THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/JPCA

Restricted Open-Shell Hartree—Fock Method for a General
Configuration State Function Featuring Arbitrarily Complex Spin-
Couplings

Published as part of The Journal of Physical Chemistry A virtual special issue “Gustavo Scuseria Festschrift’.

Tiago Leyser da Costa Gouveia, Dimitrios Maganas, and Frank Neese*

Cite This: J. Phys. Chem. A 2024, 128, 5041-5053 I: I Read Online

ACCESS | @ Metrics & More ’ Article Recommendations | Q Supporting Information
ABSTRACT: In this work, we present a general spin restricted open-shell 5| ROHFS=0 .5 | ROHFS=5
Hartree—Fock (ROHF) implementation that is able to generate self- 34 |(SAHF Guess) 3

consistent field (SCF) wave functions for an arbitrary configuration state “’2-2 g %

function (CSF). These CSFs can contain an arbitrary number of unpaired 3 1

electrons in arbitrary spin-couplings. The resulting method is named CSF- T R e
ROHF. We demonstrate that starting from the ROHF energy expression, for ot A ““"’“"‘”"“""a"“ Clectrons )
example, the one given by Edwards and Zerner, it is possible to obtain the rovoo | AT - socol BT S x »
values of the ROHF vector-coupling coefficients by setting up an open-shell Weng P 20000} e e
for each group of consecutive parallel-coupled spins dictated by the unique Joooo [ LR L 1sono ‘:"\ :
spin-coupling pattern of any given CSF. To achieve this important and 6000 100001 X, _Bo
nontrivial goal, we employ the machinery of the iterative configuration 4000 f  Teex T8 5000l T %
expansion configuration interaction (ICE-CI) method, which is able to  ** e T e 23

tackle general CI problems on the basis of spin-adapted CSFs. This

development allows for the efficient generation of SCF spin-eigenfunctions for systems with complex spin-coupling patterns, such as
polymetallic chains and metal clusters, while maintaining SCF scaling with system size (quadratic or less, depending on the specific
algorithm and approximations chosen).

1. INTRODUCTION consistent field (SCF)-procedure). In conjunction with density
functional theory (BS-DFT), this constitutes the most
commonly used approach in tackling systems with complex
spin-couplings."*~*> However, it should be emphasized that
BS-DFT gives only a crude representation of antiferromagnetic
couplings, as it is unable to correctly describe the electron
correlation phenomena in these systems.

In fact, problems of such complexity require elaborate
multiconfigurational wave function-based methods. In partic-
ular, the complete active space SCF (CASSCF) method is a
well-established approach in quantum chemistry for the
treatment of strongly correlated electron systems with
substantial multireference character.”*™' Recent advances of
approximate configuration interaction (CI) wave function-
based methods in the framework of the density matrix
renormalization group (DMRG),” the full configuration
interaction quantum Monte Carlo (FCIQMC),3 3 or

The realization that the majority of “life”-related chemical
processes in the fields of (bio)inorganic chemistry, materials
science, and catalysis involve multimetallic open-shell chemical
systems with electronic ground and excited states possessing
complex spin-coupling situations has imposed great challenges
to both experimental and theoretical chemistry.'”'> The
electronic states of these systems are usually characterized by
a complex spin alignment of the open-shell electrons, leading
to various ferromagnetic or antiferromagnetic-coupled states.
The nature of these states is difficult to interpret from the
experimental point of view, due to the high density of many-
particle states that may be probed in the various experimental
techniques'” or the strong dependence of the experimental
measurements to the actual experimental conditions, often
leading to dependencies (e.g., temperature, field, and
radiation) that may be difficult to control or interpret.

The theoretical characterization of such systems is also
challenging due to the computational complexity associated
with the description of the involved ground and excited many-
particle states. The most common practice is to break the spin
symmetry of the system and perform mean-field level
computations over chosen broken-symmetry Slater determi-
nants on the basis of a variational orbital optimization (the self-
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selected CI approaches,”®” such as the iterative configuration

expansion CI (ICE-CI),**" for treating large active spaces
have helped to drastically reduce the size limitations of the
conventional CAS-based approaches, to the chemical sensible
active space that needs to be correlated in order to probe the
couples spin-coupling problem of several systems.

In most, if not all, of these electronic structure calculations,
the initial step is a mean-field Hartree—Fock (HF) calculation,
which in the context of open-shell systems might face severe
convergence problems. In practice, it is quite common that for
open-shell systems, the starting orbitals are obtained from the
solution of a high spin (HS)-restricted open-shell HF (ROHF)
calculation. The ROHF method was first described by
Roothan.*’ Differently from the more popular unrestricted
HF (UHF) method, the ROHF wave function is restricted to
be a spin-eigenfunction, which makes it well suited for
posterior post HF wave function-based calculations. In
principle, one can consider ROHF methods to be specific
cases of multiconfiguration SCF (MCSCF) methods. In both
cases, the wave function consists of a linear combination of
Slater determinants. However, in ROHEF, the coefficients of the
linear expansion are chosen to represent a particular spin state
and/or symmetry and are not allowed to vary freely, as in
MCSCEF.

