
This journal is © the Owner Societies 2026 Phys. Chem. Chem. Phys., 2026, 28, 6099–6110 |  6099

Cite this: Phys. Chem. Chem. Phys.,

2026, 28, 6099

Can single reference density functional theory
methods describe spin state crossing for 3d
transition metal carbon monoxide association?

Natthakrij Nipanutiyan,a Daisuke Yoshida b and Kaito Takahashi *a

The bonding between a transition metal (TM) and carbon monoxide is found in many chemical

complexes that are important in biological and catalytic processes. Density functional theory (DFT)

methods have been widely used for many calculations; however, the validity of such calculations for

complex spin state coupling induced by TM–CO bond formation remains unclear. Interestingly, binding

between a 3d TM atom and carbon monoxide induces a spin state change, making it a good benchmark

system for evaluating various functionals. There have been numerous studies evaluating the TM atom

spin state splitting or spin state energy difference of CO-bound TM complexes. However, we did not

find benchmark studies evaluating the potential energy surfaces of the TM–CO association for various

spin states to determine the spin-state crossing point. In the present study, we calculated the 3d TM +

CO association potential energy curve using various DFT functionals. For TM = Sc, Ti, Fe, Co, and Ni, we

performed multireference calculations with multiple excited states to clarify the spin state crossing

points. We found that hybrid functionals can give spin state crossing points within 0.15 Å of those

obtained by multireference methods, and confirmed that accurate atomic spin splitting results in more

accurate crossing point geometry. In addition, we found minimal basis set dependence for the

association potential energy curve for B3LYP. To our surprise, this study showed that hybrid DFT

functionals can describe spin crossing phenomena in the TM + CO association.

1 Introduction

The spin state of transition metals (TMs) can affect the selec-
tivity in electrocatalytic O2 and CO2 reduction reactions.1,2 TM
carbonyl complexes have attracted great interest from chemists
due to their importance in CO poisoning of heme proteins in
the human body. In the 1930s, Pauling and Coryell observed a
spin state change, or spin crossover, upon CO binding to the
heme-related iron–porphyrin complex.3 Recent studies have
also evaluated the importance of spin crossover for the trans-
port of CO and O2 on iron–porphyrin complexes.4,5 These spin
crossover phenomena play a vital role when molecules bind to a
TM complex with many low-lying electronic states; however, the
effect of spin on reactivity is still elusive.6 To evaluate such spin
crossover reactions, the two-state reaction model7,8 has been
utilized. In this model, one evaluates the spin crossover prob-
ability from the spin–orbit coupling (SOC) interaction energy at
the geometry where the potential energy surfaces of the two

spin states have the same energy and therefore cross. This idea
of the minimum energy crossing point (MECP) greatly reduces
computational effort, since one can focus on performing the
tedious SOC calculation only near the MECP.9–11 Studies have
noted issues with defining the crossing point when the SOC is
not included in the electronic energy.12–14 However, the MECP
concept has been used to evaluate various spin crossover
reactions.15–17 Thus, to determine the catalytic activity of TM
complexes for various reactions, obtaining accurate MECP
geometries becomes critical. Since it is difficult to obtain such
properties experimentally, density functional theory (DFT) and
quantum chemistry calculations have been used. There have
been many studies evaluating the TM atom spin state splitting
energies and the binding energies between TM complexes and
simple molecules.18–24 However, to the best of our knowledge,
no systematic benchmark studies have compared DFT pre-
dicted spin-state-crossing geometries with those obtained from
multireference methods.

Due to the complex nature of the problem, selecting the test
system becomes critical for this systematic study. To under-
stand the bonding nature of CO chemisorption, chemists have
focused on the electronic interaction between a single TM atom
and CO.25–27 In particular, 3d TM–CO28–38 adduct complexes
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have been experimentally synthesized and studied using infra-
red CO stretching vibrational spectra. Isolated 3d TM atoms
(except for Cr and Cu) favor the electronic configuration of
[Ar]3dn4s2, and the early TM atoms such as Sc, Ti, and V favor
low spin states while late TM atoms such as Mn, Fe, Co, and Ni
favor high spin states. However, for TM = Mn, Fe, Co, and Ni, the
linear TM–CO complexes take one lower (next-highest) spin multi-
plicity, so the binding of CO inverts the spin multiplicities.39–45 To
physically understand the electronic structure nature behind the
spin state change, we have to understand how a TM–CO bond is
formed. The ‘‘Dewar–Chatt–Duncanson model’’46 relates the bond-
ing to s-donation and p-back donation between the adsorbate and
the TM atom. Blyholder also introduced a similar concept for
metal–inorganic bonds.47 Bauschlicher et al.48,49 showed that while
the TM atom in the ground 3dn4s2 configuration repels CO due to
the strong repulsive interaction between the CO-s highest occu-
pied molecular orbital and TM-4s electrons, the excited 3dn+14s1

