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Abstract

Accurate determination of spin—state energetics in first-row transition metal (TM) com-
plexes is recognized as a challenging problem in computational quantum chemistry because
different methods often yield divergent predictions and credible reference data are scarce. Try-
ing to provide a way towards unambiguously accurate reference values from high-level wave
function computation, a benchmark set of small TM complexes with hydrides (H™) or he-
lium atoms as o-donor ligands is presented. These models have analogous electronic struc-
tures as realistic TM complexes and their spin—state energetics feature comparable method-
dependence, but their small size enables application of more accurate methods than are ap-
plicable to realistic TM complexes. The extrapolated full configuration interaction (exFCI)
results are obtained for selected spin—state splittings of the hydride/helium models and used
as reference values for benchmarking various wave function methods, including second- and

third-order perturbation theory multireference methods, multireference CI, and coupled cluster
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methods with up to approximate quadruples. It is demonstrated that the exFCI reference val-
ues can be reproduced satisfactorily with both multireference and single-reference methods,
among which the NEVPT2 and CCSDT(Q) methods perform best, yielding deviations com-
parable with the uncertainties of the reference values or smaller than 2 kcal/mol. The CCSD(T)
method yields errors of ca. 3 kcal/mol or smaller, with one exception where the CCSD(T)’s
error is greater than 6 kcal/mol presumably due to pronounced multireference character. The
CASPT2, CASPT3, CASPT2/CC methods are shown to not outperform the CCSD(T) method
consistently. The present study, in addition to presenting novel benchmark set for the spin—
state energetics problem, establishes hydride/helium models of TM complexes as useful and

challenging systems for further investigations with correlated electronic structure methods.

1 Introduction

The spin state of a transition metal (TM) complex may profoundly affect its physicochemical
properties and is subject to change during chemical reactions, making it of uttermost importance
in computational studies to accurately describe the relative energies of alternative spin states. '™
Meanwhile, accurate computation of spin—state energetics (also termed spin—state splittings) is
recognized as a challenging problem, particularly for first-row TM complexes: different quantum
chemistry methods, including density functional theory (DFT) and wave function theory (WFT)
ones, tend to produce divergent results and hence obtaining unquestionable reference data is dif-
ficult.>~12 The problem has been recently tackled by several research groups, including us, who
aimed to derive benchmark-quality reference data of spin—state energetics either from high-level

1320 6r from suitable experimental data.?!=26 The relative merits of the

theoretical calculations
theory-based and experiment-based benchmarks have been reviewed by the present author. 12

In general, theory-based benchmarks have multiple advantages, including conceptual simplic-
ity, straightforwardness of making comparisons, and easiness of generating computed data for any

desired molecular structure.?’ However, a significant limitation in this approach for the problem

of TM spin—state energetics is the difficulty of choosing a computational method which is always
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sufficiently accurate to provide the reference data, i.e., yields computed energy difference close
enough to the full configuration interaction (FCI) limit, and is simultaneously applicable to TM
complexes of interest in inorganic/bioinorganic chemistry and materials science. > The high-level
methods applicable in practical cases are usually limited to single-reference CCSD(T) (coupled
cluster with singles and doubles, and noniterative triples),?® CASPT2 or NEVPT2 (multirefer-
ence second order perturbation theories based on the complete active space wave function)?%*? or
MRCI+Q (multireference configuration interaction with singles and doubles, including approxi-

)_31

mate size-consistency correction).”’ Compound methods derived from these approaches, such as

CASPT2/CC,'" CASPT2.5!% and CASPT2+8MRCI, 0 as well as various quantum Monte Carlo

methods 13-32:33

were also advocated for TM complexes. Unfortunately, different “high-level”
methods oftentimes lead to divergent predictions of spin—state energetics'?> and, for such large
molecular systems as realistic TM complexes, it is usually impossible to certainly determine the
true accuracy of the method which is supposedly the most accurate one. '

Calculations using higher-level methods can be enabled by reducing the system size, i.e., the
number of correlated electrons. Along this line, the group of Truhlar studied gaseous TM ions as
simple model systems for the problem of spin—state energetics.'® However, these atomic systems
are very different from molecular TM complexes in terms of the correlation effects that determine
their spin—state splittings and hence any conclusions obtained from such atomic benchmarks do not
necessarily apply to molecules. !> Likewise, several studies were focused on the properties of di-
atomic molecules containing TMs, 3*-3% but also diatomics differ considerably from coordinatively-
saturated TM complexes, with regard to their electronic structure and relevant correlation effects.

Trying to find a better representation of realistic TM complexes, the present study develops
the idea of models in which the ligands are simplistically represented as hydrides (H™) or helium
atoms (He), as these entities may be viewed as the simplest possible donors of the electronic pairs
to the metal. The first use of such models in the context of modern WFT methods comes from

the study of Feldt et al.,3” where the [FeOHes]2+ model was proposed for the sake of comparing

coupled cluster (CC) results at the CCSD(T) level with the higher CCSDT(Q) level for the quintet—
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triplet energy difference. In this model, He atoms were regarded as simplified models of ammonia
ligands present in a more realistic model, [FeO(NH3)5]2+, of iron-oxo species being involved in the
process of C—H bond activation.3” The similarity of the [FeOHeS]2+ model to [FeO(NH3)5]2+ was
judged from comparison of their spin densities. The same [FeOHeS]2+ model was subsequently

used by Benedek et al.>8

in their study of CC methods with different choices of reference orbitals.
Most recently, Reimann and Kaupp?° introduced two other related models with helium ligands,
[FeHe6]2+ and [FeHe6]3+ for testing the accuracy of their composite CASPT2+8MRCI method
with respect to the MRCI+Q reference.

The present work builds on these ideas to develop a more general benchmark set of octahe-
dral [MH6](6_”)_ and [MHe6]’“r as well as square-planar [MH4](4_”)_ complexes as simplified
models for the spin—state energetics problem. The hydrides (H™) or He atoms in these models
serve as the simplest possible o-donor ligands and M"** is a first-row TM ion being the acceptor of
these pairs. Despite the simplicity and a small number of correlated electrons (26e for the octahe-
dral case), these models feature analogous electronic structure as real TM complexes with regard
to their orbital occupancies in different spin states and the presence of the metal-ligand covalent
bonding. It will be also demonstrated that their spin—state energetics have comparable dependence
on the choice of method as for realistic TM complexes, making these models valuable targets for
extensive benchmarking of WFT methods. After obtaining the complete basis set limits of the
spin—state energetics using CASPT2, MRCI+Q and CCSD(T) methods, a smaller basis set will be
proposed for further benchmarking of selected energy differences in Fel' complexes. The compari-
son will include, in addition to CASPT2, NEVPT2, MRCI+Q and CCSD(T), also computationally
more expensive methods WFT methods: CCSDT and CCSDT(Q) (i.e., CC with full triples and
possibly also noniterative quadruples) as well as ACPF3° and AQCC*? (which are size-consistent
modifications of the MRCI). The reference values will be estimated FCI energies obtained from
selected CI (SCI) approach with the Configuration Interaction using a Perturbative Selection made
Iteratively (CIPSI) algorithm.*!™* Note that CIPSI as well as other related SCI approaches*+*+’

are promising methods to obtain a near-FCI energies for small to medium-size molecules.*>48:49
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The applications of CIPSI described in the literature also include TM-containing molecules and
simple TM complexes, %3 although this study is probably the first one in which the compelling
problem of spin—state energetics is directly addressed using this approach.

