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ABSTRACT
Transition metal carbonyl (TM-CO) interaction is seen in different areas, including

catalysts for CO2 reduction and biological processes involving CO gas. Due to the com-
plex occupation of 3d orbitals, the spin state can change when a TM binds with various gas
molecules. In this study, we evaluated the simplest of such spin crossover reactions: 3d TM
atom + CO in detail using B3LYP/6-31+G(d,p). Previous studies on TM-CO by Fournier
evaluated the dissociation limit and adduct energies and compared spin states. In the present
study, we extended the study to include the calculation of the association potential energy
curve. We focused on finding the crossing point of two spin states as a function of the TM-C
bond length. We also evaluated the relationship between the change of spin state and stable
binding between the TM atom and the CO molecule. We found that Sc, Ti, Fe, Co, and Ni
+ CO are candidates to be spin crossover reactions that change spin upon TM-CO bond for-
mation. Furthermore, among the 3d TM atoms, the most strongly binding TM atoms were
Ni, Ti, Fe, and Co, which showed spin state change upon bonding.

Keywords: Density functional theory; Potential energy curve; Spin crossover; Transition
metal

1. Introduction
The bonding between a transition

metal (TM) atom and carbon monoxide
(CO) is important in various areas, such as
catalysis for CO2 reduction, CO detection,

and clinical applications for CO. Pauling
and Coryell discovered a spin state change,
or spin crossover, when CO binds to a
heme-related iron-porphyrin complex [1].
Before CO binding, the heme complex ex-
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hibited magnetic properties; however, after
CO binding, it did not interact with mag-
nets. To gain an understanding of this in-
teresting spin crossover interaction, various
studies have evaluated the simplest system:
the association of a TM atom and CO.

Many 3d TM-CO [2-12] adducts
have been synthesized, and infrared CO
stretching peak shifts have suggested a
change in bonding interaction upon metal-
ligand bond formation. Furthermore, vari-
ous theoretical studies have also evaluated
the binding interaction [13-16]. Fournier
used density functional theory (DFT) to cal-
culate the TM and CO energies at the disso-
ciation limit and the adduct TM-CO bonded
geometry [14]. Interestingly, he found that
late TM atoms, such as Mn, Fe, Co, and
Ni, have stable high-spin states at atomic
electron configurations, but when forming
a TM-CO bond, the low-spin state becomes
stable. On the other hand, for early TMs,
such as Sc, Ti, and V, the low-spin state is
most stable at the atomic configuration, but
a high-spin state is more stable upon TM-
CO bond formation. Fournier discussed
such differences in spin state, but did not
calculate the potential energy curve (PEC)
to evaluate the spin crossover point. On
the other hand, Rosesomme et al. evaluated
the PEC of TM-CO associations using DFT,
but focused on systems that have a stable
singlet spin state [13].

DFT calculations can show which
spin state is lower at a given nuclear geome-
try, but to properly confirm if spin crossover
is possible, one needs to evaluate multiple
spin state PECs involving a multiconfig-
urational spin-orbit interaction calculation.
However, such calculations are very expen-
sive and usually not performed. In most
cases, 3d TM atoms are assumed to have
strong spin-orbit coupling, which will result
in a spin state change or spin crossover. Re-

cently, one of the authors evaluated the Ni-
CO association using multireference spin-
orbit calculation [17], and showed that spin
crossover occurs at a Ni-C bond distance
of 2.2-2.4 𝐴, slightly longer than the equi-
librium singlet Ni-CO bond length of 1.65
𝐴. A key finding from this paper is that the
spin-orbit coupling value begins to decrease
as the Ni-C bond length is shortened below
2.1 𝐴, where the Ni-CO bonding becomes
stronger. Therefore, spin-orbit interaction
is also sensitive to the TM-C bond length.
Therefore, it is important to determine the
TM-C bond length at which the two spin
state energies cross. An interesting finding
from this study on the Ni-CO association
PEC is that the spin-crossover Ni-C bond
length, as determined using multireference
methods and hybrid DFT functionals, was
the same. Furthermore, this multireference
calculation showed that at the dissociation
limit and the NiCO adduct bound geome-
tries, the electronic state can be given by
a single electronic configuration. Indeed,
hybrid DFT functionals were able to give
Ni-CO binding energies that reproduced ex-
perimental values. Therefore, as a starting
point to evaluate spin crossover reactions,
PEC calculations using hybrid DFT meth-
ods would help us determine which TM-
C bond length to focus our multireference
calculation on for each TM. Takahashi re-
cently compared the PECs of Sc-CO and
Ni-CO bond formation using DFT methods
and showed that the spin crossover point
differs between the two TM atoms [18].
However, we do not find any study on the
other 3d TM atoms.

