X'Z") interac-
tions as a function of Hf- - -C distance. For each potential energy
scan, the C-O distance was kept fixed to the experimental bond
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distance (i.e., 1.128 A) of the isolated CO molecule.>® This
choice was made to simplify the scans, although we had
previously noted backbonding could weaken the CO bond.
Hence, we do not attempt to compute fundamental frequencies
from these potential energy curves since they would be purely
approximate. We nevertheless expect the effect on the bond
distance to be modest and comparable across all species and
electronic states compared. MRCI calculations were initiated
from reference complete active space self-consistent field
(CASSCF) wavefunctions. Specifically, the CASSCF wavefunctions
were constructed by placing 4 electrons in 6 active orbitals [CAS
(4,6)]. At long Hf- - -C distances (>5 A), the selected orbitals are
purely 6s and all 5d atomic orbitals of Hf, corresponding to the
four active electrons. At the employed C,, point group, the active
orbitals are 3a; [5d,2, 5d,e_y2, 6s], 1b; [5d,;], 1b, [5d,,], and 1a,
[5d,,] in symmetry. All valence electrons were correlated in the
subsequent MRCI calculation. A full MRCI geometry optimiza-
tion was performed only for the ground triplet and lowest-lying
quintet electronic states of HfCO. Davidson-corrected MRCI
(MRCI+Q)*” energies obtained at the ground state MRCI geome-
try were also used to compute the dissociation energy (D.) and
the excitation energies (7T.) of HfCO. At the MRCI level, spin-
orbit coupling effects were evaluated by a single-point calcula-
tion of the MRCI ground state geometry using the Breit-Pauli
Hamiltonian as implemented in MOLPRO.

Based on the CASSCF dominant electronic configurations,
Hartree-Fock wavefunctions were constructed for single-
reference electronic states of HfCO and used as starting points
for CCSD(T) geometry optimizations. At the same level of
theory, geometries of isovalent HfCX (X = S, Se, Te, Po) were
optimized to evaluate their Des.

For WFT calculations of HfCO, correlation-consistent cc-
pVXZ-PP*® basis sets were chosen for Hf and aug-cc-pvXz*°
for C and O, where X =T, Q or 5. Specifically, only a quadruple-{
quality (X = Q) basis set was used for all MRCI analysis, but we
also compared results from triple-{, quadruple-{, and quintu-
ple-{ quality sets for CCSD(T) calculations. The plain cc-pVTZ
(-PP) basis set was also tested for all atoms of HfCO and
exclusively employed for the isovalent HfCS, HfCSe, HfCTe,
and HfCPo species to reduce the computational expense.*®™*>
In all cases, the inner 60 electrons of Hf (1s*2s*2p°®3s”3p°4s>-
3d"'%4p®4d'%af'*) were substituted with the Stuttgart relativistic
pseudopotential (ECP60).%®

HfCO, HfCS, and HfCSe WFT energetics were used to
investigate density functional theory (DFT) errors associated
with 23 density functional approximations (DFAs) that fall into
six rungs of “Jacob’s ladder” using the Psi4** package. The 23
DFAs corresponded to semi-local generalized gradient approx-
imations (GGAs) (BLYP, BP86, and PBE), meta-GGAs (TPSS,
SCAN, MO06-L, and MN15-L), global GGA hybrids (B3LYP,
B3P86, B3PW91, and PBEO), meta-GGA hybrids (TPSSh, SCANO,
M06, M06-2X, and MN15), range-separated hybrids (LRC-oPBEh
and ®B97X), and double hybrids (B2GP-BLYP, PBEO-DH,
DSDBLYP-D3BJ, DSD-PBEB95-D3B]J, and DSD-PBEP86-D3BJ) func-
tionals, as implemented in a recently introduced workflow.*"** In
this workflow, the density of a B3LYP calculation is converged first
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and used as the starting point for all other DFA calculations.
Starting from CCSD(T) geometries, the results from these DFAs
were used to evaluate the single-point D, for HfCO, HfCS, and
HfCSe. In the past we have applied def2-XZVP (X = T, Q) basis sets
to study TM-based systems,*"** and in this work the larger X = Q
set was applied for all DFT calculations.*’