The most common formulation of the ROHF problem is for
the HS case, where the open-shell structure consists of only
parallel-coupled spins. However, several other formulations for
treating other spin-coupling situations exist in the literature,
such as configuration-averaged HF (CAHF)*' and spin-
averaged HF (SAHF),” among others.*”** Together with
the improvement in numerical methods for computing ROHF,
they all have helped to overcome the convergence problems of
ROHF and popularize it in the quantum chemistry
community. Although several low spin (LS) ROHF cases
have been formulated, to the best of our knowledge, a rigorous
configuration state function (CSF)-based formulation for
arbitrary spin-coupling situations has never been reported.
This seems to be of paramount importance as it has been
shown that approximate CI methods employed on HS ROHF
orbitals perform very poorly in describing other spin-coupling
situations.”

Hence, in this paper, we present a new procedure to set up
ROHF calculations of a single CSF with arbitrarily complex
spin-couplings. Thus, we have made use of the general
infrastructure of the recently developed CSF-based ICE
algorithm that allows the generation of any desired CSF on
the fly for subsequent solving of the respective ROHF
problem. We refer to the resulting methods as CSF-ROHF.
After presenting the theory and demonstrating its performance
over the conventional CASSCF in a Ni(II) chain with
increasing number of nickel atoms, we demonstrate the ability
of the CSF-ROHF method to probe a series of solutions of the
Hund and non-Hund CSFs of the [Fe(SCH;),]™ complex, the
ferromagnetic and antiferromagnetic states of the
[Fe,S,(SCH,),]* and [Gd,Cl,,]’” dimers, as well as to
probe the experimentally accepted ground state spin-coupling
situations on the trimer [Cuy(OH);(en),]**, the cubane
[Fe,S,(SCH,),]*", and the complex [Co('Ly),], 'Ly
CeH,(NH,).
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2. THEORY

2.1. General CSF-Based ROHF Formulation. We start
by recalling the ROHF energy expression 1 given by Edwards
and Zerner"

EROHFZZZhii"' Z Z (Zij _Ki;‘) + Z anh“
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where h,, is the one-electron integral (possibly containing
contributions from external point charges or relativistic
corrections), J,q and K,, are the Coulomb and exchange
integrals, respectively, n’ is the occupation number of shell I, C
being the closed-shell, and a¥ and bV are the so-called vector-
coupling coeflicients. In the following text, we use the indices i,
j, k, and [ for doubly occupied molecular orbitals, t, u, v, and w
for singly occupied molecular orbitals (SOMOs), and p, g, 1,
and s for generic molecular orbitals.

In contrast to methods like CAHF or SAHF that average
over configurations and therefore typically feature fractional
occupation numbers, the CSF method constrains the
occupations to n' = 1. The spin-coupling situation of the

unpaired electrons is determined by the number of open-shells
and the vector-coupling coefficients. Hence, for setting up the
ROHF problem for a given CSF, we need to determine the
values of a” and b” that appropriately describe it.

We can achieve this by constructing the CSFs using one of
the many available construction methods for spin-eigenfunc-
tions, " for example, the genealogical spin-coupling scheme of
Grabenstetter et al.*” In this scheme, a given CSF is built by
sequentially adding the electrons in such a way that the spin-
coupling information on an electron u in a SOMO is specified
with respect to all other SOMOs ¢ < u.

The expectation value of the Born—Oppenheimer Hamil-
tonian in the second quantization for a given CSF is then given
by eq 2
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The matrix element (®IE, E{I®) can be evaluated directly,
without expanding the CSF into a linear combination of Slater
determinants, as explained elsewhere*® and as applied in the
context of the ICE-CI’** present in ORCA.*"~* Being able
to directly evaluate the (®IE, E{®) element, the value of the
vector-coupling coeflicients can be obtained as follows:

By comparing the terms involving only the open shells of eq
2 with the open-shell terms of the ROHF energy expression 1
for n' = 1, one arrives on eq 3

https://doi.org/10.1021/acs.jpca.4c00688
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—] (center), and [+ — +] (right) CSFs built from the genealogical-coupling scheme.
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Solving the above expression for a’ and b7, the relations, eqs
4—6 are obtained
)
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From these, we arrive at the following general formulas for
the vector-coupling coeflicients

2" = bt (7)
=1 (8)
v/ =2(1 — (DIEE/ D)) )

This way, the determination of the b” vector-coupling
coefficient reduces to the evaluation of the matrix element (DI
E!, E{I®) for the CSF in which the ROHF procedure is to be
set. We note here that all t,u orbitals within a given open-shell
will produce the same value from the (®IE,” E/I®) matrix
element. The vector-coupling coefficients within a given shell
a and b" are related only by eq 7 and can be defined in any
way that satisfies it.**

