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Abstract
The ‘dative’ covalent interactions between metals and ligands in coordination com-

pounds, i.e., metal-to-ligand and ligand-to-metal donation, aremanifestations of electron
delocalization and subject to errors in approximate calculations. This work addresses
the extent of dative bonding/donation in a series of closed-shell transition metal com-
plexes. Several Kohn-Sham density functionals, representing different ‘rungs’ of approx-
imations, alongwith post-Hartree-Fockmethods are assessed in comparison toCCSD(T).
Two widely used non-hybrid and global hybrid density functionals (B3LYP, PBE0) tend
to produce notably too strong donation. Global hybrids with elevated fractions of exact
exchange (40 to 50%) and the range-separated exchange functional CAM-B3LYP tend to
perform better for the description of donation. The performance of a double-hybrid func-
tional is found to be quite satisfactory, correcting errors seen in MP2 calculations. A fast
approximate coupled-cluster model (DLPNO-CCSD) also gives a reasonable description
of the donation, with a tendency to underestimate its extent.

1 Introduction

It has long been recognized that the interactions between metal centers and the ligands in
coordination compounds are not just electrostatic in nature but also covalent.1 Covalent in-
teractions between the metal and the ligands are therefore of utmost importance to ratio-
nalize and improve upon the desired physico-chemical properties of transition metal (TM)
complexes.2, 3 Despite many decades of intense research, these covalent interactions are still
not fully understood. In turn, a lack of understanding hampers the advancement of themany
practical applications of TM complexes.
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It is safe to assume that some degree of ligand to metal (L-M) electron donation is always
present in TM complexes. The donation is usually referred to as dative bonding, although the
term ‘donation bonding’ would also be an apt description. Namely, chemical bonds of varying
degree of covalency can be formed by a ligand sharing some of its electron density with the
metal center. When the metal center has formally non-bonding occupied valence d-orbitals,
metal to ligand donation (M-L, termed back-donation or backbonding) may also take place
with 𝜋-acceptor ligands such as carbonyl. In a linear combination of atomic orbitals (LCAO)
molecular orbital (MO) theoretical framework of a TM complex, both types of electron dona-
tion are readily visible as an in-phase mixing of the relevant ligand andmetal AOs. Examples
can be found in contemporary inorganic chemistry textbooks; see also a recent ‘primer’ on
molecular orbital theory.4

Variations in the L-M and M-L donation may be of high importance for tuning a system
for optimal performance, e.g., for luminescence or in a catalytic process. In principle, the
donation in metal complexes ought to be observable in the case that highly accurate elec-
tron densities can be extracted from diffraction experiments. However, electron densities
generated from experimental data may not be sufficiently accurate to allow the assignment
of subtle variations in the donation, and furthermore the associated deformation densities
depend on the definition of the promolecule. The electron density alone may also not reveal
enough information about the balance of L-Mdonation vs.M-Lback-donation. ForM-Lback-
donation with carbonyl ligands, for example, the lowering of the C–O vibrational frequency
relative to the free ligand has long been recognized as a sensitive probe, and the reason for
the frequency lowering is readily rationalized by MO-theoretical concepts. For L-M dona-
tion, spectroscopic probes such as NMR chemical shifts or nuclear quadrupole interactions
can be used, but their interpretation in terms of bonding/donation tends to require accurate
supporting calculations. Taken together, the aforementioned points mean that quantumme-
chanics (QM) based calculations for metal complexes5 play an exceptionally important role
in characterizing L-M and M-L donation. Given the wide range of applications of TM com-
plexes, an important question is therefore this: How much donation is actually present in
a given system, and do quantum chemical calculations at different levels of approximation
represent it accurately?

TM systems that are of practical interest tend to be large by the standards of numerical
quantum chemistry.5 It is therefore extremely important that computational methods are
accurate, but also feasible in terms of the computational cost associatedwith the calculations.
Kohn-Sham (KS) density functional theory (DFT), abbreviated here as Kohn-Sham theory
(KST), is presently the only electronic structure method that can be applied to TM systems
of broad interest, in a variety of application fields, without compromising unduly in terms of
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the accuracy of the results or computational cost. The success of KST is rooted in its ability
to treat the dynamic correlation of the electrons (albeit in an approximate manner; the exact
functional is not known and may never be), while commonly applied hybrid functional KST
approximations scale no worse with the system size than a calculation with Hartree-Fock
(HF) theory. The latter does not treat the dynamic correlation.