configurations form TM–CO bonds by reducing the s-repulsion.
This is schematically shown with orbital energies in Fig. 1 for
Sc + CO. Therefore, in addition to evaluating the spin state crossing
geometry for the TM + CO association reaction, we should also
assess the atomic spin state splitting arising from different TM 4s
occupations. In conclusion, the association reaction of a TM atom
with a CO molecule provides a simple system for systematically
benchmarking quantum chemistry methods and evaluating their
ability to describe energy crossings between spin states during
TM–CO adduct formation. For this TM atom carbon monoxide
system, multireference calculations involving multiple excited
states are feasible and will provide a good benchmark for evaluat-
ing the validity of different single reference methods.50–52

Although there are no gas phase experimental studies con-
ducted for the TM + CO reaction, Andrews and coworkers have
evaluated the formation of various TM(CO)n complexes using
matrix isolation techniques with laser ablated metal atoms in
the presence of CO molecules.53–60 They performed a systema-
tic study of various 3d TM atoms and concluded that for Sc, Ti,
and V, the ground spin state atoms will not react with CO to

produce mono carbon monoxide adducts.53,54 For these sys-
tems, their DFT calculations showed that the TMCO adducts
and TM atoms have different spin states, and they concluded
that excited spin state TM atoms, which are produced during
the laser ablation process, likely produce these adducts. For the
Co + CO reaction, Tremblay et al. considered a spin crossover
reaction induced by photoexcitation and postulated a crossing
between the doublet and quartet states during the Co–CO
association.32 However, there are no detailed calculations on
the crossing point for this reaction. Lastly, for Ni + CO, Andrews
and coworkers did not discuss whether the triplet ground state
Ni atom can react with CO to produce singlet NiCO, but they
were able to observe the NiCO adduct in their matrix isolation
experiments.55 So there are unanswered questions regarding
the MECP and the possibility of spin crossover for the reaction
between ground spin state 3d TM atoms and carbon monoxide.
Although the binding of a single carbon monoxide molecule
and TM atom is not reported, there are various studies con-
cerning carbonyl complexes TM(CO)n, n = 4–6. Photodissocia-
tion studies have highlighted the importance of spin state
changes.9,61,62 For example, a recent study on the photodisso-
ciation of Fe(CO)5 proved that the sequential dissociation of CO
slows down at n = 4 due to the singlet–triplet spin state change
for Fe(CO)4 and TM(CO)3.63

Concerning theoretical calculations on TM + CO association,
Head-Gordon and coworkers evaluated the collinear adsorption
potential energy curve (PEC) for several 3d, 4d, and 5d TM
atoms. Although they focused on electronic structures with a
singlet ground electronic state,64 their DFT calculation showed
a spin state crossing for Ni + CO. Recently, we evaluated the Ni–
CO association using a multireference spin–orbit calculation,14

and showed that the spin crossover Ni–C bond lengths deter-
mined using multireference methods and Becke’s 3-parameter
hybrid DFT functional, B3LYP,65,66 were the same. In addition,
we also showed that B3LYP can give a smooth PEC for 3d TM +
CO association.67,68 Extending these previous studies, we have
evaluated the atomic spin state splitting for 3d TM using
various DFT functionals and wave function methods. In addi-
tion, we calculated the collinear 3d TM + CO association PEC
using various quantum chemistry methods to compare the spin
state crossing geometries. Since DFT simulations identified
spin state crossings for Sc, Ti, Fe, Co, and Ni, we also report
multistate multireference potential energy calculations for the
CO reaction with these TM atoms. The main goal is to system-
atically benchmark if single reference DFT methods can be
used for spin state crossing for the 3d TM + CO association.

In addition, the CO binding on the TM bulk surface has
been studied by DFT methods to evaluate the most stable
binding sites: on-top, bridging, or hollow sites.69–77 In these
bulk calculations, spin-polarized DFT is utilized, and the spin
state can change during the calculation upon CO adsorption.
These studies have shown that modulating the gap between the
CO highest occupied molecular orbital and lowest unoccupied
molecular orbital energy can control the CO binding energy on
different TM surfaces.71–74,77 The present study of collinear
TM + CO association will also provide a better understanding of

Fig. 1 Schematic interaction energy diagram for the Sc + CO reaction for
the quartet spin state. Orbital energies, given in eV, are calculated using the
B3LYP/aug-cc-pVTZ method. The s, p, and d interactions are given by
dotted, dashed, and dash-dotted lines, respectively.
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the validity of such approximations for on-top binding site
interactions. To clarify the trends in DFT functionals, we also
evaluated the TM atomic orbital energies to elucidate the trend
in TMCO binding energies and spin state crossing points.