It is now possible to set up the Fock operator of the open-
shells of the system. In the implementation of the general
ROHF method avallable in the ORCA program, we employ
the Rico-Fernandez>* formulation of the Fock matrix elements
of the open-shells

F;D = —nlh + Z [2 L(uulkr) — B;y(/wlm')]
(10)
where A}, and B}, are special densities
- Y,
J (11)
B, = ) p'D),
J (12)
D), is the density matrix element for shell |
J —
D/w - Z CupCup
p€/ (13)
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While @ and 7 are related to a” and b7 by

1
a’ = Zn'd"

(14)
AU = Lty
4 (15)
The above relations imply that for a given CSF with an
arbitrary spin-coupling pattern, it is possible to obtain the
values of the ROHF vector-coupling coefficients for a given
CSF by setting an open-shell for each group of consecutive
parallel-coupled spins.
As a numerical example, let us consider the cases of CSFs
consisting of (a) two unpaired electrons coupling to an open-
singlet [+ —] with S = 0, and (b) three unpaired electrons

coupling to open-doublets (S = %), where two CSFs are

possible: [+ — +] and [+ + —], as shown in Figure 1.

As stated above, the open-shells are defined as each set of
consecutive parallel-coupled spin. Therefore, the open-singlet
[+ —] CSF contains two open-shells and the open-doublets [+
— 4] and [+ + —] contain three and two open-shells,
respectively.

The values obtained for the open-singlet and the two open-
doublet cases are presented in Table 1. We note that the values

Table 1. Coupling Coefficients and Vector-Coupling
Coeflicients for the Open-Singlet CSF, and the Two Open-
Doublet CSFs, as Shown on Figure 1

CSF number of open-shells (DIE, E}|D) by
‘- 2 2 -2
- 2 L5 -1
P 3 2,05, 0.5 -2, 1,1

“Further examples can be found in Table 2.

of the [+ —] and [+ — +] CSFs are in agreement with the ones
determined by Edwards and Zerner, which are presented on
lines 6 and 8 of Table 1 of ref 45, together with the b" values of
the given cases.

The procedure outlined above was implemented in a
development version of the ORCA computational package
and will be part of the next major public release.

2.2. Computational Details. All calculations were
performed in a development version of the ORCA 6.0 suite
of programs.*’~*

Geometries for the [Fe(SCH;),]” and [Fe,S,(SCH;),]*”
complexes are obtained from refs 55 and 56, respectively. For
the [Fe,S,(SCH,),]*” cubane system, the geometry used is
taken from ref 57. All other geometries were calculated at the
DFT level of theory employing the BP86 functional’®*’
together with Grimme’s dispersion correction® ™" with the
triple-{ Def2-TZVP® basis set together with the Def2/]
auxiliary basis for the resolution of the identity approxima-

https://doi.org/10.1021/acs.jpca.4c00688
J. Phys. Chem. A 2024, 128, 5041-5053
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AVAS

SAHF

v \9)

LOCALIZED BLOCKF

Figure 2. Example sequence of molecular orbital transformations used in the protocol for spin-couplings between metal centers. From left to right:
the AVAS orbitals; the SAHF orbitals obtained using the AVAS guess; the localized orbitals obtained from the canonical SAHF ones; the
recanonicalized orbitals obtained by using the orca_blockf utility; and the CSF-ROHF-optimized orbitals obtained from the localized and

recanonicalized SAHF orbitals.

tion.”” The Ni chain geometry was fixed to local octahedral
geometries,”” with only the hydrogen atoms being optimized at
the same level of theory of the other geometry optimizations.
The coordinates of all the geometries used in this paper can be
found in the Supporting Information.

CI calculations were performed using the CSF-based version
of ICE-CI method.***” The triple-{ quality Def2-TZVP®* basis
set was used for all atoms in the systems containing transition
metals, for all ROHF (SAHF, CSE-ROHF, and HS-ROHEF),
ICE-CI, and CASSCF calculations. For the gadolinium dimer,
scalar relativistic effects were considered by using X2C,
together with the basis set X2C-TZVPall.*®

3. DEFINITION OF GUESS STARTING ORBITALS

The methodology described in the theory section above allows
for determining the ROHF vector-coupling coefficients on an
arbitrary number of open-shells that may consist of a given
CSF. A second crucial step is to determine which type of
starting molecular orbital may be part of an open-shell. This, in
principle, will always involve some freedom of choice from the
user’s perspective. Nevertheless, we draw some general
guidelines with the aim to rendering the entire methodology
as closely to the black box as possible.

In our experience, the usage of the atomic valence active
space (AVAS)® procedure constitutes a systematic way to
generate metal centered initial guess orbitals suitable for
transition metal dimers, trimers, etc. These orbitals are then

5044

used as a guess for a SAHF calculation, where the open-shell is
defined as the SOMOs of the system. Since the SAHF problem
is already set for the average of spin-coupling situations of the
target multiplicity, the resulting orbitals should be better suited
as a guess for the ROHF calculation on a specific CSF. The
converged SAHF orbitals are localized and used as a guess
themselves for the CSF-ROHF. Care must be exercised in
order for the localized orbitals to reflect the chemical situation
of interest, and we point out that, although recommended, not
every chemical problem requires the localization step, as can be
seen on the [Co('Ly),] system presented in this study.