Shortcomings of KST with approximate functionals have by now been well documented
and recognized. Among them, the delocalization error (DE) features prominently.6,7 With
many common hybrids and especially non-hybrid functional approximations, the electronic
structure is too delocalized. The DE is primarily a consequence of introducing an unphysi-
cal self-repulsion of the electrons when the exchange arising from the use of the Kohn-Sham
Slater determinant is not treated exactly. As a consequence, the density may be noticeably
deficient in calculations with approximate functionals that perform well for the energy or
molecular structures.8,9 The DE tends to be most pronounced with non-hybrid functionals.
HF calculations, which treat the single-determinant exchange exactly but ignore the dynamic
correlation, typically produce an opposite error—the electronic structure is too localized. The
electrons are allowed to get too close to each other, on average, when their mutual repulsion
is not treated explicitly. In the context of the present study, a localization errormay be consid-
ered as a negative DE. As has been argued previously,10 multi-configurational wavefunction
methods such as complete active space self-consistent field (CASSCF) and its variants, which
are widely applied in TM chemistry, likely inherit theHF localization error because the active
orbital spaces are typically not large enough to treat the dynamic correlation to a meaningful
extent.

The donation in metal complexes, along with the associated covalent bonding, is a form
of electron delocalization, and therefore, it is impacted directly by the DE. As shown in Ref-
erence 7 and literature cited therein, energy-based measures for the DE correlate directly
with the delocalization of the system’s orbitals or a subset thereof. Based on the preceding
discussion, presumably the correct degree of donation, be it of the L-M or M-L type, is more
extensive thanwhat is predicted byHF theory but typically exaggerated inKST calculations.11

The situation thus compels the previously stated question, that is, howmuch of the donation
obtained via a quantum chemical calculation is physical?

The present studywas undertaken to provide an answer to this important question for TM
complexes. Previous work by our group along these lines12 considered the extent of donation
into the 4f shell of certain lanthanide ions in a small number of complexes. The study was
limited in scope and did not explicitly consider the effects of density relaxation in the corre-
lated reference calculations. Herein, we provide an extensive investigation of the extent of
donation in metal complexes, by studying a series of representative 6-coordinate complexes
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of Fe, Co, Ru, and Rh with chloride, ammonium, carbonyl, and cyano ligands. A representa-
tive subset of the structures is shown later, in Figure 1. High-symmetry structures with only
one type of ligand per complex are considered in this work to simplify the quantification
of donation and back-donation. KST calculations are compared with fully relaxed densities
from coupled-cluster singles and doubles (CCSD) as well as CCSD with pertubative triples
[CCSD(T)]. The latter if often, if somewhat inappropriately (considering that in economics
the gold standard is deprecated), referred to as the ‘gold standard’ of quantum chemistry.
In other words, in combination with suitable basis sets, CCSD(T) gives accurate molecular
energies and properties that are deemed to be quite close to the exact solution of the elec-
tronic Schrödinger equation. In addition to comparing CCSD(T) with various KST approxi-
mations, we also provide results from calculations with a fast coupled-cluster variant known
as domain-based local pair natural orbital CCSD (DLPNO-CCSD), 2nd-order Møller-Plesset
perturbation theory correlation (MP2), and a double-hybrid functionalmixingKST-based and
MP2-based correlation. It is shown that non-hybrid KST and functionals with 20 to 25% ex-
act exchange (eX) produce too much (back-) donation. Global hybrids with up to 50% eX and
the range-separated exchange hybrid CAM-B3LYP perform better in this regard. The double-
hybrid also produces relative accurate extents of (back) donation. DLPNO-CCSD is shown
to give a reasonable approximation of dative bonding, with a tendency to underestimate its
extent.

2 Computational Details

The study mainly used the following software packages: Gaussian 2016 (G16),13 NBO ver-
sion 6,14, 15 ORCA 5.0,16 and Molpro version 2023.2.17–19 Spin-singlet closed-shell ground
state structures of the complexes were optimized with G16, using the hybrid B3LYP func-
tional20 and the all-electron polarized valence-triple zeta basis def2-TZVP.21–23 The D3(BJ)
dispersion correction with Becke-Johnson damping24,25 was used as well for the optimiza-
tions. Vibrational analyses were performed to verify that the structures are local minima;
no imaginary frequencies were present. A ‘veryTight’ SCF convergence was set. We chose
the B3LYP-D3(BJ)/def2-TZVP level because of its known excellent performance and a good
compromise between accuracy and computational cost for geometry optimizations of small
and large molecules.26–30

Using the same basis set, combined with def2/C auxiliary basis set31–34 for domain-based
local pair natural orbital coupled-cluster calculations and the def2/J35 auxiliary basis for all
methods, calculations and analyses were performed using the ORCA and NBO6 programs to
investigate the impact of the DE on the extent of donation. Test calculations for Fe, Co, Ru,
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Rh with ligands CO, Cl–, NH3, and CN–, respectively, showed that the use of the auxiliary
basis set did not have a significant impact on the values reported herein for the (back-) do-
nation, with differences found in the third or fourth decimal place. Among the approximate
functionals used for the studywere the non-hybrid approximation BLYP,36, 37 the hybrid func-
tionals B3LYP [parametrization as in the Gaussian code, 20% exact exchange (eX)], PBE038

