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Transition metal dihydrides can be seen as a starting point for the study of the interaction between H, and d-
metal ligands that are widely recognized as challenging molecules for electronic structure methods due to
their possible multireference character and electronic correlation effects. The performance of different
proposed Piris natural orbital functionals (PNOFs), such as PNOF5, PNOF7, and the global functional (GNOF),
in predicting the formation of 3d-transition metal dihydrides was evaluated. A comparison between the
results of the PNOFs and several state-of-the-art techniques has been carried out. It was found that all PNOF
methods are consistent when static correlation effects are negligible. In particular, PNOF7 demonstrated the
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Accepted 17th March 2025 multireference methods. On the other hand, although the GNOF method successfully predicts the
equilibrium geometries, it overstabilizes systems with high static correlation, such as low multiplicity
dihydrides of intermediate 3d-series transition metals. As a whole, they indicate activation of the H, bond for

all metals and also the formation of dihydrides, except for Co, Cu and Zn.
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1. Introduction

Although gas phase transition metal dihydrides (TM-dihydrides)
have been investigated during the last few decades,'™ those studies
are frequently carried out within different approaches making it
challenging to have a systematic picture of their properties. It is
worth mentioning that these kinds of compounds are of interest in
astrochemistry and catalysis. This presents a great opportunity to
carry out a full investigation of the stability and properties of 3d
series TM-dihydrides, also including the H, bond activation by a
transition metal.® In particular, transition metal atom interactions
with molecular hydrogen lead to three possible scenarios: the
formation of a linear or bent dihydride, where the H-H bond
largely exceeds the equilibrium distance (~0.74 A); the activation of
the H-H bond, moderately enlarging the interatomic distance; and
finally, the dissociation limit, where no interaction between the
metal and the H, molecule is observed. These possible results
depend on the spin multiplicity of each system.

Experimental data obtained through electron-spin resonance
spectroscopy and infrared spectroscopy indicate that the formed
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TM-dihydrides exhibit a bent geometry.”'° However, it is nota-

ble that not all theoretical methods agree.™

In this investigation, we have computed the electronic structure
of the 3d series TM-dihydride with a large variety of state-of-the-art
computational methods. Since the main interaction between the
TM and H, is purely of c-nature,"® the analysis of the stability
based on the electronic structure computations is expected to be
greatly simplified.

In theoretical and computational chemistry, methods such as
density functional theory (DFT) address a wide range of pro-
blems, leading to its ubiquity in various chemistry scenarios.
Nonetheless, it is important to acknowledge the limitations of
density functionals in certain areas, such as inorganic and
transition-metal chemistry.">" Notably, this approach is known
to encounter challenges, including self-interaction and delocali-
zation errors, which can result in unphysical or spurious
outcomes."**® While DFT can yield favorable results, particu-
larly in the analysis of relative energies, this is often attributable
to the error cancellation rather than to the enhancement of the
method itself. Consequently, it is imperative to adopt a more
systematic approach in the study of challenging systems, such as
transition metal hydrides.

In recent years, an alternative family of methods based on
the reduced density matrix (RDM)'”2° has gained prominence
in the study of strongly correlated systems. In particular, Piris
natural orbital functionals (PNOFs)*'* excel in the progressive
inclusion of dynamic and static correlation. While in DFT it is
necessary to find a functional for the kinetic energy, in the
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theory of PNOFs this energy is defined by the one-particle RDM.
Additionally, the two-particle RDM is reconstructed in terms of
the one-particle RDM through a cumulant expansion.?*® This
has led to the development of a series of JKL-type functionals
known as PNOF, (i = 1-7) and a global functional (GNOF), where J,
K, and L represent Coulomb, exchange, and time-reversal inte-
grals, respectively. Of particular note are PNOF5, PNOF7, and
GNOF, which are based on an extended electron pairing scheme
that allows the treatment of static electronic correlation. PNOF5
accounts intrapair correlation and a Hartree-Fock interpair con-
tribution, while PNOF?7 also includes static interpair correlation
and GNOF integrates dynamic interpair correlation.*'>**”

One of the primary purposes of this investigation is to
evaluate the performance of PNOFs in the calculation of the
electronic structure of TM-dihydrides. In previous works, these
functionals have shown good performance in the determination
of the fundamental states of multireferential molecules, such as
carbenes,”® and transition metal-containing systems.*** It is
therefore anticipated that they will provide the appropriate
treatment in this study.