It must be stressed that molecules investigated in this work do not attempt to model any par-
ticular compound studied by experiment. Complex TM hydrides, such as [FeH6]4‘, do exist in
solid state compounds, for example Mg,[FeH], and they even have been considered as hydrogen
carriers,>* but the present study is clearly not meant to address the properties of these compounds.
The presently studied systems are meant to be minimal models for studying general aspects of the
correlation effects relevant to the TM spin—state energetics problem, and thus they have similar sta-
tus to other artificial models used in quantum chemistry, for instance hydrogen chains or networks,

which helped to understand some basic features of electron correlation in the context of DFT.>>

2 Methods and Models

2.1 Construction of Models

The [MH(]"~ and [MHe.]"" models used in this work were obtained by placing the appropri-
ate ligands (H™ or He) in the octahedral arrangement around the central first-row TM ion (M),
with the metal-ligand distance set to d = 2 A. The same metal-ligand distance was used for the
[FeH4]4‘ model possessing square-planar geometry. In order to stabilize the electronic structure
of the [MH¢]"~ complexes, 8 point charges of +0.5¢ were added at the corners of the M-centred
cube, each at the distance of /3 x 1.8 ~3.118 A from the central ion, maintaining the octahedral
symmetry. For [FeH4]2‘, analogously 4 point charges 40.5e were added at the corners of the
M-centered square, each at the distance of 3.1 A from the central ion, maintaining the Dyj, sym-
metry. Sample input files to illustrate the definitions of the models and point-charges are given in
Supporting Information. Note that the presently chosen metal-ligand and metal-charge distances
are arbitrary and the studied geometries are non-equilibrium ones. Also, for simplicity, all the

spin states are computed for the same geometry of the model. These simplifications are made be-
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cause our purpose is not to model any particular TM complex, but rather to mimic some general
features of TM complexes with octahedral or square-planar geometries. In particular, the present
Fe—H/He distance is close to metal-ligand distances found in realistic first-row TM complexes
with typical ligands, like amines, and therefore much longer than equilirbrium TM-hydride dis-
tance in Mg, [FeHH6] (1.56 A54). The shorter distance leads to greater stabilization of the singlet
state, whereas for the present non-equilibrium distance, the singlet and quintet states will be closer

in energy.

2.2 Computational Details

All CCSD(T), MRCI+Q, ACPF and AQCC calculations were performed using Molpro,’% inter-
faced to MRCC?’ for CCSDT(Q) calculations, whereas CASPT?2 calculations were performed us-
ing OpenMolcas.”® The CCSD(T) calculations for open-shell systems correspond to the UCCSD(T)
formulation based on the ROHF reference, as implemented in Molpro.> In the calculations marked
as PBE-CCSD(T), Kohn—Sham orbitals for the PBE functional ®® were used in the reference deter-
minant instead of the default choice of Hartree—Fock (HF) orbitals. In the PBE-CCSD(T) calcula-
tions, the open-shell program was used even for singlets to obtain correct (T) energies.

The choice active space used in all multiconfigurational calculations was based on Pierloot’s

rules for mononuclear TM complexes, 29,6162

meaning that valence 3d orbitals were active together
the double-shell 4d orbitals and two o-bonding ligand orbitals (or one such orbital in the case of
square-planar complex, [Fe''H,]?~) . This leads to the active space (10e,120) for Fel and Co'!
octahedral complexes, (8e,110) for the square-planar [FeH4]2‘ and (9e,120) for Fell complexes.
The notation (Ne, Ko) means that N active electrons are distributed in K orbitals.

The MRCI+Q calculations (with single and double excitations beyond the active space) were
performed using the new internally-contracted formation® which is based on the Celani—Werner
scheme® and is computationally much more efficient than the old MRCI algorithm® also avail-

able in Molpro. However, the ACPF and AQCC calculations can only be performed within in the

old algorithm, making them substantially more expensive, and were carried out accordingly only
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for [FeHH6]4‘. In order to reduce the computational cost of these calculations, the 4d orbitals
corresponding to empty 3d orbitals (in the leading configuration) were eliminated, leading to the
active space (10e,100) for the singlet, (10e,110) for the triplet, and unchanged (10e,120) for the
quintet. (This reduction of active space in lower-spin states has only small impact on their energy
and similar procedures are commonly used in productive multireference calculations for larger
TM complexes, and are often necessary to avoid uncontrolled orbital rotations.) The MRCI+Q
calculations employed the Davidson—Silver—Siegbahn (DSS) size-consistency correction, which
outperforms the standard Davidson correction in larger TM complexes. >*

Valence electrons and TM outer-core (3s3p) electrons were correlated, whereas the TM inner-
core (1s2s2p) electrons were frozen. All calculations were performed with the non-relativistic
Hamiltonian. Although scalar-relativistic effects for spin—state energetics are generally important,

they are highly transferable between different theory levels, 19:66:67

therefore not expected to influ-
ence the comparisons performed in this study.
Energy extrapolation to the complete basis set (CBS) limit was performed using standard ex-

trapolation formula of Helgaker et al. for the correlation energy %3

E,=Ecps +An"3, (1)

based on the results obtained with aug-cc-pwCVQZ/aug-cc-pVQZ (n = 4) and aug-cc-pwCV5Z/aug-
cc-pV5SZ (n = 5) basis set (where the slash symbol used in the notation of basis sets separates the
basis used for TM and ligand atoms). The reference energy was taken from the larger basis set.
Other choices of extrapolation formulae were also tested and shown to almost identical extrap-
olated energy differences at CCSD(T), PBE-CCSD(T) and CASPT?2 theory levels (Supporting
Information, Tables S2—-S4).

The CIPSI calculations were performed using Quantum Package (QP2),* to which the second-
quantized Hamiltonian has been imported from the Molpro (via the FCIDUMP file format,% read

using ORBKIT’? and suitably converted for the import_integrals plugin of QP2). The
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orbitals used in the CIPSI calculations were natural orbitals resulting from prior CASSCF(10e,120)

or CASSCF(8e,110) calculations.

3 Results and Discussion

3.1 Electronic Structure

The present hydride and helium models are constructed to have similar electronic structure as
realistic TM complexes. In order to demonstrate this similarity, Figure 1(a) shows the contour

plots of CASSCEF natural orbitals with significant metal 3d character for the example of [FeH6]4‘.
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Figure 1: (a) Contour plots of the CAS(10,12) active orbitals for the singlet state of [FeHH6]4‘,
omitting the double-shell orbitals; (b—d) schematic orbital occupancies in the leading configuration
for the singlet, triplet, and quintet states.