2 Computational methods

We evaluated various DFT functionals in this study. The gen-
eralized gradient approximation functional by Perdew, Burke,
and Ernzerhof, PBE78 has been used in transition metal bulk
calculations.79 Hybrid functionals, including exact exchange, such
as Becke’s hybrid 3-parameter functional, B3LYP,65,66 have also
been utilized in studies involving molecular catalysts. Various
hybrid functionals also use the PBE generalized gradient approxi-
mation functional, and in the present study, we focus on the full
Heyd–Scuseria–Ernzerhof functional, HSE0680,81 and the PBE0
functional of Adamo and Barone.82 A recent study evaluating TM
complexes suggested that the MN15 functional83 developed by
Truhlar and coworkers gives good binding energies.23,24 We also
evaluated the hybrid functional based on the Tao, Perdew, Star-
overov, and Scuseria functional, TPSSh.84,85 Lastly, given the
improvements seen by double hybrid functionals, we also evalu-
ated the B2PLYP86 functional by Grimme. In addition to various
DFT methods, it is important to evaluate single-reference wave
function methods. We also evaluated the validity of coupled cluster
singles and doubles with perturbative triples, CCSD(T).87–90 Unless
specified, all the calculations were performed using Dunning’s aug-
cc-pVTZ basis set91–94 in the Gaussian 16 program.95 We note that
we confirmed the atomic occupation for the various DFT results by
using the natural atomic orbital analysis using Weinhold’s natural
bonding orbital analysis.96,97

For 3d TM atoms from Sc to Cu, we calculated the atom
energy for all possible spin states. For some atoms, we altered
the initial guess orbital to obtain the correct electron occupa-
tion, which comes from the competition of 4s23dn and 4s13dn+1

occupations. For the TM–CO adduct, we focused on the linear
geometry and evaluated various spin states: singlet, triplet,
quintet, and septet for even numbers of electrons and doublet,
quartet, and sextet for odd numbers. To evaluate the spin
change for the TM + CO association reaction, we calculated
the collinear association potential energy curve (PEC) of the
TM–C bond length for the 2 low-lying spin states, while fixing
the C–O bond length. For all TMs studied in the present study,
the C–O bond length was fixed to the gas phase isolated C–O
bond length obtained by each respective method. For a proper
evaluation, we require a 3-dimensional potential energy surface
that accounts for changes in the TM–C and C–O bond lengths,
as well as the TM–C–O angle. However, we have previously
found that this effect is likely to be less than 0.05 eV, and in the
present study, we focus on the collinear association.68 The
collinear approach allows us to control the occupation symme-
try, which is necessary for efficient multireference calculations.
For the various 3d TM atoms, we calculated the potential energy
from TM–C equilibrium distance Req �0.1 to Req +2.0 Å in grid
intervals of 0.1 Å and from Req +2.0 Å to 8.0 Å in grid intervals of

0.25 Å. Since the electronic occupation during the PEC calcula-
tion depends strongly on the initial guess, we performed scan
calculations by elongating and shortening the TM–C bond. The
lowest energy obtained at each bond length from this dual
direction energy scan is used for the PEC presented in this
manuscript. Lastly, since we are calculating the PEC, we
neglected the zero-point vibration, and the electronic energy
is given for the different TM–C bond lengths.