The following section outlines the methodologies employed to
perform the calculations. Thereafter, a comprehensive account of
the results obtained using diverse approaches is presented, and
finally, a synthesis of the findings of this study is provided.

2. Methodological details

The electronic structure of metal dihydrides has been computed at
different spin multiplicities at their equilibrium geometries. Relative
energies were analyzed, so errors related to the basis set size, with
respect to absolute energies, can be ruled out. Reduced density
matrix functional theory has been employed by using the PNOF
approach within the PyNOF package.*’ The extended pairing
scheme®?*?%* has been employed in which the largest number
of weakly occupied orbitals is assigned to each strongly occupied
orbital, determined by the def2-TZVPD basis set,*** as detailed in
Section S3 of the ESL In order to speed up the geometry optimiza-
tion procedure, the identity resolution scheme in the context of
PNOFs* has been employed, along with the parameterization of
occupation numbers using the softmax function.*®

Energy and optimization calculations were performed using
PNOF5, PNOF7, and the global functional (GNOF), expecting
the electron correlation to be progressively recovered. Besides,
the multireference character for every system has been evalu-
ated using PNOF7 with the M-diagnostic®” adapted to PyNOF.

To verify the profiles for selected systems, the PNOF7 method
based on the many-body perturbation theory (NOF-MBPT) was
used to compute the energies at the same spin and geometrical
configurations. They include dynamic electron correlation by
means of coupled cluster (NOF-c-CCSD) and second order Mgl-
ler-Plesset (NOF-c-MP2) approximations.>®

The electronic structure and geometry optimization for every
spin multiplicity was also obtained by the coupled cluster
method with perturbative triple excitations (CCSD(T)), as coded
in the Psi4 suite of programs,*® with the same basis set, so that
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they can be compared with the PNOF tendencies. Also, the T
diagnostic®® was employed to measure multireference character
and, the observed deviations s from the expected square of the
total spin, (S), was used as a metric to measure spin contam-
ination arising from the UHF-CCSD(T) method.

Finally, CASSCF and MRCI calculations were performed using
ORCA software.””*" The path to achieve this results consists of
single point calculations of MP2, followed for CASSCF** and
MRCIH+Q*** employing the orbitals resulting of the previous step.
The active space consists of 7, 8 and 11 electrons in 10 orbitals for
VH,, CrH, and CoH, respectively.

3. Results and discussion

3.1. 3d TM series calculations and general trends

The geometries for the four initial multiplicities of the first-row
transition metal dihydrides, TMH, (TM = Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, and Zn), were optimized to evaluate the performance of
the different PNOFs for systems that present static and dynamic
correlation. Furthermore, these results were utilized to predict
the formation of the metal dihydride, the activation of the H,
bond, or the dissociation limit, as Fig. 1 illustrates. The PNOF
and CCSD(T) methods describe angular geometries for all
hydrides, except for ZnH, with septet multiplicity where a linear
geometry is predicted. In most cases, the TM-H and H-H bond
distances are consistent for both theories. All distance and
angle calculations are provided in the ESL.}

The T; diagnostic®® with CCSD(T)***® and the M-diagnostic
with PNOF7 were computed to gain insight into the multireference
nature of all systems. Moreover, the observed deviation s from the
expected square of the total spin, designated as (S?), was evaluated
as a metric associated with the spin contamination affecting the
CCSD(T) method, which is recognized to increase in value for
strongly correlated systems. These values are presented in Table 1,
with those indicating a multireference character highlighted in
blue to facilitate identification. It is possible to split the systems
into three different groups according to their multireference
character, which can be related to d”, the number of electrons in

(a) (b)

()

@

Fig. 1 Examples that illustrate the outcomes obtained through CCSD(T)
and the PNOFs in the calculation of geometry of systems including TM and
H,. The three common stages, formation of the dihydride (a), activation of
the H-H bond (b), and no formation of the molecule (c) are shown.