The dissociation energy of CO from a periodic Hf(001)
surface of hexagonal Hf was determined using Quantum-
ESPRESSO (ESIf Fig. $1)."° For all calculations, a norm-
conserving pseudopotential’” with a kinetic energy cutoff of
70 Ry was employed. The Hf surface was approximated as a 3 X
3 x 1.5 slab and the CO molecule was placed vertically on top of
an Hf atom. The positions of the Hf atoms in the top layer and the
vertical distance of CO were optimized using the BLYP functional
and a 3 x 3 x 1 k-point mesh. Subsequently, the dissociation
energy was calculated with BLYP, PBE, BP86, B3LYP, and PBEO
through single-point calculations on the BLYP-optimized geome-
try at the I point of both the slab with CO present and the slab
without CO along with an isolated CO molecule.

[1l. Results and discussion
III A. Ab initio analysis of HfCO

To understand bonding in HfCO, we start by analyzing the
electronic structure of the individual Hf atom and CO molecule.
The °F ground electronic state of Hf has a valence 5d°6s’
electron configuration. Simple electron promotions within the
5d shell produce the first two excited electronic states, which
are experimentally only 16-26 kcal mol " higher in energy (i.e.,
3P at 15.8-25.7 keal mol %, 'D at 16.1 keal mol *).*® As a result
of the low-lying electronic states of the isolated atom, Hf is
expected to form complexes with a variety of chemical bonding
configurations. We investigate the reaction between the afore-
mentioned electronic states of Hf with the ground state of the
CO ligand (X'Z). The first excited state of CO (a’Il) lies well
separated from the ground state (by 139.2 kcal mol™') and
hence its interaction with Hf was not pursued in this work.*®
The combination of Hf(*F) + CO(X'Z"), Hf(’P) + CO(X'Z"),
Hf('D) + CO(X'T"), and Hf(°F) + CO(X'T") produces 7 triplet,
3 triplet, 5 singlet, and 7 quintet spin electronic states of the
HfCO molecule, respectively. In total, we have studied 10
triplet, 5 singlet, and 7 quintet spin PECs of HfCO at the MRCI
level of theory to identify its low-lying electronic states (Fig. 1).
Note that all quintet states except b°A are high in energy and
are not shown in Fig. 1.

Analyzing the results of the MRCI potential energy scan, we
observe that the Hf(’F) + CO(X'Z") fragment produces three
attractive states, X2, A*®, B’II, and one strongly repulsive *A
state. X°X 7, A’®, and B’II are the ground state and the third
and fourth lowest-lying electronic states of the molecule,
respectively. The first excited state (i.e., a'A) dissociates to
the Hf('D) + CO(X'EZ") asymptote. We analyzed the electron
configurations of the electronic states and the associated
molecular orbitals (Table 1 and Fig. 2). These electron config-
urations highlight the c-dative bonding between Hf and CO.
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B’M 1
X = HfCF)+COo('s") |

relative energy (kcal/mol)

A3 - 3 1ot
Y = Hi¢P)+CO('T")
X'z Z = Hi('D)+CO('z")
16 20 24 28 32 36 40 4.4

r(Hf--CO) (A)

Fig. 1 Full MRCI PECs of HfCO with respect to the Hf.--C distance
[r(Hf---C)] in A. The CO distance is kept fixed to the experimental bond
distance of CO (X'T*) 1.128 A. Only the b°A state originating from the
interaction of Hf(’F) + CO(X'Z") is depicted. Relative energies are refer-
enced to the total energy of the Hf(F) + CO(X'Z*) fragments, which are set
to 0 kcal mol™. The PECs with triplet, singlet, and quintet spins are shown
in solid, dotted, and dashed lines.