Lastly, it is well-known that multireference treatment is
required to properly account for the different spin states, so
we also performed calculations using the multireference sin-
gles and doubles excitation configuration interaction (MRCI)
method.98,99 The electronic orbitals are obtained by the state-
averaged complete active space self-consistent field (SA-
CASSCF) calculation,100 where both electronic orbitals and
wave function expansion coefficients are optimized while mini-
mizing the weighted sum over the total energies of multiple
spin states. We included the Davidson correction,101 MRCI+Q,
to account for the dynamic correlation and partly restore the
size consistency of MRCI truncations. We used the atomic
natural orbital-relativistic core-correlated triple-zeta basis set,
including polarization and diffuse functions, ANO-RCC-VTZP,
of the ANO-RCC family.102,103 All MRCI+Q calculations were
performed using the MOLPRO program.104–106 For all the TM
atoms and TMCO adducts, all TM 3d and CO 2p derived
orbitals were taken into account for the active space of the
SA-CASSCF calculations. The electronic states associated with the
spin and orbital angular momentum terms for each system,
which are taken for state-averaging, are presented in Table S1 of
the SI. We have used more than 10 electronic states in these
calculations to ensure that we are obtaining the correct symme-
try spin states. We will consider the relative energies between
the lowest-energy high-spin and low(next-lowest)-spin states
obtained from the results of the SA-CASSCF/MRCI+Q calcula-
tions. In the PEC calculated by DFT, consistent with previous
studies, we observed spin state crossings for two early TMs (Sc
and Ti) and three late TMs (Fe, Co, and Ni).32,44,53,54,57,59 So, we
calculated the PECs as a function of TM–C bond length for TM =
Fe, Co and Ni over the ranges 1.5–2.4 Å (0.05 Å intervals), 2.4–3 Å
(0.1 Å intervals), and 3–3.4 Å or beyond (0.2 Å intervals). For Sc
and Ti, we also performed MRCI+Q calculations, but only for the
short TM–CO bond lengths in the range of 1.9–2.7 Å (0.05 Å
intervals). Due to the near 1 eV splitting between the two spin
states for the dissociation limit (i.e., Sc and Ti atoms), the
convergence of the SA-CASSCF decreases greatly at large TM–
CO bond lengths for these two TMs. Since DFT calculations
predicted that spin state crossings for these two TM atoms occur
at short TM–CO bond lengths, we focused our MRCI+Q calcula-
tion on this short TM–CO bond length.

3 Results and discussion
3.1 Atomic spin state energies

As a first step, we evaluate the spin state splitting of the 3d TM
atoms. To obtain experimental spin state energies, we follow
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previous methods by Truhlar and coworkers and take the
average of the experimental values to remove the effect of
spin–orbit splitting.23 All calculated energies are presented in
the SI. We will present the single-reference results in the order
of PBE, TPSSh, PBE0, HSE06, B3LYP, MN15, B2PLYP, and
CCSD(T). In Table 1, we summarize the calculated atomic
ground state by the various methods for the different atoms.
One can see that different DFT functionals and quantum
chemistry methods can properly predict the ground electronic
spin state for most 3d TM atoms. For Ti and V, some hybrid
functionals have problems in predicting the ground spin state.
This finding is consistent with the findings of Schultz et al.19

who found that DFT failed to predict the spin state for V. They
found that DFT functionals tend to favor s1d4 occupation over
s2d3 for V.

Next, we evaluated the calculated atomic spin state splitting
energies and compared them with the experimental values.
Accurate experimental energies have been obtained from spec-
troscopic studies. We summarize the mean absolute errors
(MAEs) of the various DFT functionals and quantum chemistry
methods in Table 2. The detailed values are given in the SI,
Tables S2–S10. As expected, the two wave function based
methods CCSD(T) (0.13 eV) and MRCI+Q (0.25 eV) give the best
agreement, with the former being slightly more accurate. When
we evaluate the different DFT methods, we find that B3LYP
gives the best agreement, with a MAE of 0.40 eV, while PBE
gives the worst, with a MAE of 0.73 eV. Interestingly, TPSSh,
PBE0, HSE06, and MN15 all gave similar MAE for the atomic
spin splitting energies. The double hybrid B2PLYP functional
gives MAE close to B3LYP. In conclusion, for atomic spin state
splitting energies, the best that DFT can do is about half an eV,
and we do not see much difference among the hybrid func-
tionals, although B3LYP performs the best.

3.2 CO binding energies and geometries

In this section, we evaluate the binding energy and the equili-
brium TM–C bond lengths by various methods. We divide the
discussion into (1) early TM: Sc, Ti, V; (2) late TM: Fe, Co, Ni;
and (3) weak binding TM: Cr, Mn, Cu. As can be seen from the
electronic energies in Tables S2–S4, the early TM atom favors
low spin states, but when the TM–CO bond is formed, the
higher spin states are lower in energy. On the other hand, late
TM atoms given in Tables S7–S9 favor high spin states, but the
binding with CO results in a decrease in spin state. As for the
weak binding TM atoms seen in Tables S5, S6, and S10, the spin
states do not change in most methods. This finding is consis-
tent with the previous studies by Fournier.44 Looking at the
plots in Fig. 2, we can see that the binding energies obtained by
different DFT methods can result in a variation of 1 eV for each
TM atom. In general, PBE tends to show stronger binding,
while PBE0 and HSE06 (two hybrid functionals derived from
PBE) have similar values with medium binding among the
functionals we have studied. Importantly, B2PLYP and
CCSD(T) tend to result in weak binding for most TM–CO
adducts.