In conclusion, the spin crossover re-
action is effective in the association of 3d
TM atoms and CO. Thereby, clarifying the
crossing point along the TM-C bond length
would be beneficial for future mutirefer-
ence studies for 3d TM atoms. Further-
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more, considering the importance of spin
for 3d TMs, we would like to ask if spin
state change would lead to a stronger bond
between 3d TM atom and CO. We utilized
hybrid DFT methods to evaluate the associ-
ation PEC for 3d TM and CO and compared
the binding energy of 3d TM carbonyl com-
plexes.

2. Methods
We calculated the PECs of various

possible spin states for 3d TM-CO associ-
ation using unrestricted Kohn-Sham DFT.
Therefore, open-shell singlet states were
also included in our study. We used Becke’s
three parameter hybrid functional (B3LYP)
[19, 20] with Pople’s 6-31+G(d,p) basis set
[21] implemented in the Gaussian16 pro-
gram [22]. We first calculated an isolated
3d TM atom and a CO molecule, then op-
timized the linear TM-CO complex. Cal-
culations were performed for all possible
spin states, and the equilibrium TM-C bond
distances are given in Table 1. Zn has a
4s2 3d10 closed-shell configuration, and we
could not find a stable bound Zn-CO ge-
ometry; therefore, it is ignored here. Af-
ter obtaining the stable adduct, we calcu-
lated the collinear association potential en-
ergy curve of the TM-C bond length for
the 2 low-lying spin states, while fixing the
C-O bond length. For each TM, the C-O
bond length was fixed to the average of the
adduct C-O bond length of the 2 spin states.
We note that a proper evaluation would re-
quire a 3-dimensional potential energy sur-
face involving changes in TM-C and C-O
bond lengths as well as the TM-C-O angle.
However, as discussed later, this effect is
likely to be less than 0.05 eV. In the present
study, we focus on the collinear association.
For the various 3d TM atoms, we calculated
the potential energy from TM-C equilib-
rium distance Req -0.1 to Req+2.0 𝐴 in grid

Table 1. Energy of B3LYP before and after
bonding for each spin multiplicity in eV, and ge-
ometries of the adduct given in 𝐴.

System

TM-C
bond
length
(𝐴)

C-O
bond
length
(𝐴)

Adduct
Energy
(eV)

Dis-
sociation
limit
Energy
(eV)

Element Multi-
plicity

Sc Doublet 2.21 1.15 -0.29 0.00
Quartet 2.09 1.17 -0.72 0.96

Ti Triplet 2.02 1.17 -0.86 0.00
Quintet 2.04 1.17 -1.28 0.05

V Quartet 1.91 1.18 -0.36 0.18
Sextet 1.99 1.16 -1.08 0.00

Cr Quintet 2.03 1.15 0.18 0.79
Septet 2.19 1.16 -0.23 0.00

Mn Quartet 1.91 1.16 0.60 2.06
Sextet 2.03 1.16 0.33 0.00

Fe Triplet 1.76 1.16 -1.20 0.43
Quintet 1.91 1.16 -1.07 0.00

Co Doublet 1.70 1.16 -1.13 0.28
Quartet 1.90 1.15 -0.71 0.00

Ni Singlet 1.68 1.16 -1.52 0.13
Triplet 1.90 1.14 -0.49 0.00

Cu Doublet 1.95 1.14 -0.23 0.00
Quartet 1.92 1.18 3.41 5.49

intervals of 0.1 𝐴 and fromReq+2.0 𝐴 to 8.0
𝐴 in grid intervals of 0.25 𝐴. Considering
the complex electronic state of the PEC, we
performed the bond length scan calculation
in both directions, elongating and shorten-
ing the TM-C bond. The PECs presented in
the currentmanuscript are the lowest energy
curves obtained from this dual direction po-
tential energy scan. For some TM atoms,
we altered the orbital occupation to obtain
the desired electron configuration. In the
present study, we neglected the zero-point
vibration and reported only the electronic
energy along the PEC.

3. Results and Discussion
3.1 Comparison of 3d TM-CO energies

In Table 1, we present the dissocia-
tion limit and the electronic energy of the
adduct for various 3d TM-CO complexes.
For each TM, the zero of energy is set at the
most stable dissociation limit spin state (TM
+CO), and the more negative the adduct en-
ergy is, the stronger the TM bonding. Con-
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sistent with Fournier’s results, we found
that for early transition metals, such as Sc,
Ti, V, Cr, and Mn, the high-spin state is
more stable at adduct geometries. On the
other hand, for late TM atoms, such as Fe,
Co, Ni, and Cu, the low-spin state is more
stable at the adduct geometry.