As expected from ligand-field theory, three of the metal 3d orbitals (d.;, dy;, dy,) remain essen-
tially nonbonding, whereas the remaining two (d,2>_ 2, d.») point centrally towards the ligands and
hence become involved in covalent bonding, which leads to formation of bonding and antibonding
molecular orbitals (shown in, respectively, the bottom and top part of Figure 1(a)). In square planar

model [FeH4]2’, only one of the metal 3d orbitals is involved in the covalent o-bonding, whereas
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the other four remain mostly nonbonding. The mixing between the metal and ligand contributions
in the o-type orbitals, i.e., the degree of bond covalency, is more pronounced for the models with
hydride ligands than in those with helium ligands, but is clearly present in both cases. The pres-

ence of the discussed o-bonding is a notable feature of the presently considered models, making

29,62,71 16

them similar to realistic TM complexes and distinguishing from bare metal ions'® or ions
surrounded only by point charges.’>’® (By contrast, there is obviously no way to describe 7-type
orbital interactions, e.g. related to & backdonation, within such models.)

The principal electronic configurations for the three spin states of this octahedral model are
schematically shown in panels (b)—(d) of Figure 1. The same configurations apply to all d®-electron

I central ion,

models, i.e., with Fel! and Co™ central ions. For the d’-electron model, i.e., with Fe
there is one less electron, resulting in the leading configurations (tzg)5 for the doublet, (t2g)4(eg)1 for
the quartet, and (t2g)3(eg)2 for the sextet state. For the square planar complex [FeHH4]2‘ , the lead-
ing configurations are (dzz)z(dxz, dyz)z(dxz_yz)z for the triplet and (dzz)2 (dxz,dyz)2 (dxz_yz)l(dxy)l

for the quintet state (assuming that ligands lie in the y = +x directions), analogously to the spin

states of four-coordinate Fe!' porphyrin.”!

3.2 Diagnostics of Nondynamic Correlation

Table 1 reports some diagnostics of nondynamic correlation for the studied models in various spin

states. The 77 and D, di.'clgnos'[ics74’75

are two different measures of the singles’ contribution to
the CCSD wave function, i.e., these diagnostics measure the orbital relaxation effect in response to
including the electron correlation, and their large values are often treated as a signal of obtaining
potentially less accurate results from single-reference correlation methods.3*7%77 A related diag-
nostic is also |¢] max|, the largest absolute value of the single excitation amplitude at the CCSD level.
Analogously, |fmax| is the largest absolute value of the double-excitation amplitude at the CCSD
level. The next diagnostic, %MC, directly measures the percentage multiconfigurational character

and is defined as (1 — C}) x 100%, where Cj is the coefficient of the principal configuration in

the CASSCF wave function. Note that in the literature, it is usually defined based on full-valence
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Table 1: Diagnostics of Nondynamic Correlation. ¢

complex  state” T D |71 max| ltomax| %MC M
[FE:He6]2+ 1 0.009 0.022 0.021 0.063 10.1 0.084
3 0.008 0.021 0.026 0.068 12.6 0.170
5 0.007 0.017 0.025 0.026 1.3 0.018
[FeH6]4_ 1 0.087 0.234 0.189 0.041 12.1 0.071
3 0.069 0.250 0.204 0.051 12.1 0.108
5 0.041 0.121 0.171 0.040 2.5 0.026
[FeHe6]3+ 2 0.020 0.071 0.079 0.080 29.1 0.365
4 0.018 0.072 0.103 0.059 10.3 0.176
6 0.011 0.032 0.045 0.030 0.6 0.006
[FeH6]3_ 2 0.085 0.259 0.276 0.069 214 0.186
4 0.073 0.284 0.413 0.085 204 0.266
6 0.066 0.224 0.317 0.080 4.0 0.044
[COH6]3_ 1 0.096 0.295 0.200 0.060 17.2 0.145
3 0.080 0.291 0.417 0.112 255 0.340
5 0.053 0.246 0.347 0.099 938 0.118
[FeH4]2_ 3 0.065 0.272 0.287 0.051 10.1 0.101
5 0.034 0.137 0.194 0.027 2.0 0.025

“4Calculated at the CCSD level (T3, D1, |t max|> |f2max|) or CASSCEF level (%MC, M) using the aug-
cc-pwCQZ/aug-cc-pVQZ basis set for metal/ligand atoms. ?Spin multiplicity 28 + 1.
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78 making it impractical in larger molecules, whereas here the %MC diagnostic is

active space,
calculated based on the standard active space of 12 orbitals, analogously as in the previous study
of realistic TM complexes.?* Finally, the M diagnostic’® is based on occupation numbers of the
CASSCEF natural orbitals and measures their deviations from the ideal values at the HF level: 2 for
the highest doubly-occupied orbital, O for the lowest unoccupied one, and 1 for singly-occupied
ones. Although these and related diagnostics do not quantitatively correlate with the accuracy

obtained in single-reference calculations, e.g., at the CCSD(T) level, 12,36,78.80

they are frequently
used in the literature to assess the importance of nondynamic correlation, which is often associated
with a multireference character. For the review of the diagnostics and their interpretations, the
reader is referred to refs 34,78,81 and references therein.

The diagnostics reported in Table 1 turn out to be comparable and, in some cases, even larger
in magnitude than those observed for realistic TM complexes.?*7>77-7882 Aq an illustration, for
TM complexes studied in ref 24, the 7 diagnostics were in range 0.02—0.03; the D; diagnostics
were in range 0.06-0.17; the M diagnostics were in range 0.01-0.07; and the %MC diagnostics
were in range 0.8-8.1 %. Moreover, as in realistic TM complexes, the larger values of diagnostics
are typically observed in the low- or intermediate-spin than in the high-spin states (although it is
not true in general than a lower-multiplicity state has always a greater value of the diagnostic than
a higher-multiplicity state; counterexamples can be easily located in Table 1). Considering the
diagnostics based on single-excitation amplitudes (77, Dy, |f1max|), the larger values are observed
for hydride models, which is due to a greater covalency of their metal-ligand bonds (see Section
3.1). Whereas for helium models, the 7 is always below 0.02 and D is below 0.08, the largest
T, values observed for hydride models are close to 0.1, and the largest D values are nearly 0.3.
The latter values are far above than commonly used criteria 77 < 0.05 and D < 0.15, which were
suggested in the literature for reliable single-reference calculations.’® The %MC and M diagnostics
based on the CASSCF wave function are largests for the models with +3 metal ions: in their low-
and intermediate-spin states, the leading configuration accounts for only 70—85 % of the CASSCF

wave function. This is in contrast to the high-spin state, which is to better than 90 % singly-

11
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configurational in all cases. Note that both %MC and M diagnostics take their maximum values
for the low-spin state of [Fe!l'He,]**, which is characterized by rather small values of the T, D,
and |f] max | diagnostics. The corresponding hydride complex, [FeIHH6]3‘, is marked by relatively
large values of all the diagnostics (in the doublet and quartet states). Overall, the diagnostics
obtained here suggest that the presently considered hydride and heliium models may suffer from
considerable nondynamic correlation effects.

It has also been proposed to link the importance of nondynamic correlation with the sensitivity
of DFT-computed energy differences to the admixture of the exact exchange (EE).3!83 To illustrate
this EE-dependence for presently studied models, Table 2 shows the energy differences computed
at the DFT level with the PBE and PBEO functionals, which contain 0% and 25% of the EE,
respectively. The difference between the PBE and PBEO results is similar to the By diagnostics of

Truhlar with co-workers (which is analogous based on the BLYP and B1LYP pair of functionals).?3

Table 2: DFT Results with PBE and PBEO Functionals (kcal/mol). ¢?