As shown in Fig. 2(b), experimental values for binding
energies are available only for FeCO and NiCO adducts.107

However, as mentioned in the introduction, there are no gas
phase studies for the TM + CO reaction, so it is important to
discuss the experimental detection method. Sunderlin et al.
utilized collision induced dissociation of TM(CO)n

� to deter-
mine the CO dissociation energy of the anion complex: D[(CO)n-

TMCO�] = E[TM(CO)n
�] + E[CO] � E[TM(CO)n+1

�]. The electron
affinity of the TM(CO)n, EA[TM(CO)n] = E[TM(CO)n] �
E[TM(CO)n

�], was used to obtain the dissociation energy of
neutral D[(CO)nTMCO] = D[(CO)nTMCO�] + EA[TM(CO)n] �
EA[TM(CO)n+1]. Therefore, the reported neutral binding energy

Table 1 The most stable atomic state calculated by various methods in comparison with experimental results. The calculated values that are different
from the experimental values are given in bold underline

Atom PBE TPSSh PBE0 HSE06 B3LYP MN15 B2PLYP CCSD(T) MRCI+Q Exp

Sc 2D (s2d1) 2D (s2d1) 2D (s2d1) 2D (s2d1) 2D (s2d1) 2D (s2d1) 2D (s2d1) 2D (s2d1) 2D (s2d1) 2D (s2d1)

Ti 5F (s1d3) 5F (s1d3) 5F (s1d3) 5F (s1d3) 3F (s2d2) 3F (s2d2) 3F (s2d2) 3F (s2d2) 3F (s2d2) 3F (s2d2)

V 4F (s2d3) 6D (s1d4) 6D (s1d4) 6D (s1d4) 6D (s1d4) 6D (s1d4) 4F (s2d3) 4F (s2d3) 4F (s2d3) 4F (s2d3)

Cr 7S (s1d5) 7S (s1d5) 7S (s1d5) 7S (s1d5) 7S (s1d5) 7S (s1d5) 7S (s1d5) 7S (s1d5) 7S (s1d5) 7S (s1d5)

Mn 6S (s2d5) 6S (s2d5) 6S (s2d5) 6S (s2d5) 6S (s2d5) 6S (s2d5) 6S (s2d5) 6S (s2d5) 6S (s2d5) 6S (s2d5)

Fe 5D (s2d6) 5D (s2d6) 5D (s2d6) 5D (s2d6) 5D (s2d6) 5D (s2d6) 5D (s2d6) 5D (s2d6) 5D (s2d6) 5D (s2d6)

Co 4F (s1d8) 4F (s1d8) 4F (s1d8) 4F (s1d8) 4F (s1d8) 4F (s1d8) 4F (s1d8) 4F (s1d8) 4F (s1d8) 4F (s1d8)

Ni 3F (s1d9) 3F (s1d9) 3F (s1d9) 3F (s1d9) 3F (s1d9) 3F (s1d9) 3F (s1d9) 3F (s1d9) 3F (s1d9) 3F (s1d9)

Cu 2S (s1d10) 2S (s1d10) 2S (s1d10) 2S (s1d10) 2S (s1d10) 2S (s1d10) 2S (s1d10) 2S (s1d10) 2S (s1d10) 2S (s1d10)

Table 2 Mean absolute error, in eV, of the atomic spin state splitting calculated by various density functionals, CCSD(T), and MRCI+Q, in comparison to
experimental results

PBE TPSSh PBE0 HSE06 B3LYP MN15 B2PLYP CCSD(T) MRCI+Q

MAE 0.73 0.56 0.52 0.50 0.40 0.52 0.42 0.13 0.25
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is not directly derived from the gas phase association of TM +
CO. However, these energies correspond to the difference
between the most stable spin state TM + CO and the most
stable spin state TMCO adduct. In conclusion, we should keep
this in mind when evaluating the accuracy of the binding
energy calculated by various quantum chemistry methods. As
given in Table 3, we find that MRCI+Q gives the best agreement
with a MAE of 0.18 eV. For the DFT functionals, all hybrid
functionals result in similar MAE values, while PBE shows the
largest MAE, which is the result of overbinding (see Fig. 2). In
addition, we find that both the double-hybrid B2PLYP and the
single reference wave function method, CCSD(T), give much
worse binding energy than computationally cheaper hybrid
DFT functionals. When comparing the different quantum
chemistry methods to the MRCI+Q binding energy, we find

that PBE0, HSE06, B3LYP, and MN15 yield the MAE o 0.2 eV.
Here, we note that for the MAE comparison with MRCI+Q, we
used the binding energy for both the lowest and 2nd lowest
spin states, which is not available experimentally (Table 3).