In addition to the trend of stable spin
states for early and late TMs, we also ob-
serve spin state changes for some of them.
As shown in Table 1, early TM, such as Sc
and Ti, increase in spin multiplicity when
forming a TM-CO bond, whereas late TM,
Fe, Co, and Ni, decrease in spin multiplicity
when the TM-CO bond is formed.

We also present the TM-C and C-O
bond lengths of the adduct complex. Con-
sidering that the isolated CO has a bond
length of 1.13 𝐴, TM-CO bonding has in-
creased the CO bond length. This is con-
sistent with the experimentally observed
change in the CO stretching frequency and
is attributed to the 𝜋-back donation from the
TM3d orbital to the CO 𝜋★ orbital. Such or-
bital interaction results in a weakened and
elongated CO bond. We also present the
TM-C bond lengths, and it can be seen that
Fe, Co, and Ni are shorter than the other
TMs.

3.2 Potential energy curve
In this section, we evaluate the asso-

ciation PEC for 3d TM atoms that have spin
state change upon CO binding. In Figs. 1-2,
we present the results for Sc and Ti, respec-
tively. The results for the late TM atoms:
Fe, Co, and Ni, are given in Figs. 3 to 5.
Before discussing each PEC, we can con-
firm that for all TM-CO binding, the PECs
plateau beyond the TM-C bond length of
6 𝐴. This signifies that the interaction be-
tween the TM and CO is negligible beyond
this bond length. Furthermore, we can con-
firm that the relative energies at adduct ge-

ometry and at TM-C 6 𝐴match the energies
given in Table 1. This helps us confirm that
we have calculated the correct electronic
configuration.

Fig. 1. Association potential energy curve of
Sc-CO, as a function of Sc-CO bond distance.
The results for multiplicities 2 and 4 are pre-
sented in blue solid and orange dashed lines, re-
spectively. Schematic geometries are also pre-
sented.

Fig. 2. Association potential energy curve of Ti-
CO, as a function of Ti-CO bond distance. The
results for multiplicities 3 and 5 are presented in
blue solid and orange dashed lines, respectively.

One can clearly see that before the
association at long Sc-C bond lengths, the
doublet spin state is much more stable, but
as the Sc-CO bond is formed, the quar-
tet state decreases significantly in energy.
We observe a spin crossover at the TM-C
bond length of 2.6 𝐴. On the other hand,
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for Ti, the energy difference between the
triplet and quintet states at the dissociation
limit is very small. Interestingly, for Ti, the
crossover occurs at a very long Ti-C bond
length of 4.0 𝐴. Moving on to the late

Fig. 3. Association potential energy curve of
Fe-CO, as a function of Fe-C bond length. The
results for multiplicities 3 and 5 are presented in
blue solid and orange dashed lines, respectively.

Fig. 4. Association potential energy curve of
Co-CO, as a function of Co-C bond length. The
results for multiplicities 2 and 4 are presented in
blue solid and orange dashed lines, respectively.

TMs, we focus on the results in Figs. 3-
5. Here we see that for Fe and Co, the
crossover TM-C bond length is very close
to the higher spin state minima. This dif-
fers from Sc and Ti, as shown in Figs. 1-2.
Correspondingly, the spin crossover point
is at a shorter TM-C bond length of 2.0 𝐴
for Fe and Co. As discussed in our pre-

Fig. 5. Association potential energy curve of
Ni-CO, as a function of Ni-C bond length. The
results for multiplicities 1 and 3 are presented in
blue solid and orange dashed lines, respectively.

vious multireference calculation for NiCO
[17], the spin-orbit interaction is critical for
the change in spin states. Even if the PECs
of 2 different spin states cross, if the spin-
orbit coupling is small at that geometry,
we will not have spin crossover. Our pre-
vious studies showed that for NiCO, the
spin-orbit interaction is strong in the vicin-
ity of the singlet-triplet PEC crossing, so
spin crossover is active. It was also found
that spin-orbit interaction is larger when the
system has atomic characteristics. There-
fore, spin crossover is more favorable for
TM-CO systems that have two spin states
crossing at long TM-CO distances. With
this in mind, we can predict that the spin
crossover may not be very effective for Fe
and Co, which have spin state crossing at
the minima geometry of the high-spin state.
However, further calculations using mul-
tireference spin-orbit interaction are needed
to confirm this issue.