PBE PBEO difference®
3[FeHey|** -23.6 ~26.7 3.1
L3[FeHe ] -69.7 -80.0 10.3
L3[FeH ]*~  11.6 -2.9 145
LS[FeH(]*~ 145 ~20.4 34.9
24 FeHey]** -34.8 —43.4 8.6
20[FeHe " —849  -111.1 26.2
24FeHe >~ 106 —6.6 17.2
20[FeH >~ 21.0 -9.2 30.2
L3[CoH P~ 22.1 3.0 19.0
L3[CoH P~ 444 11.3 33.1
35[FeH, ]~ 7.6 -10.2 17.8

¢ Spin-unrestricted calculations, using the aug-cc-pwCVTZ/aug-
cc-pVTZ basis set for metal/ligand atoms. ? All energy differ-
ences defined as in eq. (2) below, values in kcal/mol. ¢ Defined
as AE(PBE) — AE(PBEQ).

7,84

As is typically observed in TM complexes, the increasing admixture of the EE leads to

relative stabilization of the higher-spin states with respect to lower-spin states. The sensitivity
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to the EE admixture observed for the present hydride models is quite remarkable: the difference
between PBE and PBEO results, corresponding to the 25%-difference in the EE admixture, is about
30 kcal/mol for the energy differences with AS = 2 (quintet—singlet, sextet—doublet) and about
15-20 kcal/mol for the energy differences with AS = 1 (triplet—singlet, quintet—triplet, quartet—
doublet). This is comparable to the sensitivity observed in the series of 30 Fe SCO complexes
studied by Kepp,2! who found the effect of around 1 kcal/mol per 1% of the admixed EE (for
energy differences with AS = 2). A somewhat smaller sensitivity is observed for helium models.
We further note that the strong sensitivity of DFT spin—state energetics to the EE admixture
is rooted in the correlation effects in the metal-ligand bond®-8¢ and this phenomenon is not ob-
served®> for TM ions surrounded by point charges, illustrating the clear advantage of the present
hydride/helium models. Moreover, somewhat parallel to the effect of EE admixture, we also ob-
serve that the outer-core correlation effects due to 3s3p electrons (A3s3p) differ considerably be-
tween CCSD(T) and CASPT?2 (Table S1, Supporting Information), which is another similarity of

the present models to realistic TM complexes. !+73

3.3 Spin-State Energetics in the CBS Limit and Their Method-Dependence

Table 3 reports the spin—state energetics of considered models extrapolated to the complete basis
set (CBS) limit. These calculations were performed using four typical WFT methods which are
also applicable to larger TM complexes:?+?> CASPT2, MRCI+Q, CCSD(T) and PBE-CCSD(T).
The first two methods are multireference approaches based on the CASSCF wave function with
the standard choice of active space (see Section 2); CCSD(T) is a well-known “gold standard”
approach in quantum chemistry; and the last method is a variant of it based on the PBE reference

orbitals instead of the default choice of HF orbitals. All the energy differences are defined as

AE = E (higher-spin) — E (lower-spin), ()

e.g., the 13[Fel'H ]*~ energy difference is understood as E (triplet) — E (singlet).
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Table 3: Spin—State Energetics in the CBS Limit. ¢*

CASPT2 MRCI+Q(DSS) CCSD(T) PBE-CCSD(T) 0f ¢

L3[FeHe( ]t -25.2 -20.1 ~20.7 -20.5 2.4
L5[FeHe ]t  -80.3 ~70.0 ~73.4 ~73.1 4.3
L3[FeH,]*~ 4.2 6.7 10.0 17.2 5.7
L3[FeH(]*~  -10.7 -6.3 -1.7 10.2 9.0
24FeHec ]’ -39.6 -37.5 —41.7 ~40.4 1.8
20[FeHe ]t -126.5 -119.2 —124.7 -122.8 3.1
24 FeH¢ ]~ 2.9 3.7 2.4 4.9 1.1
2O[FeH, >~ 1.6 2.8 3.5 5.3 L5
L3[CoH¢ - 16.8 17.9 19.5 23.2 2.8
L3[CoH*~ 30.6 32.1 36.7 39.3 4.0
3S[FeH, 1>~  -103 -8.3 -7.9 -5.8 1.8

“Values in kcal/mol. ?See Section 2 for details of the CBS extrapolation. Standard deviation in the sample
of AE values obtained with the four methods (see text).

It is evident from Table 3 that spin—state energetics for the present set of models are quite
diverse. For helium models, the higher spin states are significantly more stable than the lower spin
states, resulting in the AE values being strongly negative. For hydride models, the AE values are
closer to zero, sometimes positive, indicating a more considerable stabilization of the lower-spin
states. This is rooted a greater f,,—¢, splitting of the metal 3d orbitals exerted by their negatively-
charged H™ ligands and also related to a stronger covalency of the metal-ligand bonds in hydride
models (see Section 3.1). Moreover, in agreement with the spectrochemical series of metals, the
singlet state of [COIHH6]3‘ is considerably more stable than in the case of isoelectronic [FeHH6]3‘.
The low-spin state is more strongly stabilized with respect to the high-spin state in the case of
[Fe"H, ]~ than for [Fe"H¢]*~ in agreement with a greater bond covalency in the former case, but
note that a similar trend is not observed for the corresponding pair of helium models.

As the present models are artificial molecules, we do not bring much significance to the numeric
AE values, but rather to their method-dependence: it is clearly seen from the data in Table 3 that
different methods lead to divergent results with discrepancies up to several kcal/mol, which mimics
the well-known behavior of real TM complexes.!? This method-dependence can be objectively

measured using the standard deviation calculated from the sample of AE values computed using the
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four methods considered. The resulting standard deviations (Oxg) are reported in the last column
of Table 3. The greatest method-dependence is observed for the 1’S[FeH6]4‘ energy difference.
A smaller, yet still pronounced method-dependence is observed for the 1’3[FeH6]4‘, 1’S[FeHe6]2+,
and 1’5[C0H6]3‘ energy differences. By contrast, very small method dependence is observed for
both energy differences of [FeIHH6]3‘. For example, the CASPT2 and CCSD(T) results agree to
within 1 kcal/mol although for other cases they generally differ by at least a few kcal/mol. This
behavior is somewhat surprising as the [FemH6]3‘ model features a very significant multireference
character according to all common diagnostics (see Table 1 in Section 3.2) and thus one might
expect that single-reference CCSD(T) calculations should yield significantly different results from

multireference methods, but this is not the case.