In addition to the energies, it is also important to compare
the binding geometries. In Fig. 3, we compare the equilibrium
TM–C bond distance for the early and late TM systems. As seen
in Fig. 3(a), for the early TM atoms, the general trend is
consistent among all three TM atoms, where PBE0, B3LYP
and B2PLYP result in longer TM–C bond lengths compared to
the other functionals. As for the late TM atoms given in
Fig. 3(b), PBE0, HSE06, B3LYP, and B2PLYP also result in a
longer TM–C bond length for Fe and Co. On the other hand,
MN15 tends to give short TM–CO bond lengths. For CCSD(T),
we obtain the longest TM–C bond length among all the
methods for both early and late TM systems, and this is
consistent with the weak binding energy seen for this method.
Compared to the TM–C equilibrium bond length obtained from
MRCI+Q, we see that hybrid DFT results in shorter bond
lengths for Sc and Ti, while having longer bond lengths for
Fe, Co, and Ni. So the trend in the early and late TM atoms is

Fig. 2 TM–CO binding energy, in eV, calculated by various DFT and
quantum chemistry methods for (a) TM = Sc, Ti, and V; (b) Fe, Co, and
Ni; and (c) Cr, Mn, and Cu.

Table 3 Mean absolute error (MAE), in eV, of the TM–CO binding energy compared to the experimental results for Fe and Ni, as well as to MRCI+Q
results for Fe, Co, and Ni

PBE TPSSh PBE0 HSE06 B3LYP MN15 B2PLYP CCSD(T) MRCI+Q

MAE (vs. Exp) 1.00 0.33 0.24 0.24 0.22 0.29 0.41 0.67 0.18
MAE (vs. MRCI+Q) 0.67 0.24 0.14 0.15 0.18 0.15 0.34 0.59 —

Fig. 3 TM–CO bond length, in Å, calculated by various DFT and quantum
chemistry methods for (a) TM = Sc, Ti, and V; and (b) Fe, Co, and Ni.
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different. However, we note that all hybrid DFT methods yield
values within 0.05 Å of each other, indicating that the variation
in geometry is very minor.

3.3 Spin state crossing geometries and energies

After evaluating the atom spin state splitting and the TM–CO
adduct binding characteristics, we focus on the spin state
crossing geometries. In Fig. 4, we compare the association
PECs calculated by B3LYP and MN15 versus those obtained by
MRCI+Q. A comparison of other DFT functionals, such as PBE,
TPSSh, HSE06, PBE0, and B2PLYP, is provided in Fig. S1–S3 of
the SI. MRCI+Q PECs for Sc and Ti are given in Fig. S4 of the SI.
For Ni, we see that in the bonding region between Ni–C bond
lengths of 1.5 to 2.2 Å, the DFT methods closely match the
MRCI+Q singlet PEC. For the triplet Ni + CO PEC, although
B3LYP and MN15 overestimate the binding energy, the crossing
between the singlet and triplet PEC occurs at a Ni–C bond
length of 2.35 Å. This is consistent with 2.3 Å obtained from the
MRCI+Q calculations. In the case of Co + CO, we observe that
both DFT methods underestimate the binding energy for the

quartet PECs relative to MRCI+Q, and the crossing point is at
the Co–C bond length of 2.05 and 2.15 Å for B3LYP and MN15,
respectively. Although this is slightly longer than the 1.85 Å
obtained from MRCI+Q, considering the approximations used
in this study, such as the collinear association geometry and
the use of a fixed C–O bond length, we can say that this is also a

Fig. 4 Potential energy curve for the TM–CO collinear association calculated by the (a) B3LYP and (b) MN15 DFT functionals and the MRCI+Q methods.
The solid lines represent the results for MRCI+Q, while the dotted ones represent the DFT results. Red and blue colors represent the low and high spin
states for MRCI+Q, while black and green colors represent the low and high spin states for DFT. The crossing point is given by red and black circles for
MRCI+Q and DFT, respectively.

Fig. 5 Spin state crossing TM–CO bond length, in Å, calculated by various
DFT and quantum chemistry methods for TM = Sc, Fe, Co, and Ni.
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decent agreement. Lastly, for Fe + CO, B3LYP greatly under-
estimates the binding energies compared to MRCI+Q, while
MN15 gives similar values. However, both methods have the
crossing at the minima of the two spin state PECs at an Fe–C
distance of 1.95 Å, which is 0.2 Å longer than 1.75 Å obtained
for MRCI+Q. As given in Fig. S1–S3 in the SI, although the
absolute binding energies showed deviations from the MRCI+Q
results, all DFT functionals give smooth PECs. In addition,
Fig. 5 shows that hybrid functionals, surprisingly, give consis-
tent results compared to MRCI+Q for the TM–C spin state
crossing bond length. Regarding Ti + CO, we observed spin
state crossings for B3LYP, MN15, B2PLYP, CCSD(T), and
MRCI+Q at Ti–C distances of 4.0, 2.75, 2.95, 2.45, and 2.50 Å,
respectively. Unfortunately, we do not see a simple relationship
in the crossing point compared to the MRCI+Q results. In
Fig. 6, we present the PECs of CCSD(T), which gave the best
results for the TM atom spin state splitting. The CCSD(T) wave
function method results in bumpy PECs. For Fe and Co, they
vary greatly from the MRCI+Q PEC and fail to give the general