(25% eX), PBE0 variants with 40% or 50% eX (PBE0-X with X = 40, 50), BHLYP (50% eX)
and HF (100% eX, no correlation functional). The Coulomb-attenuated method (CAM) vari-
ant of B3LYP (CAM-B3LYP)39 was considered as a representative of hybrid functionals with
range-separated exchange. The fraction of eX inCAM-B3LYP depends on the inter-electronic
distance and ranges from 19% at short range to 65% in the long-range limit. The conductor-
like polarizable continuum model, CPCM,40, 41 was used in a subset of the calculations to
investigate the influence from the environment such as solid-state embedding or a solvent.

KST calculations were compared to NBO analyses based on ORCA calculations of the re-
laxed densities42 obtained from a ‘parameter-free’ PBE-based double-hybrid, PBE0-DH, with
12.5% MP2 admixture43 as well as standard MP2 theory,44–46 using the same def2-TZVP ba-
sis as employed in the KST calculations. We also investigated the linearized densities from
domain-based local pair natural orbital coupled-cluster with singles and doubles (DLPNO-
CCSD)47 calculations, as well as densities from orbital-optimized coupled-cluster with dou-
bles (OO-CCD),48 as generated by ORCA. The latter calculations are not explicitly discussed
herein, except for noting here that test calculations using the smallest complexes in the set
were performed to ascertain that theOO-CCD calculationswithORCAproduced orbital pop-
ulation data that were virtually identical to those from fully relaxed CCSD as implemented
in G16. Likewise, the data collection in the Supporting Information (SI), in particular Ta-
ble S3, shows that the OO-CCD implementation in ORCA gives very similar results to the
relaxed CCSD calculations with Molpro. Finally, all-orbital correlated fully relaxed CCSD49

and CCSD(T)50 densities were calculated using Molpro, also using the def2-TZVP basis. Ta-
ble 1 summarizes the electronic structure methods used in this study. T1 diagnostics for the
set of complexes ranged between 0.0107 and 0.0324; these are considerably lower than the
recommended thresholds of 0.05 for 3d TM systems51 and 0.045 for 4d TM systems.52 There-
fore, the ground states of the complexes studied herein do not give cause for concerns due to
multi-configurational character.

The extent of donation and back-donation was explored numerically based on natural
population analysis (NPA) and the extent of delocalization of natural localized molecular or-
bitals (NLMOs) as obtained from NBO calculations.14 Further details are provided in the
Results and Discussion section. To keep the number of calculations manageable, we opted
to focus in this study on two group-8 metals, Fe and Ru, and two group-9 metals, Co and
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Table 1: Description of the electronic structure methods used in this study.
Method Description
BLYP KST with a non-hybrid generalized gradient approximation (GGA) density

functional combining the Becke ’88 exchange functional and the Lee-Yang-Parr
(LYP) correlation functional.36,37

B3LYP KST with a global hybrid GGA functional20 with 20% exact exchange, based on
Becke and LYP GGA exchange and correlation functionals. The parameteriza-
tion of the functional is detailed in Ref. 53.

PBE0 KST using a global hybrid GGA functional with 25% exact exchange,38 based on
Perdew-Burke-Ernzerhof GGA exchange-correlation functional.54,55

PBE0-50 KST with a PBE0 variant mixing 50% DFT exchange with with 50% exact ex-
change.

BHLYP Global hybrid GGA functional20 based on Becke and LYP exchange and correla-
tion functionals, with 50% exact exchange,56 50% Becke ’88 exchange, 50% LDA
exchange and 100% LYP correlaion

CAM-B3LYP KSTusing a hybrid-GGA functionalwith range-separated exchange (‘Coulomb-
attenuatedmethod’) based on B3LYP.39 The fraction of exact exchange is 19% in
the short-range limit (interelectronic distance) and 65% in the long-range limit.

HF Hartree-Fock theory. The wavefunction is a single Slater determinant. Ex-
change is treated exactly; dynamic correlation is absent.