Specifically, the dative interaction between these fragments is
described by the doubly occupied 1c orbital, which arises from
5d,2(Hf) + o(CO) hybridization (Fig. 2 and ESIt Fig. S2). The
occupied 6s atomic orbital of Hf polarizes away from CO to
facilitate an efficient o-dative attack (2c orbital of Fig. 2). Other
than the o-dative bond, a strong metal-to-ligand n back-
donation (d,,/d,, of Hf to m,*/m,* of CO) was also observed in
all electronic states. This n back-donation is evident from the
1m, and 1n, molecular orbitals of HfCO, which are occupied in
all cases (Fig. 2). Specifically, according to natural bonding
orbital analysis, 24% of the two electrons is back-donated from
Hf to the two m* orbitals of CO in the ground state. On the
other hand, only A*®, B’II, b°A, and d'II excited states occupy
non-bonding 1d,, (19,,) and 1d,.y2 (132_,2) orbitals (Table 1
and Fig. 2).

Table 1 Dominant electronic configurations at the equilibrium distance
of the seven lowest-energy electronic states of HfCO as determined from
MR calculations

State % Contribution Coeff. 1o 20 1n, 1m, 1d,, 1d,ee
X’z 90 095 2 2 o« o 0 0
a'A 40 —-0.63 2 2 0 2 0 0
40 063 2 2 2 0 0 0
Ao 45 067 2 2 o 0 0 o
45 067 2 2 0 o o 0
Bl 44 066 2 2 o 0 0 o
44 —-0.66 2 2 0 o o 0
b°’A 98 099 2 o o o o 0
'z 38 062 2 2 0 2 0 0
38 062 2 2 2 0 0 0
d'lm 16 040 2 2 o 0 0 B
16 —040 2 2 B 0 0 o
16 —040 2 2 0 o B 0
16 040 2 2 0 B o 0

This journal is © the Owner Societies 2023
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1o 20 1m,
1n, 1d,, 1d,. -

Fig. 2 Select molecular orbitals of HfCO. Hf, C, and O are shown in
yellow, gray, and red colors, respectively. An isovalue of 0.02 e A= was
used for all contours. Red and blue colors correspond to positive and
negative phases of each orbital, respectively.

We next analyzed the relationship between the electron
configuration and bond order expected in these complexes.
The single-reference ground state of HfCO (X’X”) has a
16*26’1n1n,' (= 16”26°1n”) dominant electron configu-
ration. Based on its 16*1n” electron population, a double bond
(i.e., HF=C) can be expected for the ground state (Table 1 and
Fig. 2). Indeed, its calculated effective bond order based on the
CASSCEF weights is ~ 1.8, which agrees well with our qualitative
expectation. The first excited state of HfCO (a'A) has the same
electronic configuration as the ground state but with a different
spin configuration. Indeed, the coupling of two & electrons in
symmetrically equivalent 1n, and 1w, orbitals produces this
multi-reference singlet electronic state. The destabilization of
a'A compared to XX~ is rationalized by Hund’s rule. The
highly excited c¢'Z" state carries the same multi-reference
electronic configuration as a'A but is likely higher in energy
due to potential mixing with other excited states. The heavily
multi-reference A’®, B’TI, and d'Il states are generated by
promoting one electron from a 1w orbital of X’ to 15 orbitals
(1dy and 1d,2_,2) with various compositions (Table 1). The only
single-reference excited state of HfCO is the b°A state that has
the unique 16*°26'11*18" configuration. Similar to the ground
state, we can expect a bond order of two for b°A, which in fact is
almost identical to its effective bond order, 1.9, as could be
expected based on its 98% single-reference nature.

Because the dominant single-reference wavefunctions of
X?2~ and b°A can be constructed at the Hartree-Fock level,
we performed highly accurate CCSD(T) calculations on them
with triple-(, quadruple-{, and quintuple-{ correlation consis-
tent basis sets to quantify basis set sensitivity. For single-
reference states, we expect CCSD(T) to be more accurate than
MRCI. These CCSD(T) results are reported in Table 2 with
the MRCI(+Q) values. MRCI underestimates the D. of HfCO
by 6.6 kcal mol " compared to the CCSD(T) result (23.00 vs.
29.65 kecal mol™"' with the AQZ basis set). However, the dis-
crepency between MRCI+Q vs. CCSD(T) is minor at only 2.7 kcal
mol ™. In general, MRCI+Q T, values are slightly higher than
MRCI except in two cases (ie., a'A and c¢'E"), but all T
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Table 2 Dissociation energy with respect to ground state fragments De
(kcal mol™?), equilibrium bond lengths re (A), excitation energy Te (kcal
mol™), and harmonic vibrational frequencies w. (cm™), for the lowest
seven electronic states of Y78Hf'2C0