This journal is © the Owner Societies 2025
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Table 1 Diagnostics that indicate a multireference character for TMH,
systems with the “m” different multiplicities: observed deviations J asso-
ciated with CCSD(T) from the expected square of the total spin, (S?),
followed by T, for CCSD(T) and M for PNOF methods. Systems where T; >
0.045 and M > 0.10 show the predominance of static correlation and are
highlighted in bold, which in general correspond to d? d°> and d°
configurations

Diagnostics
™ m Js T, M
Sc 2 0.009 0.021 0.04
4 0.005 0.050 0.04
6 0.002 0.019 0.03
8 0.002 0.026 0.04
Ti 1 0.000 0.048 0.85
3 0.020 0.034 0.05
5 0.004 0.029 0.03
7 0.002 0.019 0.03
\% 2 0.007 0.129 0.94
4 0.018 0.039 0.05
6 0.002 0.035 0.03
8 0.001 0.018 0.03
Cr 1 0.000 0.050 0.99
3 0.029 0.061 0.81
5 0.060 0.047 0.10
7 0.000 0.018 0.03
Mn 2 0.728 0.084 0.98
4 0.098 0.060 0.98
6 0.011 0.021 0.021
8 0.001 0.015 0.04
Fe 1 0.000 0.077 0.97
3 0.082 0.068 0.97
5 0.006 0.022 0.19
7 0.004 0.018 0.04
Co 2 0.108 0.104 1.00
4 0.015 0.035 0.17
6 0.004 0.018 0.04
8 0.002 0.014 0.01
Ni 1 0.000 0.088 0.56
3 0.001 0.023 0.03
6 0.004 0.019 0.03
7 0.001 0.015 0.01
Cu 2 0.002 0.023 0.03
4 0.018 0.050 0.06
6 0.001 0.014 0.01
8 0.002 0.010 0.01
Zn 1 0.000 0.017 0.11
3 0.004 0.017 0.04
5 0.002 0.013 0.01
7 0.001 0.009 0.00

the d orbital, increasing as follows: the group composed of the
outer elements, located in the first row of transition metals, with
n =1, 9 and 10, recognized for a small implication of the static
correlation; the group of intermediate elements, with n = 2, 3, 7
and 8, moderately affected by the static correlation; and the group
of elements situated in the center of this series, with n =4, 5 and 6,
strongly influenced by this type of correlation.

To facilitate a comparative analysis of the predicted tenden-
cies by each method, the relative energies with respect to the
lowest multiplicity state per metal are presented in Fig. 2-4. The
data points with the highest multiplicity for the groups of
intermediate and outer elements were excluded from the analysis
for two reasons: their convergence is observed to tend towards a
single direction, and their exclusion facilitates the visualization of
the differences between the remaining data points.

This journal is © the Owner Societies 2025
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Fig. 2 Relative energy profiles for the PNOFs and CCSD(T) with the def2-
TZVPD basis set for the outer 3d-series metals. AE = E,, — E, where E,, is
the energy for any multiplicity and E, for the lowest. All methods exhibit a
similar tendency.
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Fig. 3 Relative energy profiles for the PNOFs and CCSD(T) with the def2-
TZVPD basis set for the middle 3d-series metals. AE = E,, — E, where E, is
the energy for any multiplicity and E, for the lowest.