3.4 Small Basis Set for Comparative Calculations

For further comparative calculations, a moderately-sized basis set b has to be chosen in order to
satisfy the two conditions: (1) this basis set should be small enough to enable computationally most
expensive methods, but on the other hand, (2) it should be still flexible enough to approximately

preserve discrepancies between different methods (m and n) observed in the CBS limit, i.e.,

AE, jcBs —AE,cBs = AE, p — AE, ). (3)

Note that eq. (3) can be reformulated to the BSIE transferability condition, ¥’

5 87 )

where 6" = AE, /b —AE,, /s 18 the basis set incompleteness error (BSIE) of the energy difference
calculated with method m using basis set » and J; is defined analogously. The approximation de-
fined in eq. (3) or equivalent eq. (4) is well established in quantum chemistry: 87 it is the cornerstone

88-90

of various composite approaches, in which the most expensive method is only applied using

a small basis set; it also simplifies performing benchmark studies due to the fact that FCI or nearly-
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FCI-quality calculations (to provide the reference values) are only affordable using relatively small
basis sets, #4891

After some experimentation, it was decided to choose for further calculations a composite basis
set labeled aT/D’, which is obtained from aug-cc-pVTZ (with omitted g functions and diffuse f
functions) for TM atoms combined with aug-cc-pVDZ (without d functions) for ligands.®> Sample
Molpro input file showing definition of this basis set is provided in Supporting Information. Table
4 gives the BSIE of the energy differences calculated with the four methods discussed above when
using the aT/D’ basis set. If the BSIE transferability condition of eq. (4) was exactly satisfied,
the BSIE values should be method-independent. To measure deviations from this ideal behavior,

the last column contains the standard deviations in the sample of BSIEs obtained using the four

methods tested (OgsIE).

Table 4: BSIEs for Spin—State Energetics Calculated Using aT/D’ Basis Set. ¢

CASPT2 MRCI+Q(DSS) CCSD(T) PBE-CCSD(T) Ogsik ©

I3[FeHe **  -0.8 -1.9 -1.9 -2.0 0.6
L3[FeHe ]t -3.6 -5.1 —4.2 —4.4 0.6
L3[FeH "~ 27 -2.9 -3.0 -4.2 0.7
LS[FeH *~  -6.7 —6.4 -6.6 -8.7 1.1
24FeHec ]t -2.9 -3.5 -2.4 -2.5 0.5
26[FeHes >t -7.6 -8.3 —6.8 -7.0 0.7
24FeH( >~  -3.4 -3.4 -3.2 -2.9 0.2
20[FeH 3~  -74 -6.3 ~6.4 —6.2 0.6
L3[CoH( P~ 29 -2.9 -2.3 -3.3 0.4
LS[CoH P~ -4.6 —4.3 -3.5 -5.6 0.8
33[FeH, >~ 54 -4.9 -5.4 —6.7 0.8

“Values in kcal/mol. Energy differences calculated using the aT/D’ basis set can be found in
Table S5, Supporting Information. ¢ Standard deviation in the sample of BSIE values obtained
with the four methods (see text).
As follows from Table 4, the BSIE values of different methods are similar for a given energy
difference, resulting in the opgig values being usually well below 1 kcal/mol. The largest ogsig
value of 1.1 kcal/mol is obtained for the '~ [FeH6]4‘ energy difference, which is also the most

sensitive one to the choice of method (cf Table 3, oxrg = 9.0 kcal/mol). In all cases, the OgsIg

values are smaller (in many cases, by several times) than the previously discussed oar values,
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describing variability of the calculated energy differences with the choice of method. Satisfying
this condition (i.e., ogsig < Oag) warrants the bias introduced by an imperfect transferability of
the BSIE between different methods is smaller than intrinsic discrepancies between the energies
obtained from these methods in the CBS limit.

It is clear that even lower oggg values could be obtained using a larger basis set, for example
aug-cc-pwCVTZ/aug-cc-pVDZ (for TM/ligands, respectively); see Table S6, Supporting Informa-
tion. Nevertheless, it was decided to use the above aT/D’ basis set in order to reduce the time of the
computationally most expensive calculations. The number of contractions of the aT/D’ basis for
the six-ligand models is only 122, to be compared with 181 for the aug-cc-pwCVTZ/aug-cc-pVDZ
basis set; given that 18—20 of these orbitals are occupied, this difference corresponds to even more
considerable reduction in the size of the virtual space when comparing the two basis sets.

Finally, one should note that the BSIE transferability condition, eq. (4) is not trivial to satisfy
in smaller basis sets. In particular, this condition is considerably violated when using the popular
def2-SVP basis set (which has only 73 contractions for the six-ligand models). Already a glimpse
at the results shows that differences between different methods observed in the CBS limits are not
recovered properly in the def2-SVP basis set (Table S7, Supporting Information). For example,
for the 1’3’[FeH6]4‘ energy difference, the MRCI+Q and CCSD(T) results in the def2-SVP basis
set agree with each other to within 0.1 kcal/mol, although the results of the two methods diverge
by 2.7 kcal/mol in the CBS limit. The same problem can be observed with the CCSD(T) results
based on different reference orbitals. Thus, method benchmarking in such a small basis set as def2-
SVP will not reflect the performance of methods in the CBS limits for the present hydride/helium
models. We note that the usage of comparably small basis sets, for example 6-31G*>2 or even

% is quite common for (nearly-)FCI calculations published in the literature. The

minimal one,
present approach, based on comparing the o and oggg values calculated using a few representa-
tive methods, can be used to conveniently check the validity of the BSIE transferability condition

in practical cases.
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3.5 CIPSI Calculations to Provide Extrapolated FCI Energies

Having chosen above the small basis set aT/D’ for further benchmarking of methods, we per-
formed CIPSI calculations*!™3 to obtain extrapolated FCI (exFCI) energies. Due to their high
computational cost, the CIPSI calculations were only performed for selected energy differences:
1’3[FeHHe6]2+, I’S[FeHHe6]2+, 1’3[FeHH6]4‘, 1’5[FeHH6]4‘, I,S[COIIIH6]3—’ 2,6[FeIIIH6]3—’ and 3’5[FeHH4]2‘.
This set includes energy differences which are most variable with the choice of method (in terms of
the oag values discussed above). The singlet—quintet splitting in the chosen octahedral models are

also most interesting in the context of Fe!l spin-crossover complexes, '%-24:66

whereas the triplet—
quintet splitting for 3 [FeHH4]2‘ is relevant for ground-state determination in square-planar Fe!l
porphyrins.’>87:94 The doublet—sextet splitting for [FeHIH6]3‘ is also included as an example of
Fel system with very considerable multireference character in the doublet state, according to the
9%MC and M diagnostics discussed in Section 3.2.