re
State Method“ D. Hf-C C-O T. We
XL~ CCSD(T)-TZ  28.04 2.107 1.171 0 322, 322, 404, 1895
CCSD(T)-ATZ  29.11 2.098 1.170 0
CCSD(T)-AQZ  29.65 2.094 1.166 0
CCSD(T)-A5Z * 29.96 0
MRCI+Q 26.97 2.085 1.169 0
MRCI 23.00 2.092 1.147 0
a'A  MRCI+Q 8.86
MRCI 9.96
A’d  MRCI+Q 14.77
MRCI 13.20
Bl MRCI+Q 18.57
MRCI 17.58
b°A  CCSD(T)-TZ 2.094 1.166 22.36 319, 319, 406, 1877
CCSD(T)-ATZ 2.111 1.175 22.09
CCSD(T)-AQZ 2.107 1.171 22.10
CCSD(T)-A5Z © 22.13
MRCI+Q 21.84
MRCI 2.102 1.152 17.84
¢'T" MRCI+Q 16.69
MRCI 19.10
d'IT  MRCI+Q 22.70
MRCI 21.92

“ Davidson-corrected MRCI is given as MRCI+Q. All multi-reference
calculations are performed with the AQZ basis set (cc-pVQZ-PP/ys,
aug-cc-pVQZ/¢ o). The CCSD(T) with TZ (cc-pVIZ-PP/yy, cc-pVIZ/co),
ATZ (cc-pVTZ-PP/yy, aug-cc-pVIZ/c o), AQZ (cc-pVQZ-PP/y¢, aug-cc-
PVQZ/c0), and A5Z (cc-pV5Z-PP/us, aug-cc-pV5Z/c o) basis sets are
gerformed for only single-reference X2~ and b’A electronic states.

CCSD(T)-A5Z calculations carried out using the CCSD(T)-AQZ
geometry.

differences are 4 kcal mol ™! or less. Similar to D, the MRCI+Q
T, values agree well with CCSD(T) where the comparison can be
made. After inclusion of spin-orbit coupling at the MRCI level
for the MRCI optimized ground state using the Breit-Pauli
Hamiltonian, the dissociation energy of HfCO is lowered
significantly. Specifically, the D, of the 0" ground state of the
3%~ is 13.83 kecal mol™'. This D. is ~9 kcal mol™' lower
compared to the spin-orbit untreated ground state (Table 2).
The zero-point energy (ZPE) of the ground state of HfCO is
4.21 keal mol ™! and thus the ZPE-corrected D, at the MRCI level
is 9.62 kcal mol™". This somewhat smaller D, might be the
reason for its lack of extensive experimental analysis. Note that
there is a 108 cm " second order spin-orbit splitting for the

ground *T” state [3 2-(0.0), =7 (108 cmfl)] . The 'A, spin-
orbit sublevel of the first excited state, a'A, lies 8.77 kcal mol™*

above the 32(}, which is only 1.19 kcal mol ' different from
the spin-orbit untreated first excitation energy of HfCO
(9.96 kcal mol™*, Table 2).

We carried out CCSD(T) geometry optimizations with the
ATZ and AQZ basis sets, but to overcome the great computa-
tional cost of larger basis set calculations, we performed only a
single-point quintuple-{ basis set calculation at the geometry
obtained with our quadruple-{ basis set. We do not expect a
significant structure variation from AQZ to A5Z basis sets, as
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the difference in bond length observed is less than 0.005 A by
improving from the ATZ to AQZ basis sets. Generally, it is
expected that larger basis sets will predict shorter bond
lengths,**® and our results are consistent with that expecta-
tion (Table 2). Our MRCl-optimized bond distances and
CCSD(T) values agree within 0.02 A. In terms of experimental
references values, the experimental C-O stretching frequency
has been reported with co-deposition of laser-ablated hafnium
with 0.1% CO in neon at 4-10 K.'? This value'? is 1869 cm ™,
which differs by 26 cm™" from our CCSD(T) value for X*X~
(Table 2).