The resemblance between CCSD(T) and PNOF tendencies is
more pronounced for the group of outer elements than for the
others. It is noticeable that they are barely affected by the inclusion
of static correlation. In contrast, this resemblance decreases for the
intermediates and is no longer apparent for the central elements.
The latter case coincides with the systems in which the treatment
of static correlation is crucial. Moreover, in general, all methods
demonstrate a convergence towards the same values of energy,
distance, and angle, which becomes increasingly pronounced
with the rise in multiplicity. This behavior indicates that the
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Fig. 4 Relative energy profiles for the PNOFs and CCSD(T) with the def2-TZVPD basis set for the outer 3d-series metals. AE = E,, — E, where E,, is the
energy for any multiplicity and E, for the lowest. Most methods predict less negative energy for lower multiplicity states, while GNOF predicts that this is

the ground state.

characterization of the systems becomes increasingly intricate with
the augmentation of the multireference nature. In order to con-
duct a more comprehensive examination of the comparative
energy analysis, we will consider a division of the TM-dihydrides
based on the relevance of the treatment of static correlation in
their analysis and the number of electrons in the d orbital, as
previously mentioned. This analysis will consider the geometries at
equilibrium identical unless otherwise stated.

3.2. Outer d-series metals, d" (n =1, 9, 10)

For the Sc, Cu, and Zn systems presented in Fig. 2, the PNOFs and
CCSD(T) yield identical energetic trends. In general, the energy of
the states increases as the multiplicity rises. Further examination of
the plots reveals that, although the results of all functionals are close
between them and with CCSD(T), PNOF7 tends to yield the lowest
results, while GNOF provides the highest and PNOFS5 is situated
between the two, in a manner similar to CCSD(T). This similarity is
to be expected, given that in the case of these metals the effect of the
static correlation is not significant, as can be seen from the results
presented in Table 1. Thus, for these metals, the description
provided by a functional with an incomplete inclusion of electronic
correlation, such as PNOFS5, is sufficient to reproduce the trend
obtained by more sophisticated methods. However, as will be seen
later, this functional reproduces a different equilibrium geometry
from the rest, and in that case, it must resort to PNOF7 or GNOF.

3.3. Middle d-series metals, d" (n =2, 3, 7, 8)

This group is presented in Fig. 3. For the titanium system, the
methods indicate that the ground state corresponds to a triplet
multiplicity. In particular, the GNOF predicts a degeneracy
between singlet and triplet multiplicity, where the singlet exhibits
multireferential character, as corroborated by diagnostics in
Table 1. These results contrast with those of the other methods
since they predict a difference of at least 20 kcal mol~" between
both multiplicities, suggesting that GNOF may be overstabilizing
the lower multiplicity. The behavior of the vanadium system is
analogous to that of titanium, where GNOF is distinguished by
stabilizing the lowest multiplicity with multireference character,
describing a degeneracy between doublet and quadruplet states.
The energy trend between the remaining PNOFs and CCSD(T) is
consistent and a notable discrepancy of approximately 30 kcal mol *

8000 | Phys. Chem. Chem. Phys., 2025, 27, 7997-8004

is observed between the two states. Additionally, it is noteworthy that
PNOF7 is the sole method that predicts degeneracy between the
quadruplet and the sextuplet.

On the other hand, GNOF and CCSD(T) yield identical
results for the systems with cobalt and nickel, both methods
indicate that the ground state corresponds respectively to the
multireference states, quartet and singlet. PNOF5 and PNOF7
exhibit a deviation from the aforementioned trend. Regarding
cobalt, they demonstrate a substantial discrepancy in energy
between the doublet and quadruplet, which modifies the trend
concerning its analog GNOF. For nickel, both functionals pro-
pose that the ground state corresponds to the triplet, which
differs from GNOF and CCSD(T). In addition, in the case of
cobalt, there is great consistency between the geometries pre-
dicted by CCSD(T) and GNOF for all multiplicities, in contrast to
PNOF5 and PNOF?7. To illustrate, in the quadruplet, the geometry
obtained for PNOF7 exhibits an angle about 18° smaller than that
in the other methods and a TM-H distance three times larger
than that predicted by CCSD(T) and GNOF. Meanwhile, the H-H
distance shows a less pronounced difference, amounting to a
decimal fraction of an angstrom. Regarding PNOF5, while the
discrepancy is less pronounced, the geometry also differs from
that of the other methodologies. In the case of the sextuplet the
roles are reversed: PNOF5 exhibits anomalous values in its
geometry, displaying a twice smaller angle and a twice larger
TM-H distance, while the H-H distance changes by a tenth
fraction of an angstrom. Concerning PNOF7, the differences
are small but significant enough to differentiate from the values
obtained with GNOF and CCSD(T).