One can also recanonicalize the localized orbitals before
using them as a guess for the following CSF-ROHEF calculation.
In ORCA, this is achieved by using the standalone program
orca_blockf, which performs a block diagonalization of the
Fock matrix for a given subspace.

An example of the protocol used for the setup of the guess
orbitals for the CSF-ROHF method is shown in Figure 2 for
the [Ni,O(H,0),,]** system, where we want to set the ROHF
problem for two open-shells, each with the singly occupied e,
orbitals from a distinct nickel center.

First, a SAHF calculation for 1 open-shell with 4 orbitals and
4 electrons in an overall singlet state was performed using, as
an initial guess, the AVAS orbitals. The SAHF converged
orbitals were then localized and recanonicalized before being
used as the initial guess for the CSF-ROHF calculation, where
two open-shells were set containing the respective nickel

https://doi.org/10.1021/acs.jpca.4c00688
J. Phys. Chem. A 2024, 128, 5041-5053
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orbitals. As seen in Figure 2, the CSF-ROHF orbitals differ in
comparison to the localized SAHF orbitals, reflecting the
relaxation of the former for the given CSF.

4. SCALING AND COMPARISON WITH CASSCF
TIMINGS

In the next step, we compare, in this section, the performance
of the aforementioned CSF-ROHF procedure. For this
purpose, we perform a series of calculations on [Ni(H,0)6]**
as well as the [Ni(H,0);],0,_1, n = 2—10 chain, where the
number of nickel atoms is gradually increased from 2 to 10 Ni
atoms (from 303 to 2535 basis functions). Each nickel added is
coupled antiferromagnetically with the previous one, resulting
in a series of CSFs following the spin-coupling scheme, as
shown in Figure 3.

2 A
32
s 1 0
'I
,i
12 o
4
,I
,I
0 4 >
0 1 2 3 4 5 6 7 8 9 10

Number of unpaired electrons

Figure 3. Model Ni chain used for timings and the branching diagram
representation of the alternating spin-coupling between the Ni
centers. Dashed line represents a continuation of the diagram as
more Ni centers are added.

Following the process described in Section 3, for each chain
size, guess orbitals were obtained by first converging a SAHF
calculation where the open-shell consists of the degenerate set
of e, orbitals of the Ni centers to low multiplicity (S = 0 for
even numbers of Ni centers and S = 1 for odd numbers). The
converged orbitals were then localized using the Pipek—
Mezey”’ localization scheme, which were then used as initial
guess orbitals for all CSF-ROHF and CASSCEF calculations.
The CSF-ROHF calculations were set up following the
respective branching diagram CSF for the alternating spin-
coupling (Figure 3). The CASSCF calculations were

performed for the lowest root of a minimal active space
consisting of the d orbitals of the nickel centers with
appropriate multiplicity. The HS-ROHF calculations were set
using quasi-restricted orbitals (QROs),”" obtained from a
UHF calculation on the same multiplicity as an initial guess.
The usage of QROs usually ensures quick convergence of the
HS-ROHF.

The computed average times per SCF iteration and total
number of SCF iterations needed to achieve convergence are
presented in Figure 4 as a function of the number of Ni centers
in [Ni(H,0)6]* and [Ni(H,0):],0,_;, n = 2—10. All
comparisons were performed in an Intel cluster using 8 cores
and 4 GB of RAM per core.

As shown in Figure 4a, the CASSCF calculation presents the
expected steep scaling with the increasing number of Ni(II)
centers and becomes prohibitively expensive beyond 4 centers
[corresponding to active spaces larger than (32,20)]. By
contrast, HS-ROHF and CSF-ROHF scale proportionally to
Ni. if no precautions are taken for the calculation of the
Coulomb term. We point out that in CSF-ROHF, a number of
Fock matrices proportional to the number of open-shells needs
to be processed, while in HS-ROHEF, there are always only 2
Fock matrices in the procedure. The presented scaling for the
CSF-ROHF method allows its application on problems where
CASCEF calculations are unfeasible.

It is also worth mentioning the number of SCF iterations
needed to achieve convergence. Overall, the CSF-ROHF
calculations converge in a reasonable number of iterations,
ranging between 40 and 135 iterations, showing that, at least
for the systems studied in this work, a rather smooth
convergence behavior was observed. While this convergence
behavior is, of course, closely related to the specific algorithm
used to solve the SCF equations, these results at least indicate
that the CSF-ROHF method is not expected to create any
convergence issues that are worse than those of the parent HS-
ROHF method.