We also evaluated the ionization energy (IE) of the single-
reference ground state at the CCSD(T) level of theory. The
removal of an electron from the doubly occupied 2c molecular
orbital of HfCO (X*X7) produces the HfCO" (X*Z") cation. At
the CCSD(T) level this IE is 6.974 eV, which is slightly higher
compared to the first IE of the Hf atom (i.e., 6.825 eV) and could
be due to the slightly ionic Hf**>*-[CO] *** charge distribu-
tion. No experimental reference value is available for compar-
ison to this quantity, so we will use the CCSD(T) reference value
for subsequent evaluation of the accuracy of various DFAs
in DFT.

Recently, we observed that the D, of the HfX (X = O, S, Se, Te,
Po) series decreases moving from lighter HfO to heavier HfPo,
which correlates with the binding elements’ electronegativity
(ie., 0 > S > Se > Te > Po).** Building upon our prior work,
we also analyze the HfCX (X = O, S, Se, Te, Po) series. Because
the metal-binding atom C is the same for all HfCX, it is
somewhat difficult to make a prediction on the D, trend for
the HfCX series based on our knowledge of the HfX series.
Indeed, we observe a reversed trend for HfCX, where D,
increases moving from lighter HfCO to heavier HfCPo. This
opposite trend does follow expectations based on the dipole
moment (u) of the ligand (i.e., CO < CS < CSe < CTe < CPo).
The relationship between D.(Hf—CX) vs. u(CX) is linear with
R* = 0.991 (Fig. 3). To confirm the generality of this

A TioX

= 80 H O zrcX oo .
g O HiCX
3 | y = 15.07x + 2.80 (R? = 0.995) O O
g 60 H-—v=1808x+ 1520 R2=0992)| - e _
? ——————— y = 20.30x + 25.01 (Fiz =0.991) 0
) g
S 4l ' A
c T
S B
& |07 A
S
2 20 .
2

O A’ 1 1 1 1 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0

dipole moment of the ligand (D)

Fig. 3 Dissociation energy (De, in kcal mol™) of M—=CX (M = Hf, Zr, Ti; X =
O, S, Se, Te, Po) vs. dipole moment (i, in D) of the free CX computed with
CCSD(T) with the cc-pVTZ(-PP) basis for all atoms. The MCX species
marked in the plot are MCO, MCS, MCSe, MCTe, and MCPo (left to right).
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relationship, at the same level of theory we computed the
D, of the isovalent ZrCX and TiCX series and related it to the
dipole moment of the CX species. Note that the ground states of
ZrCO and TiCO are both *A.>"** For both metals (M = Zr and
Ti), the D, increases moving from MCO to MCPo and impor-
tantly the near-linear D. vs. u relationship is preserved (R*
values 0.992 and 0.995, Fig. 3). Notably, the slope of the
relationship decreases moving from HfCX to TiCX by about
25%. This can be rationalized by the fact that a decrease of D,
was observed moving from HfCX to TiCX, while the dipole
moments are necessarily unchanged.

III B. DFT analysis of HFCO

Having identified single-reference electronic states of HfCO, we
next used their CCSD(T) D, IE, and the AErq (i.e., the energy
between X°L~ and b’A) values to evaluate DFT functional
errors. Specifically, we assessed 23 functionals that span multi-
ple rungs (GGAs, meta-GGAs, global GGA hybrids, meta-GGA
hybrids, range-separated hybrids, and double hybrids) of
“Jacob’s ladder” using a previously developed workflow (see
Computational details).>" We generally expect higher accuracy,
albeit with higher computational cost, from the functionals
that are in higher rungs of the ladder. However, our most
expensive double hybrids have large D, errors compared to less
expensive functionals (Fig. 4). Specifically, in comparison to
reference values from CCSD(T)-A5Z, the errors of double
hybrids were large (24-52%). The global GGA hybrid B3LYP
and the range-separated hybrid ®B97X are the best among the