Finally, the tendencies predicted by CCSD(T) and GNOF for the
nickel system are in good agreement, presenting a large gap
between the triplet and quintet states. In contrast, PNOF7 predicts
the degeneracy between the two considered multiplicities. Addi-
tionally, neither PNOF5 nor PNOF7 reproduce an increase in
energy between the singlet and triplet states.

3.4. Center d-series metals with a ground state of high spin
multiplicity, d” (n = 4, 5, 6)

In the case of the systems with Cr, Mn, and Fe depicted in
Fig. 4, the behavior described by GNOF shifts toward positive
values and can be attributed to the overstabilization of the

This journal is © the Owner Societies 2025
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lowest multiplicity states. This tendency is opposite to that of
other methods, which predict the highest energies for singlets
and triplets. In particular, PNOF7 and GNOF prognosticate
greater degeneration for the triplet and quintet states in the
chromium systems compared to the CCSD(T) and PNOF5
methods. These latter methods generally show an equivalent
tendency for all multiplicities.

In manganese, there are significant differences between the
predicted trends by each method. Nevertheless, all PNOFs
consistently suggest that the lowest multiplicity state is the
sextuplet. In contrast, CCSD(T) predicts a smaller energy dif-
ference between the quadruplet, sextuplet, and octuplet than is
predicted by the PNOF methods. Moreover, it predicts that the
lowest energy state is the highest multiplicity state. In contrast
to GNOF, the PNOF5 and PNOF7 methods predict that the
lowest energy state for iron is the quintet. The CCSD(T) method
yields equal energies for the triplet and quintet states, which
are identified as the lowest energy states. In this series all
methods converged to the same equilibrium geometry, thus
ensuring comparability of the results.

3.5. Static and dynamic correlation: progressive inclusion

The good performance of the PNOF5 method in the outer 3d-series
seems to indicate that the dynamic intrapair correlation is suffi-
cient to describe the relative stability of these systems. Conversely,
for the middle 3d-series, it is more noticeable that at least the static
interpair correlation is required. In some cases, the dynamic
correlation incorporated into the GNOF functional can reproduce
the trends observed in other methods, especially for the high
multiplicity states with lower static correlation effects. Notably, in
the center 3d-series the dynamic correlation added by GNOF
seems to overstabilize the lower multiplicity states. To further
explore this argument, calculations were performed using some
NOF-MBPT methods that include dynamic correlation with per-
turbative methods. In Fig. 5 the results of the relative energies for
the center 3d-series are illustrated. In addition, the systems with
nickel showing a similar trend between CCSD(T) and GNOF are
included. In general, the NOF-c-MP2 and NOF-c-CCSD methods
show trends that are more similar to those of PNOF5 and PNOF7.
This reinforces that GNOF overstabilizes these systems that exhibit
a higher multireference character.

3.6. TM-H, and H-H interactions

To assert whether the interaction of transition metals with the
hydrogen molecule results in the formation of the dihydride, the
geometries of each system were subjected to quantitative ana-
lysis. Table 2 provides a color-coded analysis of the main stages
identified through the calculations. The ground state of each
dihydride is highlighted in green. When more than one cell in
the same column is highlighted in green, this indicates a
degeneracy between the states in question. In this work, this
is defined as an energy difference of less than 5 kcal mol . In
contrast, systems that may potentially give rise to the formation
of the dihydride or represent the activation of the H-H bond are
indicated in yellow. The gray color shows the states where the
H-H bond is formed, whereas the red color denotes those

This journal is © the Owner Societies 2025
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systems where the atoms are dissociated. The boxes with an x
indicate that the geometry optimized by the method is not
consistent with that indicated by the other methods and is there-
fore not comparable. As can be seen in the table, in general, the
most stable TM-dihydrides tend to exhibit the lowest multiplicities
and there is a discernible increase in the probability of high
multiplicity hydrides forming as one progresses from the outer
to the middle 3d-series metals, particularly for Cr.