5. VALIDATION

The validation of the presented CSF-ROHF methodology was
performed in a study set that consisted of a series of
monometallic and polymetallic complexes belonging to the
transition metal and lanthanide families (Figure $). In
particular, the monomer [Fe(SCH;),]” was used to probe a
series of ROHF-SCF solutions of Hund and non-Hund states,
while the dimer complexes [Fe,S,(SCH;),]*” and [Gd,Cl;;]°>~

Average SCF it

5 6
Ni atoms
o CSF-ROHF

HS-ROHF o CASSCF

=
~

SCEF Iterations

= = = =
N&%OOCN&O\
(== S © o o ©

(=1

1 2 3 4 5 6 7 8 9

Ni atoms

10

u CSF-ROHF wHS-ROHF m CASSCF

Figure 4. a) Average SCF iteration time for CSF-ROHF, HS-ROHF, and CASSCF calculations on the Ni chain with an increasing number of Ni
atoms. (b) Number of SCF cycles needed to achieve convergence of the respective methods.
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[Cuy(OH)s(en)s]**

Figure S. Structures of all systems studied in the present paper.

1Ga,Cl 1>

[Co('Ln)al

were used to probe the ROHF solutions of ferromagnetic and
antiferromagnetic states. The trimer [Cuy(OH);(en);]**, the
tetramer [Fe,S,(SCH;),]*", and the monomer [Co('Ly),],
"Ly = C¢H,(NH,) were used to emphasize the generality of
the presented CSF-ROHF methodology, by investigating more
complex spin-coupling situations, which involve ligand orbitals
in metal-ligand covalency or metal—ligand radical inter-
actions.

5.1. Probing Hund and Non-Hund States. As a first
application of the presented CSF-based ROHF, we turn to the
[Fe(SCHj;),]™ complex, which contains an Fe(III) center in an
S4 symmetry coordination environment, resulting in a ground

state electronic configuration with S = %, following Hund’s

rule, where each of the 3d orbital of the iron center is singly
occupied. The CSF representing this spin-coupling situation is
[+ + + + +], and its branching diagram representation can be
seen in Figure S1.

Keeping the occupation number of the five 3d orbitals, it is
also possible to construct CSFs for the non-Hund states with

S =
S =
s=23

% and S = % Maintaining the MO energy ordering of the

state, S electrons in S orbitals lead to 4 CSFs coupled to

and 5 CSFs coupled to § = %, representing the

aforementioned non-Hund states of [Fe(SCH;),]”. Each of
these CSFs has a unique branching diagram, which allows for
the determination of the b” vector-coupling coefficients for
each case, as shown in Table 2.

The number of open-shells for each CSF is defined by the
number of sets of parallel spin-coupling orbitals. As an
example, the CSF [+ + — + +] has three groups of parallel
spins: the first two +, the following -, and the last two + +,
leading to a ROHF problem with 3 open-shells. Table 2 also
shows the respective numbers of open-shells for each CSF
studied.

With the values of the ROHF vector-coupling coefficients
determined, the calculation of the total electronic energy for
each of the CSF-ROHF cases can be carried out. The total
energies are presented in Table 3, as well as the relative energy
with respect to the converged HS state.

It should be emphasized that for the case of the unique
sextet CSF, both CSF-ROHF and CASSCF (5,5) solve the
same problem, since from this CSF within the defined active
space, no excitations can be performed. Hence, the CASSCF
wave function will also consist of only one sextet CSF and the
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orbital optimization step reduces to the ROHF problem. This
is true for any HS situation where the active space is defined to
include only the singly occupied orbitals.

5.2. Probing Ferromagnetic and Antiferromagnetic
Couplings. We now turn to the case of the iron dimer
[Fe,S,(SCH;),]*", which consists of two HS Fe(IIl) centers

bridged by sulfides. Assuming two local S = % systems, we

constructed the ROHF problem for the ferromagnetic coupling
(S = S) and antiferromagnetic coupling (S = 0) situations. For
S =5, only one CSF can be constructed, where the 10 unpaired
electrons are all coupled parallel to each other. However, there
are 42 CSFs that can be constructed for 10 electrons in 10
orbitals coupled to a singlet state; these can be referred to as
the “neutral” CSFs since both Fe centers have the same charge.
Among these 42, we selected the CSF with [+ + + + + — — —
—] coupling as the illustrative example of the antiferromagnetic
coupling between the two Fe centers.

The CSF-ROHEF problem was then set up in the following
way. For the HS S = S state, we have 1 open-shell with 10
orbitals and 10 electrons. For the LS S = 0 state, two open-
shells are employed, each containing 5 electrons and the 3d
orbitals of the Fe(IIl) centers. For comparison, CASSCF
calculations were also performed on both spin states using the
same set of guess orbitals. The energy differences between
both spin states are shown in Table 4.