MP2 Starting with a HF calculation, dynamic correlation is treated by second-order
perturbation theory.44–46

PBE0-DH Generalized KST with a double hybrid57 functional. PBE0 with 12.5% admix-
ture of MP2 correlation.43

CCSD Correlated post-HF wavefunction method. Coupled-cluster with singles and
doubles substitution.49

CCSD(T) CCSD with perturbative correction for connected triples.50
DLPNO-CCSD Domain-based local pair natural orbital CCSD.47 Densities are linearized.
OO-CCD Coupled cluster doubles with orbital optimization.48

Rh, combined with the strong-field ligands CO and CN– vs. the weak-field ligands Cl– and
NH3. Six-coordinate complexes [ML6]n, where M is the metal and L is the ligand, octahedral
or nearly octahedral (NH3 ligands) in symmetry, were optimized at a reliable level of theory
and confirmed as local minima on the potential energy surface via calculations of harmonic
vibrational frequencies. The optimized geometries are provided in section S1 of the SI and
were used for all subsequent calculations. Hexachloroferrate(II) was excluded from the test
set because optimizations did not locate a stable gas-phase minimum structure, although the
complex is known to exist in condensed phase.58 With the geometries fixed at the B3LYP-
D3(BJ)/def2-TZVP level, variations in the extent of L-M donation, and M-L back-donation
where applicable, for a given system therefore result from the approximations in the elec-
tronic structure models. The electronic structures of the complexes correspond to a closed-
shell low-spin d6 configurations. The L-M 𝜎 donation therefore affects the metal d orbitals of
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𝑒𝑔 symmetry (the actual symmetry, or its 𝑒𝑔 parentage), whereas M-L 𝜋 back-donation takes
place from the three occupied non-bonding 𝑡2𝑔 metal d orbitals.

3 Results and Discussion

Reference Data: The relaxed CCSD(T) calculations represent the highest correlated ab-
initio level that can presently be deemed practical for the purpose of this benchmark, and
they will be used as references for the extent of L-M and M-L donation. These calculations
are not at the complete-basis set (CBS) limit. However, we consider CCSD(T)/def2-TZVP as
a suitable choice and a good compromise, with the results likely not being far from the exact
limit, to gauge the performance of other types of calculations with the same basis sets and to
address the extent of donation and back-donation in metal complexes. It is very important to
use the same basis set consistently when evaluating the donation trends among sets of differ-
ent calculations; otherwise, the comparisons will be obscured by the mild but non-negligible
basis set dependence of the NPA (vide infra).

We evaluated the T1 diagnostic59 in the coupled-cluster calculations to assess the relia-
bility of our reference wave functions. The T1 diagnostic is a scaled norm of the vector of
amplitudes in the operator for one-particle excitations in the coupled-cluster ansatz and pro-
vides a quantitative measure of the multi-configurational character of the wavefunction and
therefore the suitability of a single-reference correlation treatment, for example, by CC cal-
culations. The calculated T1 diagnostics for the complexes in this study were well below the
recommended thresholds of 0.05 for 3d TM systems and 0.045 for 4d TM systems (criteria de-
termined by Jiang et al.51 and Wang et al.52 respectively). This is a strong indication that the
reference wavefunction is dominated by a single configuration and therefore single-reference
correlation methods are appropriate.

The CCSD(T) reference calculations used for this study are presently not compatible with
the use of an embedding model such as CPCM. Therefore, the question posed in the article’s
title is addressed via consistent sets of calculations for isolated molecules (‘gas phase’). How-
ever, it is important to assess how the extent of donation varies when the environment is
considered—in particular for anionic systems. A polar or polarizable medium plays an im-
portant role in the stabilization of ionic complexes. Using gas-phase optimized structures,
we evaluated the influence of the environment by using the CPCM embedding model with
an infinite dielectric constant (DC) as well a DC of 80 corresponding to water at room tem-
perature, in combination with the BHLYP functional. [As shown later, BHLYP predicts L-M
and M-L donation reasonably well.] Results for a subset of the complexes are collected in
Table S5 in the SI. For anionic complexes with CN– ligands, the difference in the donation is
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negligible [on the order of 10−3]. The difference is somewhat larger, between 0.04 and 0.1,
for the Cl– coordinated complexes but still not large. We also examined how the extent of
donation changes in the presence of an embedding model when using structures optimized
in the presence of CPCM embedding (DC→ ∞). The data are collected in Table S6 and dis-
play similarly weak trends as noted for the CPCM effects noted for the gas phase optimized
structures. To reiterate, the main focus of the present study is to learn howmuch donation is
present in metal complexes according to a highly accurate level of theory, and how well this
is approximated at commonly used but more approximate levels. Based on our test calcula-
tions, the trends obtained for isolated systems are representative of the trends that would be
seen in a medium representing a stabilizing solvent or crystal embedding. Consequently, in
what follows we discuss the gas phase data, such that a fair comparison with CCSD(T) can
be made.