The CIPSI algorithm (see ref 43 for overview) approaches the FCI energy by an iterative proce-
dure combining variational configuration interaction (CI) with Epstein—Nesbet second-order per-
turbation theory (PT2). In each iteration, a CI calculation is performed within a subspace of the
Hilbert space and the resulting zero-order energy (E ©)) is corrected using the PT2 estimate of the
residual correlation energy (E ). to provide the estimate of the total energy. Subsequently, the
set of Slater determinants which contribute most significantly to the PT2 energy is added to the
variational CI space for the next iteration. This procedure is continued until |E (2)] drops below
the threshold or the maximum number of determinants allowed in the CI space is reached. As the
second-order energy vanishes in the limit of complete variational space (i.e., the FCI limit), it was
proposed to estimate the FCI energy by performing extrapolation of the CIPSI energy as a function

t.43’48’95

of the second-order energy to the zero-limi The use of renormalized second-order energy

3

(tPT2, ZE?) was proposed to improve the extrapolation,*? as it leads to more balanced estimate

of the residual correlation energy for smaller CI wave functions.
The CIPSI results for the investigated electronic states of [FeHe6]2+, [FeH6]4‘, [C0H6]3‘,

[FeH4]2‘ and [FeHe6]3+ are shown in Figures 2—6. (Total energies are provided in Tables S10-S19,
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Figure 2: Convergence of CIPSI total energies for the singlet, triplet and quintet states of [FeHeﬁ]2+
with respect to dimension of the variational CI space (Ngey; left) and with respect to the rPT2 energy
(—ZEY, right). The latter dependence is used to provide exFCI energies by linear extrapolation
to the ZE®) = 0 limit based on two largest available CI wave functions. Dotted lines in the left
part show dependence of such extrapolated energies on the maximum value of Ny used in the

extrapolation.
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Figure 3: Convergence of CIPSI total energies for the singlet, triplet and quintet states of [FeH6]4‘
with respect to dimension of the variational CI space (Nge; left) and with respect to the rPT2 energy
(—ZE9); right). See caption of Figure 2 for additional explanations.
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Figure 4: Convergence of CIPSI total energies for the singlet and quintet states of [C0H6]3‘ with
respect to dimension of the variational CI space (Nge; left) and with respect to the rPT2 energy
(—ZEY9); right). See caption of Figure 2 for additional explanations.
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Figure 5: Convergence of CIPSI total energies for the triplet and quintet states of [FeH4]2‘ with
respect to dimension of the variational CI space (Nget; left) and with respect to the rPT2 energy
(—ZE?); right). See caption of Figure 2 for additional explanations.
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Figure 6: Convergence of CIPSI total energies for the doublet and sextet states of [FeHeﬁ]3+ with
respect to dimension of the variational CI space (Nge; left) and with respect to the rPT2 energy
(—ZEY9); right). See caption of Figure 2 for additional explanations.
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Supporting Information.) In each figure, the left part shows how the CIPSI total energy (ECPS! =

EO© 1+ ZE (2)) of each state depends on the dimension of the CI space (Nget), Whereas the right
part shows how it depends on the negative of the rPT2 estimate of the residual correlation energy
(—ZE@). A linear extrapolation of the latter dependency using two largest CI wave functions,
i.e., two points with the smallest —ZE (2) values, is shown as a dashed line and is used to provide
the exFCI total energy of each state. The dotted curves (to the left) show how such extrapolated
energies depend on the dimension of the CI space.

It is clear from Figure 2 that [FeHe6]2+ is an example of a well behaving system: the CIPSI
estimates of total energies approach constant values to within 0.01 a.u. and, even if they are not
fully converged, the residual correlation energies drop below 0.02 a.u. with the CI wave function
of about 5 x 107 Slater determinants. Moreover, the CIPSI energies are nearly linear functions of
the residual correlation energy and the extrapolation lines for different states are nearly parallel. By
contrast, the case of [FeH6]4‘ (Figure 3) is considerably more challenging: the CIPSI total energies
are far from convergence even with 10® determinants; the second-order energy correction to be
overcome by the extrapolation procedure is still 0.05 a.u. and the extrapolation lines for different
states are considerably non-parallel, resulting in less accurate extrapolated energy differences. The
case of [C0H6]3‘ (Figure 4) seems to be comparably challenging as [FeH6]4‘ and the case of
[FeH4]2‘ (Figure 5) is somewhere in between these two.

Table 5 shows the exFCI spin—state splittings calculated from the extrapolated energies of in-
dividual states. Following the approach suggested in ref 49, the extrapolation error was estimated
as the difference between the spin—state splitting calculated from the best available CIPSI energies
and the one calculated from the extrapolated energies. This is treated as a measure of systematic
error of each exFCI value. Note that CIPSI energies and resulting exFCI energies also have sta-
tistical uncertainties due to the usage of partly stochastic algorithm to efficiently evaluate the PT2
energy in QP2.4? These statistical uncertainties are very small for CIPSI energies from individual
iterations (see Supporting Information), but they increase by roughly one order of magnitude in the

extrapolated energies due to the rules of error propagation. The resulting statistical uncertainties
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Table 5: Extrapolated FCI (exFCI) Results. ab

exFCI® o¢
L3[FeHe ]t -23.0£0.8 04
I5[FeHe ]**  -745+0.5 03
13[FeH ]~ 126 2.0
L3[FeH 4~ —52+34 04
L3[CoH,]*- 309+1.0 03
26[FeHeg ¥ -125.0+1.3 04
33[FeH,*~ -103+1.7 0.6

@ All values in kcal/mol. ® The error bar is es-
timated extrapolation error, defined as the dif-
ference between the spin—state splitting calcu-
lated from the largest CIPSI wave functions and
one calculated from the extrapolated energies. ¢
Statistical uncertainty (one standard deviation)
propagating from stochastic errors in CIPSI en-

ergies, calculated as 0 =/ 612 + 622, where are

standard deviations of the extrapolated energies
of individual states.

are reported as ¢ values in Table 5 and can also be seen as error bars adjacent to the dotted curves
in the leftmost parts of Figures 2—5. As it becomes clear from Table 5, the statistical uncertainties
(o values) are always smaller than the extrapolation errors.

Overall, this approach allows us to determine exFCI estimates with reasonably small extrap-
olation error for all but one investigated cases. This worst case is the singlet—triplet splitting in
[FeH6]4‘, for which the extrapolation error is 6 kcal/mol, preventing us from including this item
in further analysis. For the remaining 5 items, we have obtained exFCI values reasonably look-
ing error estimates: smaller than 1 kcal/mol for the singlet—triplet and singlet—quintet splittings
in [FeHe6]2+, about 1 kcal/mol for the singlet—quintet splitting in [C0H6]3‘, about 1.5 kcal/mol

]3+

for the doublet—sextet splitting in [FeHe]°", about 2 kcal/mol for the triplet—quintet splitting in

[FeH4]2‘, and about 3.5 kcal/mol for the singlet—quintet splitting in [FeH6]4‘. The latter largest
]4

error estimate is clearly related to the computational difficulty of the 1’S[FeHﬁ ~ energy difference

and its great variability with the choice of method (cf the largest oar value in Table 3).
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3.6 Benchmarking Against exFCI

The above determined exFCI spin—state splittings (cf Table 5) are now taken as reference values
for benchmarking the accuracy of approximate wave function methods. The small basis aT/D’
basis set is used throughout and (as discussed above) only the following energies are considered:
1’3[FeHHe6]2+, 1’5[FeHHe6]2+, 1’5[FeHH6]4‘, I’S[COHIH6]3_, 2,6[FeIIIHe6]3+, and 3’5[FeHH4]2‘.

Table 6 reports deviations of calculated spin—state energetics from the exFCI reference value.
For clarity, the table cells are color-mapped by deviation from the reference interval taking into
account the error bar of the reference value: for deviation within the error bars, the cell is left white;
for positive/negative deviation beyond the error bars, the cell is colored red/blue, respectively, with
the intensity proportional to the magnitude of the deviation. In addition to methods already tested
before, i.e., CASPT2, MRCI+Q, CCSD(T) and PBE-CCSD(T), the comparison now also include
CASPT2/CC, 4 NEVPT2,%798 CASPT3,% more variants of MRCI and a variety of CC methods
with up to approximate quadruples.