studied functionals with ~4% and 1% errors in D,,
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Fig. 4 Dissociation energy (D., in kcal mol™) of HfCO calculated with
different DFT functionals using the def2-QZVP basis set (blue dots). Each
class of density functionals is separated with vertical purple lines and
ordered by the rung on Jacob’s ladder (left to right: GGA, meta-GGA,
global GGA hybrid, meta-GGA hybrid, range-separated hybrid, and double
hybrid). The horizontal green dashed line represents the CCSD(T)/A5Z
dissociation energy of HfCO. Red dots are the dissociation energy
between a CO molecule and a Hf surface.
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respectively. Compared to CCSD(T), all functionals predicted
higher D.s except for the meta-GGA hybrid M06-2X, which
underbinds HfCO by 2.3 kcal mol .

We next extended our comparison to the evaluation of errors
in HfCS and HfCSe (ESIt Fig. S3 and S4). The DFA errors are
7-24% higher for HfCO compared to the errors of HfCS and
HfCSe for all functionals except for the B3LYP, SCANO, and
®B97X functionals that have < ~7% errors (ESIt Tables S1-S3).
On the whole, the dissociation of all three systems is predicted
well by the meta-GGA hybrid M06-2X with less than 8% error.
This observation is in line with our past DFT analysis of HfB,
which had almost identical D, predictions for M06-2X and
CCSD(T).** Although it should be noted in contrast to HfCX
(X*%7) and HfB (X*Z"7), which have unpaired valence electrons,
MO06-2X was previously observed to perform the worst at pre-
dicting D, for the closed-shell ground state of HfO (X'X*).** For
both HfCS and HfCSe, the two best-performing functionals of
HfCO (B3LYP and ®B97X) also provided small errors (~5-8%),
reinforcing our suggestion of the use of these functionals.
Notably, all the studied functionals preserved the linear D, vs.
u trend that we observed earlier (Fig. 3 and ESIT Fig. S5). At first
the agreement of CCSD(T) and B3LYP on HfCX dissociation is
surprising. For example, according to the work by Wilson et al.,
B3LYP underestimated dissociation of CO from coordination
complexes with first row transition metals, including Fe(CO)s
and Cr(CO)s, and this trend was reversed in FeCO, where B3LYP
overestimated dissociation.>® Nevertheless, it was suggested
B3LYP predicted a higher error for the dissociation with Fe
due to stronger multireference character of this system,
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Fig. 5 Triplet-quintet adiabatic energy gap (AEr.q, in kcal mol™) of
HfCO calculated with different DFT functionals using the def2-QZVP basis
set (blue dots). Each class of density functionals is separated with vertical
purple lines and ordered by the rung on Jacob'’s ladder (left to right: GGA,
meta-GGA, global GGA hybrid, meta-GGA hybrid, range-separated hybrid,
and double hybrid). The horizontal green dashed line represents the
CCSD(T)/A5Z AEt_q of HfCO.
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whereas the HfCO molecule studied here is single reference.>?
In our previous work we observed B3LYP errors of 7 and 35.4%
for dissociations of single-reference ionic HfO (closed-shell
X'T*) and HfB (X'X") systems, respectively.** Note that it is
rather difficult to come to a firm conclusion of which family or
functional is best for all Hf-containing complexes especially if
the degree of metal-organic bonding is quite different in
each case.