Numerical Evaluation of the Extent of Donation: As alluded to in the Introduction,
there is no unique QM partitioning of the electron density, in the sense that the partitioning
of electrons to specific atoms or atomic shells in a molecule has no associated well-defined
self-adjoint QM operator. Therefore, the assignment of L-M and M-L donation in a metal
complex has to rely on chemically intuitive concepts that are embedded in a QM framework
for calculations. Older60 and more recent61 work has shown that most of the criteria for
atomic charges, for instance, probe mainly the same underlying physics. The natural pop-
ulation analysis (NPA) produced by the NBO program was identified as one among several
criteria based on the generation of atomic orbitals in molecules that give consistent results61

without excessive sensitivity to the choice of the AO basis for the calculation. We, therefore
use NBO-based criteria in the present work to compare different levels of calculations for a
given complex. Note that the subset of NBO algorithms used in the present work only re-
quire the (1-particle) density matrix along with the basis set specification and overlapmatrix,
which is therefore equally applicable to KST and correlated wavefunction calculations. As
mentioned, the AO basis should be the same in the different calculations, such as to avoid
spurious trends that may arise from a sensitivity, even if it is weak, of the chosen partitioning
to the basis set definition.

Specifically, the extent of L-M 𝜎 donation was obtained from the combined metal density
weights of the six relevant 𝜎-donating occupied natural localizedMOs (NLMOs). In KST cal-
culations, the latter are obtained as linear combinations of the occupied ‘canonical’ MOs (the
usual MOs generated by self-consistent field calculations) such as to create spatially compact
molecular orbitals that represent individual bonds, lone pairs, and core shells. See Reference
14 for an overview. In a similar vein, the extent ofM-L𝜋 back-donationwas quantified via the
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loss of electron density in the three formally non-bonding 𝑡2𝑔 metal d orbitals as represented
by the corresponding NLMOs. The correlated post-HFwavefunctionmethods produced sim-
ilar sets of bonding and lone-pair NLMOs as the KST calculations, albeit with non-integer
occupations slightly below 2. Consequently, the occupation deviations from 2 were factored
into the donation data. Small residual errors in the extent of (back-) donation that arise from
not considering additional orbitals with small occupations (from the correlation treatment)
that may have bonding or antibonding character are estimated to amount to less than 1% of
the values reported herein and therefore negligible in the context. The orbital-based analysis
of donation has the advantage that the L-M 𝜎 donation can reliably be separated from the
M-L 𝜋 back-donation. A minor disadvantage of the chosen analysis is that the orthogonality
of the NLMOs requires them to have orthogonalization ‘tails’ on other atoms. In the context
of the present study, this means a ligand lone pair NLMO, even if it is not actually donating,
will have a small percentage of its density on the metal because of the orthogonality. How-
ever, we assume that a ‘pre-donation’ orthogonality creates roughly the same offset for all
of the electronic structure methods that were used, such that the variations in the donation,
as extracted from the NLMO analysis, are reliable indicators for the extent of delocalization
predicted by the calculations.

L-M σ Donation: It is beneficial to delineate how the NBO algorithms assign the L-M
dative bonding in the types of complexes studied herein. Typically, a given ligand L and
its counterpart in trans position create a 3-center 4-electron (3c4e) bond with the metal M
according to the following—more or less pronounced—resonance:

L: M—L ⟷ L—M :L

In an octahedral complex, there are accordingly three pairs of 3c4e bonds of this type. The
default NBO algorithms assign for each of them an orbital description that corresponds to one
of the resonance structures. In this case, the strongly localized ‘parent NBOs’ of the NLMO
pair describing the 3c4e bond come as a lone pair (LP) and a bond (BD). The corresponding
NLMOs are both bonding, however, although not completely equivalent. It is important to
note that this does not indicate symmetry-breaking; it is simply that the other resonance
structure is not also created by default. The bond orders, for example, that are calculated by
the NBO program are the same for bonds that are symmetry-equivalent, which we verified
for the present systems. In the context of this study, the metal density weights for the LP
and BD NLMOs were added for the three pairs. Figure 1 shows visualizations of the six 𝜎-
donating NLMOs of four representative complexes. Table S1 in the SI lists for the B3LYP
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(c) (d)

(a) (b)

Figure 1: Isosurface representation of 𝜎-donating NLMOs of selected metal complexes at
B3LYP/def2-TZVP level. Iso value ±0.03. The first three NLMOs in each panel have bond
(BD) assignments of their parent NBOs; below them are the three corresponding lone-pair
(LP) NLMOs. (a) [Rh(Cl)6]3– , (b) [Fe(CN)6]4–, (c) [Co(NH3)6]3+ , and (d) [Ru(CO)6]2+.

calculations the aggregate donation for the LP vs. BD 𝜎 NLMOs. The sum of the two entries
shows up in Table S2 as the total amount of 𝜎 donation for the B3LYP calculation of a given
complex. Data for the other complexes and other functionals were assembled in the same
manner. Results from KST calculations for all of the complexes are displayed in the form of
bar graphs in Figure 2.