3.7. Comparison with multireference methods

Given the multireference character and high values of the spin
contamination metric associated with CCSD(T) for the center and
middle series, some examples of CASSCF and MRCI methods are
shown for selected systems.

The examination of Fig. 6 demonstrates that the PNOF
methods agree with the MRCI tendency, with the exception of
the GNOF, which seems to resemble the CASSCF profile in some
multiplicities for vanadium and cobalt systems. This suggests
that the treatment of dynamical correlation in the GNOF may be
the origin of the discrepancy to other NOFs, due to overstabiliza-
tion of low multiplicities with a relevant multireference character.
In particular, PNOF7 provides a closer description with respect to
multireference computations, followed by PNOFS5 that also shows
high accuracy in predicting the formation of TM-dihydrides.
Furthermore, CCSD(T) performs similarly to MRCI for VH, and
CrH,, where few or no multiplicity states exhibit a multireference
character, as evidenced by low values for T, and M correlation
diagnostics as shown in Table 1. These observations propose that
CCSD(T) remains a reliable reference for those systems, since its
tendency aligns with the majority of methods. On the other hand,
the discrepancy between CCSD(T) and MRCI in the CoH, system
indicates that multireference methods are necessary to obtain
accurate descriptions when significant values of ds, T; or M are

VH,

E (kcal/mol)

—100

Multiplicity

- CCSD(T)
PNOF5
- PNOF7
-+ GNOF
- CASSCF
~ MRCI

E (kcal/mol)

Multiplicity

Fig. 6 Relative energy profiles for PNOFs, CCSD(T), CASSCF and MRCI
with the def2-TZVPD basis set for VH,, CrH, and CoH,. In the notation
AE = E,, — E, where E,, is the energy for any multiplicity and E, for the lowest.
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observed. Nevertheless, it is important to note that the complexity
of identifying cases where multireferential methods are necessary,
based on diverse diagnoses, can be avoided by using NOF meth-
ods. This assertion is substantiated by the analysis of different
cases, in which the methods systematically replicate the results of
the valid reference for each metal without additional aid.

4. Conclusions

In this work, we carried out electronic structure computations
of transition metal dihydrides at different spin multiplicities in
order to evaluate the performance of PNOFs. In general, we
found that the PNOF and CCSD(T) methods behave consistently
and show the need for static correlation in the study of these
systems. When differences were found with the reference
results, multireference calculations were performed and the
outcomes agreed with the NOF methods.

A notable consistency has been observed among perturbative,
multireference, and NOF methods, thereby affirming their efficacy
in describing multireference systems. In particular, PNOF7 demon-
strated the most accurate ratio for predicting the formation of TM-
dihydrides and energy profiles, according to multireference meth-
ods. On the other hand, GNOF overstabilizes low multiplicity states
for titanium, vanadium and cobalt systems that show multirefer-
ence character. However, the equilibrium geometries predicted
by the GNOF and CCSD(T) are quite in accordance for all cases.
Therefore, general structure optimizations might be performed
using this functional and subsequent energy characterization
with PNOF7.

Furthermore, it was established that the formation of
TM-dihydrides exhibits enhanced stability at the lowest multi-
plicities. Additionally, PNOFs indicate that the formation of
high multiplicity dihydrides is frequent for mid-series elements
such as Cr, Mn, and Fe metals. This behavior is consistent with
that expected for these metals.

In this line, we expect these results motivate the utilization
of these NOF approaches to the study of the hydrogen-hydro-
gen bond activation and the formation of molecules with larger
d-metal ligands where static correlation plays a dominant role.
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