We also evaluated the DFT errors associated with the AEr.q
and IEs of HfCO (Fig. 5 and 6 and ESI} Tables S4, S5). Among
all the functionals considered, for these quantities, the double
hybrids (DHs), with the exception of PBEO-DH, yield the closest
results to CCSD(T). This result differs from the D. analysis
where DHs performed poorly. Specifically, the DHs display
values within 0-3 kcal mol "' of the CCSD(T) reference for
AEr.q and 0-0.11 eV for IE. Surprisingly, the second-best
performing family is GGA. Despite the well-known underesti-
mation of AErq by GGA,> the average deviation from the
CCSD(T) value is smaller than the other functional families.
Overall, several functionals performed well for predicting the
AErq and IE of HfCO (Fig. 5 and 6). Importantly, the best-
performing functionals for HfCO D, the GGA hybrid B3LYP
and the range-separated hybrid ®B97X, also had small errors
for the IE (1.7 and 5.1%, respectively). The same cannot be said
for AEr.q, where these functionals had 24.4 and 42.3% errors,
respectively. Thus, our overall recommendation remains for the
use of B3LYP and ®B97X based on D. and IE despite some
caveats regarding the spin state ordering. Nevertheless, it is
noteworthy that all functionals correctly identify the ground
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Fig. 6 Adiabatic ionization energy (IE, in eV) of HfCO calculated with
different DFT functionals using the def2-QZVP basis set (blue dots). Each
class of density functionals is separated with vertical purple lines and
ordered by the rung on Jacob’s ladder (left to right: GGA, meta-GGA,
global GGA hybrid, meta-GGA hybrid, range-separated hybrid, and
double hybrid). The horizontal green dashed line represents the
CCSD(T)/TZ IE of HfCO.
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state, despite in some cases underestimating (e.g., B3LYP) or
overestimating (e.g., ®B97X) the quantitative value of the AEr.q
gap (Fig. 5).

Finally, although the complexes studied in this work are
relevant as models for single-atom catalysis, it is also useful to
note the extent to which our observations of DFT performance
on molecules apply to the solid state, such as in small-molecule
adsorption on surfaces relevant to catalysis. In the comparison
of the interaction between a CO molecule and the Hf atom
versus the Hf surface, functionals within the GGA family yield a
D, value approximately 8 kcal mol " smaller for binding the Hf
surface compared to the isolated atom. On the other hand, the
hybrid functionals B3LYP and PBEO exhibit very similar D,
values for the molecule and surface, deviating by only 0.67
and 1.11 kcal mol?, respectively (Fig. 4). If the Hf-C inter-
action is as short-range as we expect based on the prior success
of CO-focused corrections for CO adsorption on Pt(111),>>’
then the molecular and solid-state D, values should be compar-
able. This comparison would lead us to suggest the global
hybrid B3LYP as preferable to GGAs to reproduce higher-level
CCSD(T) values in molecules and provide a consistent result
between the surface and the molecule. Nevertheless, a more
comprehensive analysis is necessary in future work, including
through presently cost-prohibitive CCSD(T) calculations on the
surface, to understand the deviation between molecules and
solids with GGAs.

V. Conclusions

In conclusion, we studied potential energy curves, dissociation
energies, excitation energies, harmonic vibrational frequencies,
and chemical bonding patterns of several low-lying electronic
states HfCO. We found seven bound electronic states of HfCO
with respect to the Hf(*F) + CO(X'Z") dissociation. Among
these, all but the X*~~ and b°A are multi-reference in nature.
We adopted larger augmented quadruple- and quintuple-{
basis sets to obtain highly accurate CCSD(T) results for the
two single-reference electronic states. Our analysis on MCX
(M = Hf, Zr, Ti and X = O, S, Se, Te, Po) demonstrated a linear
relationship between the dissociation energies of these com-
plexes and the dipole moments of the CX species, where D,
increases moving from lighter MCO to heavier MCPo.

We used CCSD(T) data to benchmark DFT functionals.
Specifically, we used 23 functionals that span multiple rungs
of the “Jacob’s ladder”. The global GGA hybrid B3LYP and
range-separated hybrid ®B97X predicted the HfCO D, and IE
with small errors (less than 8%). Importantly, these two func-
tionals displayed higher errors for predicting AEr.q hence they
might not be ideal for predicting excited-state properties. We
further studied the interaction of a CO molecule with a Hf
surface with BP86, BLYP, PBE, B3LYP, and PBEO functionals
and observed that the GGAs consistently predicted smaller
chemisorption energies (by ~ 8 kcal mol™") compared to their
gas-phase D.s but the global hybrids yielded more consistent
results. Taken together with our analysis of benchmarks on the
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molecular systems, this encourages us to suggest B3LYP as a
promising functional for both molecular and solid-state models
of Hf-C interactions.
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