Fig. 6 Potential energy curve for the TM–CO collinear association cal-
culated by the CCSD(T) and MRCI+Q methods for (a) Fe, (b), Co, and (c) Ni.
The solid lines represent the results for MRCI+Q, while the dotted ones
represent the CCSD(T) results. Red and blue colors represent the low and
high spin states for MRCI+Q, while black and green colors represent the
low and high spin states for CCSD(T).

Fig. 7 Relationship between crossing TM–C bond length and atomic
splitting energies calculated by various DFT and wave function methods.

Fig. 8 Relationship between TM + CO binding energies and orbital
energy difference between the CO LUMO and TM occupied d orbitals
calculated by various DFT methods for (a) early, (b) later and (c) weak
binding TMs. We subtracted the occupied 3d orbital energy from the CO
LUMO energy calculated by the respective methods.
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trend. This surprising result shows the robustness of hybrid
DFT functionals and is consistent with the finding of Morgante
and Peverati, who reported that double hybrids failed to give
good binding energies for CO binding to TM porphyrin
complexes.24 In conclusion, the present study shows that
hybrid functionals are capable of describing spin state coupling
for the TM–CO bond formation.

3.4 Density functional dependence

From the systematic study performed on the simple TM + CO
system presented here, it would be ideal to obtain systematic
knowledge on which DFT functionals would be reliable for
larger TM complexes. In the previous sections, we saw that the
TM–CO bond length of the stable adduct shows a small DFT
functional dependence. On the other hand, we did not observe
a simple trend in the spin state crossing geometries shown in
Fig. 5. Since crossing geometries depend on the energies at the
asymptotes, we plotted the correlation between the spin state
crossing TM–CO bond lengths and the atomic splitting ener-
gies in Fig. 7. Although not perfect, the smaller the splitting,

the longer the TM–CO bond lengths. Considering that the
atomic spin state splitting depends on the 4s–3d energy split-
ting, one may expect to see a similar correlation from the
calculated 4s–3d orbital energy difference. Unfortunately, as
shown in Fig. S4, we did not observe a simple correlation.
However, this confirms that the accuracy of the spin-state
splitting of the bare TM complexes serves as a basis for
evaluating the method for MECP calculation. On the other
hand, CCSD(T), which gave the best atomic splitting compared
to the experimental results in Table 1, fails to yield a smooth
PEC and underestimates the binding energy. We will discuss
this issue in the next paragraph.

If we evaluate the binding energy for the TM–CO in Fig. 2, we
observe the general trend E[PBE] o E[TPSSh] o E[PBE0] o
E[HSE06] o E[B3LYP] o E[MN15] o E[B2PLYP] o E[CCSD(T)].
As shown in Fig. 1 and discussed in many previous studies, the
p-back donation is critical for TM–CO binding, so one could
compare the energy difference between the occupied donating
3d orbitals (specifically the 3dxz and 3dyz) and the lowest
unoccupied orbital (LUMO) of the accepting CO. In Fig. 8, we

Fig. 9 Potential energy curve for the TM–CO collinear association calculated by B3LYP with aug-cc-pVTZ and 6-31+G(d,p) for TM = (a) Sc, (b) Ti, (c) V,
(d) Cr, (e) Mn, (f) Fe, (g) Co, and (h) Ni. The solid lines represent the results for aug-cc-pVTZ, while the dashed ones represent those by 6-31+G(d,p). Blue
and red colors represent the low and high spin states for aug-cc-pVTZ, while green and black colors represent the low and high spin states for 6-
31+G(d,p).
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plot the relationship between the binding energy and orbital
energy difference for all DFT functionals. Although the rela-
tionship is not perfect, we can see that the smaller the orbital
energy difference, the stronger the TM–CO binding (more
negative TM–CO binding energy). Since B2PLYP (Fig. 8 trian-
gle symbol) includes energy correction by perturbation terms,
the orbital energy is not a direct indicator of the electronic
energy. However, it is interesting to see that it follows the
general trend. We note that for Hartree–Fock orbitals, the
orbital energy difference between the 3d orbital and the CO
LUMO is much larger than DFT. Consistently, the TM–CO
binding energy is very small in Hartree–Fock calculations, and
we believe that the issues with CCSD(T) stem from the failure
in the Hartree–Fock method. For atomic spin state splitting,
CCSD(T) correlation energies can correct the limitations of
Hartree–Fock, but it fails for the TM–CO binding energy. We
note that such a relationship between orbital energy differ-
ences and binding energies is consistent with comparing the
adduct orbital energies with the d-band center of the bulk
metal surface.71–74,77