Inspection of Table 4 shows that, in a first approximation,
there is a disagreement between the CSF-ROHF and CASSCF
energy differences between the two spin states, with the CSF-
ROHF energy difference favoring the S = 5 state. The
reasoning behind this discrepancy follows from the mechanism
of antiferromagnetic coupling between two metal centers. As
discussed in more detail elsewhere,®”>~"* in order to properly
describe the coupling between the two Fe centers, not only the
“neutral” CSFs are needed but also the “ionic” CSFs, in which
one electron is transferred from one iron center to the other.
Since the ROHEF calculation was performed exclusively for one
of the “neutral” CSFs, it fails to capture the antiferromagnetic
coupling in its entirety. Hence, in a subsequent step, the
missing “ionic” CSFs can be included on the basis of CAS-ICE
calculations with the ROHF-optimized orbitals (Figure 6).
This lowers the energy of the S = 0 state by 2084 cm™, due to
mixing with the “ionic” CSFs, providing consistent energy
splittings between CASSCF and CSF-ROHEF/CAS-ICE. We
emphasize that even though there is an energy lowering
resulting from the mixing of other CSFs, the wave function

https://doi.org/10.1021/acs.jpca.4c00688
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Table 2. Number of Open-Shells and Determined Values for Table 3. ROHF Energies for the Different Multiplicities and
by CSFs Arising from 5 Singly Occupied Orbitals in
[Fe(SCH3)4]_
number of

e I
multiplicity CSE open-shells v/ multiplicity CSE E/hartree AE/hartree  AE/cm—1

6 A 1 2 6 PR —3011.14,803 0 0
1 4 ++4—4+  —3011.04201 0.10601 23,267
2 FE4+ 4+ - —3011.03221 0.11582 25,419
1 +4+—++  —3011.03108 0.11695 25,667
2 Fo++4+  —301098121 0.16682 36,612
++4+——  —3010.93950 0.20852 45,766
+4+—4—  —3010.92805 0.21998 48,279
++——+  —3010.91783 023020 50,522
+—+—1+  —3010.89386 025416 55,783
+—++—  —3010.89167 025636 56,265

4 ++++ = 2

)

S8}

|
[SSHR S}
—_
—
(3]

3 2 2
+++ -+ - =
3

[\ %)

Likewise to the monomer case, the mixing of CSFs discussed
above is not present in the HS state, which is uniquely defined
by a single CSF. This renders the CASSCF calculation to be
exactly the ROHF problem, leading to the same final electronic
energy obtained by both methods (Table S1).

The same procedure used for the iron dimer is not restricted
] only to transition metals, but it is generally applicable to any
—2 1] situation where the interacting open-shells can be defined. As
G t4s 3 5 an example, we used a model Gd(III) dimer [Gd,Cl;,]>~
1 1 2 where the gadolinium centers have f electronic configuration

|
—
o

+ 4+ =+ 4+ 3

N wln
w |
N W wWln

%)
—

in a local § = % spin state. Once again, by employing CSF-

ROHF, CASSCF, and CAS-ICE calculations, both ferromag-
2 netic (S = 7) and antiferromagnetic (S = 0) coupling situations
T3 2 may be probed (Table 4). In contrast to [Fe,S,(SCH;),]*”, in
the case of [Gd,Cl;;]*", the energy difference between the
ferromagnetic and antiferromagnetic coupling situations is
negligible with all methods applied. This is due to the lack of
covalency between metal and ligands, causing the two
2 -21 1 gadolinium centers to be essentially isolated from each other,
-22 1 1 as is also reflected in the ROHF canonical MOs obtained for
11 2 -1 both spin-coupling situations (see Supporting Information).
1 1 -12 Going up in complexity, we address the model iron—sulfur
1 cluster [Fe,S,(SCH;),]*~ (Figure 5). It is generally accepted®’
3 that the spin situation in this cluster involves mixed valence
Fe(11)—Fe(III) pairs, also referred as Fe***—Fe>>*, that couple
ferromagnetically within themselves and antiferromagnetically
-t - 4 with the pair on the opposite face of the cube, resulting in an
2 -1 overall singlet state.
With the accepted spin situation in mind, the open-shells of
-12 the system are to be specified using a set of 18 orbitals and 18
electrons resulting from 2 Fe(II) and 2 Fe(III) atoms. This
gives rise to the question of how to define the open-shells for
this system. Although we can use the CSF represented on the
branching diagram of Figure 7, there is still ambiguity on which
orbitals to include on the two open-shells. Since there are 4
iron centers that can be paired and the optimized structure of
this model is not a perfect cube, there are 3 distinct possible
iron pairings to consider.
resultant from the CSF-ROHF/CAS-ICE calculation is still Following the procedure described in Section 3, by first
dominated by the [+ + + + + — — — — — ] CSF (~98%, Table performing a SAHF calculation with just one open-shell
5). For comparison, CAS-ICE calculations were also containing all iron atoms and an overall singlet state, we obtain
performed using the HS ROHF solution, where the obtained converged orbitals that, after localization with the Pipek—
orbitals were just localized before the CI. In this case, the Mezey scheme,”” are already paired in a distinct situation.
resulting wave function is no longer dominated by the [+ + + + These orbitals can be used as the guess orbitals on the CSF-
+ = - - - - ] CSF, showing the inadequacy of the HS ROHEF problem for § = 0 CSF, where the two open-shells are
solution as a basis for subsequent correlated calculations of the defined according to the pairing of SAHF orbitals. For
lower multiplicities (consistent with ref 35). comparison, we also performed the conventional HS ROHF
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Table 4. Energy Difference between the S = 0 (LS) and § = § (HS) States Obtained from the CSF-ROHF, CAS-ICE (10,10)
Using Both HS ROHF Orbitals (HS-ROHF) and LS ROHF Orbitals (LS-ROHF), and CASSCF (10,10) Calculations on the
[Fe,S,(SCH;),]*", the S = 0 (LS) and S = 7 (HS) States Obtained from the CSE-ROHF, CAS-ICE (14,14) with CSE-ROHF
Orbitals and CASSCF (14,14) Calculations on [Gd,Cl,,]*", and the S = 0 (LS) and S = 9 (HS) States Obtained from the CSF-
ROHF, CAS-ICE (18,18) with CSF-ROHF Orbitals, and CASSCF (18,18) Calculations on [Fe,S,(SCH;),]*~