We start the discussion of data in Table 6 from multireference perturbation theory approaches
(CASPT2, CASPT2/CC, NEVPT2, CASPT3). The present results confirm the known tendency
of CASPT2 calculations (with the standard choice of active space) to overstabilize higher-spin

states. 24.25,73

For the studied models, the overstabilization errors are sized up to 9 kcal/mol in
magnitude when using the default formulation with IPEA shift of 0.25 hartree.'% The origi-
nal formulation of the CASPT2 method without the IPEA shift leads to even larger errors. The
CASPT3 method, even if computationally much more expensive than CASPT?2, yields compa-
rable errors. Thus, the CASPT2.5 method (which comes down to averaging the CASPT2 and
CASPTS3 results), previously recommended based on atomic benchmark data, !¢ would not work
well for the presently investigated complexes. The negative errors observed in the CASPT2 calcu-
lations are systematically reduced by the hybrid CASPT2/CC method, '* which was proposed in
the literature for exactly this purpose. However, the reduction of errors is far from being perfect,

particularly for 1’S[FeHG]“" and 2’6[FeHe6]3+, where the higher-spin state is still overstabilized

by several kcal/mol. The NEVPT2 method performs best, yielding deviations with respect to the
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Table 6: Deviations of Calculated Spin—State Splittings from the exFCI Reference Values. “?.

]’3[FCHC6]2+ l,S[FeHe6]2+ 1’5[F6H6]4_ 1,5[C0H6]3— 2,6[FeHe6]3+ 3’5[FGH4]2_

CASPT2(nolPEA)

CASPT2 -3.1

CASPT2/CC -0.1

NEVPT2 0.4

CASPT3 0.6

MRCI 1.0

MRCI+Q(RDC) 1.0

MRCI+Q(DSS) 1.0

MRCI+Q(PC) 1.0

ACPF ¢

AQCC ¢

MP2 2.1

CCSD -0.1

DCSD -0.3

CCSD(T) 0.4 -3.1 .
PBE-CCSD(T) 0.5 -3.0 -22
UHF-CCSD(T) 0.3 34 -2.9
UHF-CCSD[T] 0.3 -33 . 2.2
UHF-CCSD(T), 0.3 -35 4.1 . —4.4
UHF-CCSDT -0.5 -2.0 1.1 -1.6 -2.9 -15
UHF-CCSDT(Q) 0.4 ~1.4 16.6 4.6 -1.4 1.2
UHF-CCSDTIQ] -0.3 -1.8 -1.9 -8.7 -2.8 -1.9
UHF-CCSDT(Q),  -0.3 ~1.4 3.4 -0.8 -1.4 -0.3

“Values in kcal/mol. ”All calculations performed using aT/D’ basis set. “Calculations not performed.
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exFCI values no greater than 2 kcal/mol in magnitude (both positive and negative deviations are
observed). In fact, NEVPT2 performs comparably or even better than variational MRCI+Q (see
below) and appears to be the most accurate method of all benchmarked in Table 6. Interestingly,
the presently observed good performance of NEVPT2 disagrees with much larger errors observed
in the NEVPT2 spin—state energetics of realistic TM complexes”* and metallocenes,?> for which
the reference values were derived from experimental data. The origin of this discrepancy is not
entirely clear, but is presumably related to larger molecule size of the complexes studied in refs 24
and 25, and hence more complicated character of their correlation effects than in presently studied
hydride/helium small models.

The performance of the MRCI+Q method is particularly worth of attention. The MRCI+Q
results are provided in Table 6 for several choices of the size-consistency correction (DSS, RDC,
PC; see Computational Details) in addition to uncorrected MRCI results. Different choices of the
size-consistency corrections give rather similar results, whereas differences between uncorrected
MRCI and MRCI+Q values range from negligible up to 3 kcal/mol. The MRCI+Q method gives
a nearly perfect agreement with the exFCI reference values for the helium model (1’3[FeHHe6]2+,
L3[Fe!lHe(]**), but features larger discrepancies for hydride models, particularly for the !*[Fel"H,]**
splitting. Interestingly, the problem with the accuracy of the MRCI+Q for this particularly chal-
lenging energy difference is not solved by switching to ACPF or AQCC, which are two size-
consistent generalizations of the MRCI: both ACPF and AQCC give similar results as MRCI+Q
(identical to within 1.5 kcal/mol), and all three significantly deviate from the exFCI reference
value. Overall, the present results suggest that the MRCI+Q (with singles and doubles beyond the
active space and the standard choice of active space) is not necessarily a very accurate method
for spin—state energetics, although it might be very accurate in certain cases. This observation
agrees with the experience gained in the previous study of spin—state energetics for octahedral
complexes,?* where also large errors, up to several kcal/mol in magnitude, were observed in the
MRCI+Q calculations, particularly with the standard (RDS) size-consistency correction. In larger

complexes the differences between different choices of the correction are also more pronounced*
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than in the present set of hydride/helium models, which is presumably related to growing devia-
tions from size-consistency, being only partly restored within the MRCI+Q approach, in the case
of larger complexes.

Proceeding now to single-reference methods benchmarked in Table 6, we start from the sim-
plest MP2 and CCSD methods. As might be expected, they both lead to significant errors, of-
ten greater in magnitude than 10 kcal/mol. (The only exception is singlet—triplet splitting for
[FeHe6]2+, which is computed relatively accurately by most of the benchmarked methods, in-
cluding CCSD.) The negative errors observed with these methods indicate overstabilization of
higher-spin states due to underestimation of correlation effects.®7-101-192 Interestingly, however,
the distinguishable cluster (DC) with singles and doubles (DCSD) usually leads to significantly
smaller negative errors than in analogous calculations at the CCSD level. With the “gold standard”
CCSD(T) method, the energy differences are usually within 3 kcal/mol from the exFCI reference
values and both positive and negative deviations are observed. The largest CCSD(T)’s error of
—6.5 kcal/mol occurs for the doublet—sextet splitting of [FeHeﬁ]3+. This is presumably rooted in
a very considerable multiconfigurational character for the doublet state (%MC diagnostic of 29%),
whereas the sextet state is essentially single-configurational (%MC diagnostic of 0.6%).