3.5 Basis set dependence

Before concluding the paper, it is also important to discuss
the basis set dependence of the spin state characteristics. In
the present study, we evaluated a small system of a TM and a
CO molecule, allowing us to use a fairly large triple-zeta basis
set. However, in many studies involving TM complexes, to
account for the large ligands that coordinate to the TM atoms,
one usually resorts to smaller double-zeta basis sets or effec-
tive core potentials (ECPs). Therefore, we think it will also be
critical to test the basis set dependence. So we also evaluated
the B3LYP spin state splitting and 3d TM–CO binding energy
using Pople’s 6-31+G(d,p) basis, Los Alamos ECP plus DZ
(LANL2DZ),108,109 and Stuttgart/Dresden ECPs (SDD).110,111

In Tables S11–S19, we present the energies calculated by
various basis sets. We performed the calculation using
6-31+G(d,p) for all TM, C, and O atoms, as well as those that
used 6-31+G(d,p) for C and O atoms, while ECP was used for
the TM. The Gaussian16 program uses the 6D basis set as the
default for the Pople basis sets, so the ECP calculations were
also performed using the 6D basis for LANL2DZ and SDD
although 5D is the default for these ECPs. For the mean
absolute error compared to the aug-cc-pVTZ results, we found
that 6-31+G(d,p) gives a very small value of 0.0 eV. However,
when we used ECPs, the MAE increased to 0.25 and 0.28 eV for
LANL2DZ and SDD, respectively. The large difference comes
from the large error in MnCO binding energy and if we remove
this data, we obtain MAE of 0.07 and 0.08 for LANL2DZ and
SDD, respectively. In Fig. 9, we present the B3LYP TM + CO
association PECs for TM = Sc, Ti, V, Mn, Cr, Fe, Co, and Ni
calculated by aug-cc-pVTZ and 6-31+G(d,p). As DFT is known
to have small basis set dependence, we expected similarity
between the two full electron calculations. However, we did
not expect to find such a perfect match between the PECs for
all 8 TM atoms.

4 Conclusions

In this study, we evaluated the atomic spin state splitting of 3d
TM atoms and the 3d TM–CO binding energy using various DFT
functionals and quantum chemistry methods. Furthermore, we
also calculated the TM + CO collinear association potential
energy curve to determine the spin state crossing the TM–C
bond length. We compared our DFT and CCSD(T) potential
energy curves with those obtained by multireference methods
for Fe, Co, and Ni. For DFT, the PBE functional resulted in the
largest error for atomic spin state splitting energies and showed
an over-binding characteristic for the TM–CO adduct. The latter
over-binding is attributed to the small orbital energy difference
between the occupied 3d orbital of the TM and the CO lowest
unoccupied orbital. As a general trend, TM–CO equilibrium
bond lengths and spin state crossing TM–CO distances, i.e. the
MECP, showed small hybrid functional dependence. Among
the various single reference DFT functionals, B3LYP and MN15
gave consistent atomic spin state splitting with experiments
and showed the best agreement with MRCI+Q for TMCO
binding energy and spin crossing characteristics. Our studies
confirm that accurate spin state splitting for the bare TM
complex is a key quantity to evaluate for obtaining good MECP
geometries. We found that CCSD(T) and B2PLYP underesti-
mates the TM–CO binding energy. Accordingly, the potential
energy curves for the various spin states of the 3d TM + CO
association obtained by these two methods showed trends
different from those of MRCI+Q. To our surprise, B3LYP TM
+ CO association potential energy curves calculated by aug-cc-
pVTZ and 6-31+G(d,p) showed a perfect match. This shows that
one may use the smaller 6-31+G(d,p) basis set to study CO
binding to larger TM complexes.

Lastly, we found that for TM = Sc, Fe, and Co, the crossing
between the two lowest spin states occurs at the TM–CO bond
length close to the adduct minima. Our previous studies on
Ni + CO showed that spin orbit coupling decreases greatly as
the Ni–CO bond is formed.14 Therefore, we believe that this is
why Lester and coworkers did not observe the CO association
reaction for the ground spin state of these TM atoms.53,54
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