The results displayed in Figure 2 are clear and compelling. The broad trend is that ap-
proximate functionals tend to produce a lower extent of donation with higher fractions of eX.
At one extreme end is BLYP (no eX, approximate DFT exchange and correlation functionals),
which always gives the largest extent of donation. At the other extreme is HF theory (eX only,
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Figure 2: Extent of L-M donation (integrated donated electron density, fromNLMO analysis)
in KST calculations with different functionals

no dynamic correlation), which gives the least donation. Those are clear manifestations of
the Kohn-Sham DE for BLYP vs. the localization error of HF theory. The functionals B3LYP
(20% eX) and PBE0 (25% eX) produce less donation than BLYP but stronger donation than
the ‘half-half’ (50% eX) functionals PBE0-50 and BHLYP. CAM-B3LYP, which features range-
separated exchange, gives an extent of donation that is between the B3LYP/PBE0 group and
the 50% eX functionals and tends to be closer to the former. The specific formof the exchange-
correlation functional matters, but not a lot, as exemplified by the similarity of the data for
BHLYP and PBE0-50, which both have 50% eX. The comparison of B3LYP and PBE0 is also
useful. It is seen that the donation is not always higher with B3LYP than PBE0, even though
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Figure 3: Extent of L-M donation (integrated donated electron density, fromNLMO analysis)
in the CCSD(T) calculations.

this approximate functional has a bit less eX than PBE0. However, the differences in the L-M
donation between these functionals, and between BHLYP and PBE0-50, are likely close to the
margins of error of the chosen analysis method (refer to the caveats discussed earlier regard-
ing the NLMO orthogonality, for example). Overall, it is clear that the extent of L-M donation
in KST calculations varies considerably with the approximations made in the functional and
primarily with the fraction of eX.

Other trends in Figure 2 relate to the chemistry of the systems. Ligands CN– and CO are
strong𝜎 donorswith the selectedmetals, whereas ammonia and chloride donate considerably
less density to the metal. For a given ligand, substituting a 3d metal with a 4d metal from the
same group (Fe → Ru, Co → Rh) results in stronger donation. It is therefore important to
address the question: Which of the calculations displayed in Figure 2, if any, has the right
amount of L-M donation?

To answer this question, we turn to Figures 3 and 4. Figure 3 displays a bar chart with the
extent of L-M donation generated via the relaxed CCSD(T) calculations. Figure 4 shows how
the L-M donation in the other calculations differs from CCSD(T), with the latter assumed to
be close to the exact limit (full correlation, CBS). The main takeaway from Figure 3 is that
the extent of donation is considerable, between 1 and 3 electrons in aggregate. The chemical
trends extracted from the KST calculations are reflected in the CCSD(T) results: There is
weaker donation for NH3 and Cl– as compared to CO and CN-, and for a given ligand there is
stronger donation to a 4d metal as compared to a 3d metal from the same group.
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Figure 4: Extent of L-M donation obtained from different electronic structure methods rela-
tive to CCSD(T).

Figure 4 reaffirms that KST with the non-hybrid functional (BLYP) and HF theory pro-
duce large errors of opposite signs, as expected from the preceding discussion. In most cases,
HF produces a larger-magnitude localization error than the magnitude of the DE generated
by BLYP. MP2 is the least costly (in terms of required computational resources) post-HF cor-
related wavefunction method. It is therefore interesting to note that relative to CCSD(T) the
MP2 calculations produce in most cases rather pronounced positive errors in the extent of
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L-M donation, more often than not exceeding those from CAM-B3LYP. The error is in the
opposite direction from HF theory. It is sometimes said that MP2 tends to over-correct for
the lack of correlation, and it appears that this can also be the case for the L-M donation
in metal complexes. Where HF theory has a large localization error, MP2 therefore gives
too much delocalization akin to some of the approximate density functionals. In two of the
iron complexes (with NH3 and CN– ligands, respectively, MP2 is spot-on with the CCSD(T)
reference, which is potentially fortuitous.

As we have seen, KST with the functionals PBE0 and B3LYP gives a similar extent of L-M
donation. It has also been argued that these functionals produce accurate electronic struc-
tures, for example, because they produce verifyably accurate molecular geometries.28, 62 or
NMR parameters.63,64 However, Figure 4 and additional data provided in Table S3 demon-
strate that these functionals uniformly over-estimate the extent of L-M donation, albeit much
less strongly than non-hybrid KST, by about 0.1 to 0.2. More often than not, the global hybrid
functionals with 50% eX perform better, with a similar error as CCSD. It needs to be noted,
though, that, the 50% eX global hybrids perform rather poorly for the 3d metals Fe and Co
interacting with the ligands CN– and CO. In these cases, the L-M donation error is greater
than 0.2 electrons combined for the six ligands and negative. In other words, the donation
strength is underestimated in these cases and B3LYP or PBE0 would be better choices.