CSF-ROHF CAS-ICE (HS-ROHF) CAS-ICE (CSE-ROHF) CASSCF
[Fezsz(S(:}{a)z]z_
AE (LS — HS)/cm™! 843.89 —1320.90 —1332.59 —1765.89
[Gd2C111]57
AE (LS — HS)/cm™! —1.4089 0.8784 0.6936 0.7735
[Fe,S4(SCH;),]*”
AE (LS — HS)/cm™! 1740.65 —2045.87 —2245.77 —2754.76
E@ml) A ROHF S=0 E@emTl) A ROHFS=5
(SAHF Guess) 30000 = (SAHF Guess)

18000 ——

16000

14000

12000

10000

8000

6000
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2000

Figure 6. ROHF canonical molecular orbitals of [Fe,S,(SCH;),]*” optimized for the CSF [+ + + + +

+++++++], S =5 (right).

25000 ——

20000

15000 ——

10000 ——

5000 ——

for the S = 9 state. The ROHF energy differences between the
two spin-coupling situations are listed in Table 4.

Again, the correct description of the antiferromagnetic
coupling can be obtained only after the inclusion of the missing
“ionic” CSFs in a subsequent CI calculation for the § = 0
problem. In line with the [Fe,S,(SCH;),]*~ dimer results, after
CI, the wave function is still dominated by the CSF [+ + + + +
————————— ] (Table 5), this time for both CI
calculation employing MOs obtained from the two spin-
coupling ROHF problems.

As has been already shown, probing the actual magnetic
structure of the ground state of these systems requires
expansion of the active space to include all relevant metal
and ligand-based orbitals participating in metal—ligand
covalent interactions. In the context of approximate CI, further
CSF mixing with the “neutral” CSF will be introduced, which,
in principle, would require further orbital relaxation than the

35,57
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CSF-ROHF provides before robust results could be achieved.
This is beyond the scope of the current work.

5.3. Probing Complex Spin-Coupling Situations. In
the previous section, we encountered the problem of defining
the open-shells in spin-coupling situations where this choice
was somewhat straightforward. However, this is not always the
case, particularly in multimetallic systems with more than two
metal centers. A characteristic case refers to the copper trimer
[Cu;(OH);(en);]*". In this system, there are 3 Cu(II) centers

each with local S = % In this scenario, the three centers can

couple to an overall quartet state or to a doublet.

For the quartet state, there is only one possible CSF that can
be constructed, where all unpaired spins are coupled parallel to
each other. In fact, for this case, the open-shell definition is
unique since there is only one open-shell with 3 electrons and
3 orbitals.

https://doi.org/10.1021/acs.jpca.4c00688
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CSF-ROHF MOs

s
A

CSF Branching Diagram
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0123456 78 91011121314151617 18
Number of unpaired electrons

Figure 7. Representative open-shell molecular orbitals (top) obtained
for the [Fe,S;(SCH;),]*™ cluster using the 2 open-shell CSF coupling
scheme shown in the branching diagram (bottom).

In contrast, for the doublet state, two possible CSFs can be
constructed. One of them, the one with spin-coupling [+ — +],
presents no further ambiguities since the three open-shells can
be attributed to each Cu center. Now for the [+ + —] CSF, the
question arises of which Cu orbitals should consist of each of
the two open-shells. Indeed, we can set three CSF-ROHF
problems for this spin-coupling situation, where we include
different pairs of Cu centers that may be included in the first
open-shell.

As can be seen in Table 6, the three possibilities result in
similar single point energies, in accordance with the local ~ C,
symmetry of the Cu centers of the complex (Figure 8), which
makes the possible [+ + —] CSFs as well as the [+ — +] CSF
essentially identical. Nevertheless, this serves to show that the
determination of the vector-coupling coeflicients defines only
the spin-coupling situation, and the guess orbitals included in
the open-shells still need to be chosen prior to the ROHF
calculation.