Before ending this section, we com-
ment on the possible errors of using a fixed
C-O bond length and a linear association
pathway. To balance the effect of 2 spin
states, we fixed the C-O bond length as the
average of the TMCO adduct geometry for
these states. We placed the zero of energy
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for the PEC to be the lowest energy spin
state at the TM-C distance of 8 𝐴. If we
evaluate the minimum energy of the PECs
given in Figs. 1-5, we obtain -0.72, -1.28,
-1.19, -1.13, and -1.51 for Sc, Ti, Fe, Co,
and Ni, respectively. We can see that these
values are within 0.01 eV of the optimized
binding energies given in Table 1. There-
fore, we can confirm that the error of using
a fixed C-O bond length will be minor.

Next, the TM-C-O angle was as-
sumed to be linear in the PEC calculation.
Previous computational studies by Pilme et
al. [23], have found that most 3d TMCO
adduct complexes are, in fact, linear. Ac-
cording to their study, the weak binding
spin states of CrCO, CoCO, NiCO, and
CuCO complexes are bent. We performed
further B3LYP calculations and confirmed
this. However, we found that the difference
between linear and bent geometries is -0.12,
-0.03, -0.03, and -0.20 eV for CrCO, CoCO,
NiCO, and CuCO, respectively. Therefore,
we believe that the crossing point given in
Figs. 4-5 for Co and Ni may be affected by
other degrees of freedom, but this effect is
likely to be within 0.05 eV by adding the
0.01 eV for fixed C-O bond length and 0.03
eV for bending.

3.3 Comparison of spin state change and
binding energy

In the previous section, we evaluated
the PEC of systems with spin crossover. In
this section, we evaluate if the existence of
spin crossover is important for the CO bind-
ing or not. In Table 2, we align the various
3d TM in order of stronger TM-CO binding
energy. Interestingly, we can see that the 4
strongest CO binding TM atoms, Ni, Ti, Fe,
and Co, all show spin crossover reactions.
On the other hand, the 3 weakest binding
TM, Cr, Cu, and Mn, all keep their spin
state as the TM-CO bond is formed. There-

fore, we see that a change in electron orbital
occupation involving a spin state change is
critical for the binding of CO to 3d TM
atoms. As Fournier mentioned, this is re-
lated to the key electron configuration for
the TM-CO bond state, which differs from
that of the isolated TM atoms. Most iso-
lated 3d TM atoms take a 4s2 3d𝑛 electron
configuration. On the other hand, the high-
est occupied molecular orbital (HOMO) of
CO is a 𝜎-orbital with a large electron dis-
tribution on the carbon side. Therefore,
TM-CO association results in a strong re-
pulsion between the CO HOMO and the
TM 4s orbital. Thus, at the TM-CO adduct
geometry, the TM favors 4s1 3d𝑛+1 or 4s0
3d𝑛+2 electron configurations. In essence,
to achieve stable TM-CO adduct formation,
the electron configuration of the 3d TM
must reduce 𝜎-repulsion by reducing the
occupation in the 4s orbital, resulting in a
spin state change for the four strong-binding
TM atoms: Ni, Ti, Fe, and Co.

Table 2. 3d TM in the order of strong to weak
binding, and whether spin state changes or not.

System Spin state change Binding energy (eV)
Ni Yes -1.52
Ti Yes -1.28
Fe Yes -1.20
Co Yes -1.13
V No -1.08
Sc Yes -0.72
Cr No -0.23
Cu No -0.23
Mn No 0.33

4. Conclusion
We evaluated the possibility of spin

crossover for the association of 3d TM
atoms and CO using B3LYP/6-31+G(d,p).
Similar to previous studies by Fournier, we
find that early TM atoms tend to favor high
spin states upon TM-CO bond formation,
while later TM atoms favor low spin states.
We found that Sc, Ti, Fe, Co, and Ni +
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CO can undergo spin crossover reactions,
changing spin upon formation of the TM-
CO bond. Interestingly, for Fe and Co,
the spin crossover TM-C bond length oc-
curs near the minimum of the higher energy
high-spin state. Further studies using multi-
configurational spin-orbit calculations are
needed to confirm if spin crossover can oc-
cur in these late TMs. Furthermore, among
the 3d TM atoms, the strongest binding TM
were Ni, Ti, Fe, and Co, which showed
spin state change. This suggests that spin
crossover is crucial for strong TM-CO bind-
ing, and we believe this is linked to the elec-
tron configuration change from atomic 4s2
3d𝑛 orbital occupation to 4s1 3d𝑛+1 or 4s0
3d𝑛+2 occupation upon TM-CO bond for-
mation.
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