The next interesting question is the effect of switching from canonical HF to DFT (PBE) or-
bitals in the reference Slater determinant, i.e., CCSD(T) vs PBE-CCSD(T) results in Table 6. It
turns out that the effect is very limited for [FeHeﬁ]2+ and [C0H6]3‘ models, but more pronounced
for other models, particularly for [FeHH6]4‘. In all presently investigated cases the use of PBE
orbitals leads to larger (i.e., more positive or less negative) spin—state splittings. The use of PBE
orbitals is beneficial in some cases (2’6[FCHC6]2+, 3.5 [FeH4]2+), but neither of the two choices of
reference orbitals is systematically better for all the energy differences considered simultaneously.
This observation aligns with the study of small systems by Benedek et al.3® and with the experience
gained for TM complexes with larger ligands, showing that the optimal choice of reference orbitals

in CCSD(T) calculations of spin—state energetics is still an open question (see also discussion in

refs 12 and 87, and references therein).
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The MP2, CC and DC results discussed so far were based on the ROHF-type Slater determi-
nant. However, Table 6 also includes CC results based on a UHF-type Slater determinant, which
are identified by the “UHF-" prefix. (The latter set of calculations was performed using the MRCC
software, to enable fully iterative treatment of the triples and approximate treatment of quadruples.
The switch from the ROHF to the UHF reference is motivated by technical reasons, i.e., limitations
of the Molpro/MRCC interface.) The corresponding ROHF-based CCSD(T) and UHF-CCSD(T)
results are identical to within 0.4 kcal/mol. This was to be expected as the UHF spin contamination
is very small for the presently investigated systems (cf Table S9, Supporting Information).

Using the UHF reference, different formulations of the perturbative triples correction are con-
sidered: CCSDI[T],'® CCSD(T)!%* CCSD(T),, %1% as well as full CCSDT.!?” Note that al-
though the CCSD(T) formulation is usually preferred and it benefits from partial error cancella-
tions between the post-(T) triples and higher excitations, 38108109 the CCSD[T] formulation has
been observed to yield results closer to full CCSDT for intermolecular interaction energies. ' '° For
the presently studied models, the UHF-CCSD(T) formulation performs slightly better than UHF-
CCSD(T)A and significantly better than UHF-CCSDIT], as the latter one leads to very large errors
for [FeH6]4‘ and [C0H6]3‘. The UHF-CCSDT method with iterative treatment of the triples pro-
duce results that differ from the corresponding UHF-CCSD(T) results by up to 4 kcal/mol. The
difference are usually positive (i.e., indicating a greater stabilization of the lower-spin state with the
UHF-CCSDT than with UHF-CCSD(T) method), except for the 15 [C0H6]3‘ splitting, for which
the opposite behavior is observed. The UHF-CCSDT spin—state splittings agree with the exFCI
reference values to within 3 kcal/mol and are consistently more accurate than the UHF-CCSD(T)
spin—state splittings (the only exception is 1’3[FeHeé]2+, for which the errors of the two methods
are very small and practically identical).

The analogous CC methods are considered for approximate treatment of quadruple excita-
tions: 1112 CCSDT[Q], CCSDT(Q), and CCSDT(Q)4. The results obtained are highly intriguing.
With the UHF-CCSDT(Q) method, the computed spin—state splittings are usually very close to the

corresponding exFCI reference values, but a very significant discrepancy (of nearly 17 kcal/mol)
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is observed for the ! [FeH6]4‘ splitting. It thus appears that the CCSDT(Q) value is completely
unreliable due to problems with perturbative treatment of quadruple excitations in this particular
molecule, containing very covalent Fe'-ligand bond and significantly diffused negative charge
on the ligands. The origin of this error is not clear, but it may be analogous to known problems
with perturbatively-corrected CC calculations for multiple bond dissociation curves, for exam-
ple in stretched N2.28’113 The UHF-CCSDT(Q) method also leads to considerable error of nearly
5 keal/mol for the '>[CoH]*~ splitting. With the UHF-CCSDT[Q] method, the error on the
1’S[FeH6]4‘ splitting is reduced to only 2 kcal/mol (i.e., below the uncertainty of this reference
value; cf Table 5), but the error on the '~ [C0H6]3 ~ splitting grows to about 9 kcal/mol. Finally,
with the UHF-CCSDT(Q)A method, all discrepancies with respect to the exFCI reference values
are within 2 kcal/mol, except for the ! [FeH6]4‘ splitting, for which the observed discrepancy is
somewhat larger, 3.4 kcal/mol, yet still comparable to the uncertainty of the reference value. Thus,
based on the present benchmark, the best performing CC method with approximate quadruples
seems to be UHF-CCSDT(Q)A, whereas neither UHF-CCSDT(Q) nor UHF-CCSDT[Q] can be
safely recommended due to the sizable maximum errors observed for [FeH6]3‘ and [C0H6]3‘.

It remains unknown whether similar problems with the CCSDT(Q)’s accuracy can be also ob-
served in larger TM complexes. Post-(T) calculations are very rarely performed for TM complexes
due to their prohibitively high computational cost. One example of such calculations was given in
our study of the quartet—sextet splitting for [Fe(H20)6]3+, 114 where the CCSD(T) and CCSDT(Q)
relative energies computed using small basis set were shown to agree to within 1 kcal/mol. Bross
et al. 113 compared the performance of CCSDT(Q) and CCSDT(Q), with respect to full CCSDTQ
for atomization energies of 8 small molecules (diatomic or triatomic) containing one TM atom.
For this, they also found that the CCSDT(Q)A formulation performs better than the CCSDT(Q)
one, although the discrepancies between the two formulations were within 3 kcal/mol, therefore

much smaller than in the presently studied cases of [FeH6]4‘ and [C0H6]3‘.

29

https://doi.org/10.26434/chemrxiv-2024-htvk4 ORCID: https://orcid.org/0000-0002-1901-8521 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-htvk4
https://orcid.org/0000-0002-1901-8521
https://creativecommons.org/licenses/by-nc/4.0/

4 Conclusions

In this work, a set of small complexes with hydride and helium ligands has been presented to de-
liver computationally convenient, highly reduced models for the challenging problem of first-row
TM spin—state energetics. It has been demonstrated that these models, despite their enormous
simplicity, capture essential aspects of the electronic structure found in larger TM complexes with
o-donor ligand, whereas their spin—state splittings feature comparable method-dependence as in
realistic complexes. After carefully determining the basis set limits for a few selected methods
and studying transferability of the basis set incompleteness errors, a small basis set has been pro-
posed for further benchmarking of wave function theory methods. The reference exFCI spin—state
splittings have been obtained from CIPSI calculations with up to 10° determinants in the varia-
tional CI part. The benchmarking results show that it is possible to reproduce the exFCI reference
values using both multireference and single-reference approaches, among which the NEVPT2 and
CCSDT(Q)A methods performed best. The gold-standard CCSD(T) method produced deviations
from the reference values which were in most cases about 3 kcal/mol or smaller, with the excep-

tion of the doublet—sextet splitting in [FeHe6]3+

, where more than twice larger error was observed
and tentatively attributed to significant multiconfigurational character in the doublet state. Accu-
rate determination of the singlet—quintet splittings in [FeH6]4‘ and [C0H6]3‘, in view of the slow
convergence of the CIPSI calculations, large errors in MRCI+Q, ACPF and AQCC results and con-
siderable variation of the higher-order CC results, appears to be a particularly challenging problem,
perhaps comparable in the difficulty to the well known chromium dimer.#>#3116-118 Qyerall, the
presented hydride and helium models of TM complexes make up a challenging benchmark set,

quite distinct from TM diatomics or bare ions so extensively studied in the literature, that may be

worth of further attention in the context of developing novel wave function methods.
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Supporting Information Available

Outer-core (A3s3p) correlation corrections, comparison of alternative CBS extrapolations, spin—

state energetics in smaller basis sets, detailed CIPSI results, sample Molpro input files.
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