Interestingly, the double-hybrid, combining MP2 correlation with a PBE-based hybrid
functional, performs comparatively well for L-M donation when compared to the CCSD(T)
benchmark, usually (although not always) better than MP2 or PBE0 individually. Based on
the present data, one may therefore expect the double-hybrid to perform better than MP2,
at comparable computational cost, when it comes to the description of M-L donation. The
range-separated exchange functional CAM-B3LYP also performs quitewell overall, often pro-
ducing results comparable to the PBE0-based double-hybrid. The deviations with respect to
CCSD(T), for the cases when they are not negligibly small, are uniformly in the positive di-
rection, both for the double-hybrid and for CAM-B3LYP, i.e., both tend to produce a residual
DE.

Finally, it is interesting to compare the densities from the DLPNO-CCSD implementation
in ORCA, and the relaxed CCSD results, with the CCSD(T) reference. DLPNO-CCSD makes
use of the sparsity of the density matrix to apply approximations that can considerably speed
up the calculations, although shortcomings have been noted.65–67 In the context of our study,
it is important to note that the DLPNO approximation indeed significantly speeds up the cal-
culations, but only a ‘linearized’ relaxed density is available in its current implementation.68

As seen in Figure 4, the extent of L-M donation inDLPNO-CCSD is often very close to relaxed
CCSD and appears to perform well overall, without producing severe outliers compared to
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Figure 6: Metal-Ligand 𝜋-back-donation from various methods relative to CCSD(T).

CCSD. The latter uniformly gives a small localization error when compared to CCSD(T). The
deviation from CCSD(T) is always less than –0.2 in magnitude and usually below –0.1. The
additional correlation afforded by the (T) corrections is therefore seen to produce a bit more
L-M covalency/donation.
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M-L π Back-Donation: For the complexes with 𝜋-acceptor ligands, Figure 5 shows the
extent of M-L back-donation in the CCSD(T) reference calculations. Figure 6 displays a chart
with the differences in back-donation from all other calculations relative to CCSD(T). Similar
trends as noted for the dependence of L-M 𝜎 donation on the level of theory can be observed
when considering the M-L 𝜋 back-donation. Namely, there is also a broad trend of too much
back-donation with non-hybrid functionals, too little back-donation with HF theory, and the
CCSD(T) benchmark and the remaining theoretical models are in between. The reason for
these findings is that the underlying driver—delocalization—is the same for L-M donation
and M-L back-donation, although, of course the nature of the donor and acceptor orbitals
differs.

Also, in keeping with the broad trend of the eX fraction determining much of the extent
of delocalization, the 50% eX global hybrids PBE0-50 and BHLYP give very similar results for
the M-L back-donation. The smaller data set for M-L back-donation shows a more system-
atic trend for the B3LYP (20% eX) vs. PBE0 (25% eX) comparison in that B3LYP systematically
gives slightly more back-donation in keeping with the lower fraction of eX in the functional.
However, the differences are small and perhaps they do not exceed the numerical uncer-
tainties of the analysis. CAM-B3LYP and the double-hybrid perform very well for the back-
donation cases studied herein. As in the case of the L-M donation, CCSD and DLPNO-CCSD
are seen to produce similar extents of M-L back donation, and CCSD has a (relatively minor)
localization error relative to CCSD(T). We note in passing that the difference between the
aggregateM-L 𝜎 donation into themetal 𝑒𝑔 d orbitals and the aggregateM-L 𝜋 back-donation
from the metal 𝑡2𝑔 d orbitals is very close to the difference between the formal charge of the
metal centers and the calculated metal charges from the natural population analysis (NPA)
(see Tables S7 and S8 in the SI).

Usinga 40%eXglobalhybrid: The trends inFigure 4 suggest that a reasonable description
of the L-M donation may be obtained with global hybrids that have eX fractions between
20/25% and 50%. Incidentally, it has been seen occasionally that eX fractions higher than 20
or 25 percent can be beneficial for calculating the NMR chemical shifts of ligands directly
bound to f-elements.69,70 We note this here with the caveat that in some cases the higher
eX fraction compensated for another approximation in the NMR calculations,71 and with the
caveat that there appears to be no simple relationship between the accuracy of calculated
NMR chemical shifts and the Kohn-Sham DE.72 Nonetheless, Figure 7 shows that a 40% eX
PBE-based global hybrid functional gives a reasonably good approximation of the donation
in comparison to CCSD(T) across the set of complexes, even though the 3d-metal complexes
with CO and CN– ligands continue to give comparatively large deviations.
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4 Conclusions and Outlook

In quantum chemical calculations, the extent of L-M donation and M-L back-donation in
TM complexes is sensitive to the approximations made in the electronic structure model. As
shown herein for a set of closed-shell group-8 and -9 TM complexes, in comparison with
CCSD(T) fully relaxed densities, non-hybrid and popular hybrid density functionals predict
too much donation and back donation, which can be traced back to the Kohn-Sham DE.
Among the KST functional choices that are widely available in electronic structure programs,
global hybrids with 50% eX or perhaps somewhat less tend to perform a little better. The
range-separated exchange hybrid functional CAM-B3LYP also produced comparatively small
errors for the extent of donation and back-donation, with a tendency for over-delocalization.
HF theory is strongly deficient in the opposite sense, by predicting too little donation and
back-donation.

Among the available post-HFwavefunctionmethods, MP2 tends to over-correct uponHF
theory and produces donation values that appears to be no better than those obtained with
KST and the B3LYP or PBE0 functionals. CCSD is overall quite close to the CCSD(T) bench-
mark but tends to deliver weaker dative bonding. In other words, the additional dynamic cor-
relation afforded by the (T) corrections in the coupled-cluster calculations increases the delo-
calization that underlies the dative bonding. OO-CCD (see data in the SI) gives, as expected,
results that are compatible with relaxed CCSD. In most cases, the linearized (approximate)
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relaxed density from the DLPNO-CCSD calculations are in close agreement with CCSD. This
finding is promising, becauseDLPNO-CCSD is applicable to considerably larger systems than
CCSD, which, in turn, is less demanding than CCSD(T). Most likely, the extent of donation
and back-donation obtained from DLPNO-CCSD calculations will afford a relatively minor
localization error, that is, the dative bond covalency will be underestimated but not strongly
so. This, of course, assumes that CCSD(T)/def2-TZVP relaxed densities are closer to the ex-
act densities than the differences between CCSD and CCSD(T) obtained with the same basis
sets.

It is improbable that a ‘magic’ predetermined fraction of eX in any global hybrid will pro-
duce accurate extents of metal-ligand covalency across a wide range of types of complexes.
KST applications that require an accurate description of the delocalization underlying the
dative bonding in metal complexes will therefore require careful benchmarking for specific
targeted systems and applications. Likely, in such cases researchers will have to resort to
functional parametrizations that are chosen for specific systems, for example, by varying
the fraction of eX in global hybrids73 or by non-empirical ‘optimal tuning’ of functionals
with range-separated exchange.7,74 In the context of generalized KST, a more universal [not
molecule-(class)-specific] approach beyond the ‘rung’75 of global hybrid or range-separated
exchange hybrid functional will most likely be needed to improve the description of dative
bonding systematically. For example, local hybrids where the eX fraction depends on the
electron positions76,77 would seem promising in this context. Our results obtained with a
PBE-based double hybrid (DH) functional, which mixes MP2 with KST correlation, appear
very promising based on the present set of calculations. As mentioned in the Results and
Discussion section, the DH tends to correct for the errors seen in plainMP2 calculations, and
the overall aggregate error in the donation relative to CCSD(T), counting all bonding or back-
bonding interactions, does not much exceed 0.1 electrons in the worst cases. To reiterate, it
is imperative that relaxed densities are generated from DH, MP2, and the CC calculations.
(For KST approaches, we assume that variational self-consistent calculations are employed.)

This study has focused on TM complexes with closed-shell ground states. The donation
in open-shell complexes is of course also impacted by the approximations in the theoretical
model, and furthermore, there are very important consequences regarding the resulting spin
density in open-shell systems.5,7 The extent of donation overall, and in particular the bal-
ance of donation in the 𝛼 and 𝛽 spin channels, deserve further scrutiny and might benefit
from a similar investigation as was carried out here for closed-shell complexes. However, an
efficient ‘relaxed’ CCSD(T) code for open-shell systems that can be applied to molecules of
the size as studied herein is not presently available. However, we recognize this as an area of
potential expansion and aim to incorporate open-shell systems in our future investigations.
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Another potential avenue for study would be closed-shell square-planar d8 systems withmet-
als such as Pd or Pt. However, such systems possess open coordination sites which—in most
laboratory settings—are coordinated by solvent molecules or counter ions, or via stacking in
solids. The potential interference with the equatorial donation and back-donation requires
careful investigation, which is beyond the scope of the present study and will be considered
in future work.
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TOC Synopsis and TOC Graphics

The ‘dative’ covalent interactions between metals and ligands in coordination compounds,
i.e., donation and back-donation, are manifestations of electron delocalization and subject
to errors in approximate calculations. This work addresses the extent of donation/back-
donation in a series of closed-shell complexes. A number of Kohn-Sham density functionals
and post-Hartree-Fock methods are assessed in comparison to relaxed CCSD(T) densities.
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M→ L 𝜋-Back-Donation
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