5.4. Probing Metal—Ligand Radical Spin-Couplings.
As a last case, we expand our discussion to include spin-
coupling situations between organic radicals and transition
metal centers. A characteristic example refers to the complex
[Co(*Ly),), 'Ly = C¢H,(NH,), which falls into a wide
category of coordination compounds of transition metals
bearing “non-innocent” ligands. The accepted ground state
electronic structure for this system consists of three open-shell

orbitals coupled to a total spin S = 17
2

https://doi.org/10.1021/acs.jpca.4c00688
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Table 6. Calculated Energies for Each CSF of Complex [Cu(OH),(en);]*"

CSF [+ + +] [+ — +] [++-]1 [++-]2 [++-]3
energy/E, —5710.82308 —5710.82291 —5710.82293 —5710.82291 —5710.82292
AE/cm™ 0 34.4200 37.2519 36.2623 33.8176

b)

Figure 8. Open-shell molecular orbitals for the CSF [+ + —] by setting the open-shells as (a) (Cul,Cu2)(Cu3), (b) (Cu2,Cu3)(Cul), and (c)
(Cul,Cu3)(Cu2).

Figure 9. Optimized open-shell MOs for the four different CSFs for the complex [Co('Ly),] (a) closed-shell doublet, (b) [+ + —] doublet CSF,
(c) [+ — +] doublet CSF, and (d) [+ + +] quartet CSF.

Keeping this structure in mind, four spin-coupling situations ROHF on the one open-shell doublet CSF (Figure 9a), with
were defined, giving rise to four possible CSFs. A doublet CSF no further localization procedure employed.

The CSF-ROHF optimized orbitals are shown in Figure 9,
and the calculated ROHF energies are presented in Table 7.
One can readily see that all ROHF solutions for the CSFs with
3 orbitals and 3 electrons are lower in energy than the closed-
quartet CSF [+ + +]. The CSF-ROHF calculations for the [+ + shell doublet. We also performed CAS-ICE calculations using

where there is only one open-shell, the two possible CSFs for
three electrons coupling to a doublet state, [+ + —] and [+ —
+] (center and right branching diagrams of Figure 1), and the

=], [+ = +], and [+ + +] CSFs were performed using the different ROHF solutions in order to obtain a more correct
initial guess orbitals of the optimized MOs obtained from the description of the spin-coupling situation of the system.
5050 https://doi.org/10.1021/acs.jpca.4c00688
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Table 7. Calculated Energies for the Three CSFs of
Complex [Co('Ly),] and the Energy Difference in Respect
to the One Open-Shell Doublet State

CSF [+] [++ -] [+ —+] [+ + +]
ROHF
energy/E,  —2060.72627 —2060.77886 —2060.77817 —2060.78086
AE/ecm™ 0 —11,540.8 —11,390.7 —11,980.3
CAS-ICE
energy/E,  —2060.76480 —2060.78472 —2060.78462 —2060.78086
AE/cm™ 0 —4371.9 —4349.4 —3524.9

As can be seen in Table 8, after the CI calculation using
either the ROHF orbitals obtained for the [+ — +] or [+ + —]

Table 8. CAS-ICE Wavefunction Composition Using
Different CSF-ROHF Orbitals (Figure 9) in Terms of the
Possible CSFs for 3 Electrons in 3 Orbitals®

ROHF [2+0] [0+2] [++-] [+—+] [+++]
mult  CSF (%) (%) (%) (%) (%)
2 [+] 76 24 0 0 0
[+ — +] 1 2 70 27 0
[++ -] 2 1 75 22 0
4 [+ + +] 0 0 0 0 100

“A number 2 represents a doubly occupied orbital and a number 0
represents a virtual orbital.

CSFs, the wave function is over 70% composed of the [+ + —]
one. This, together with the energies ca. 847 cm™" lower than
the quartet state reflects the diradical character of the li§ands,
in accordance with the accepted electronic structure.”” The
difference in the percentage composition for these two CI
calculations reflects the two CSE-ROHEF solutions for the [+ —
+] and [+ + —] CSFs.

6. CONCLUSIONS

In this study, we presented a method to calculate the ROHF
vector-coupling coeflicients for a given CSF, which allows for
the calculation of proper spin-eigenfunctions of arbitrary spin-
coupling situations. The method is generally applicable to
systems where one defines an open-shell consisting of only
singly occupied orbitals, meaning that the occupation number
n* for the open-shell part of the restricted open-shell Fock
operator is always 1. This allows the formulation of a general
spin ROHF methodology starting from a given CSF that can
be used to provide a SCF solution for a given spin-coupling
situation.

CSF-ROHF makes use of an efficient infrastructure to
compute the vector-coupling vectors, by computing the needed
two-body (®IE," EI®) matrix elements directly in the CSF
basis of the problem, with no expansion in Slater determinants
required. It scales close to quadratically with system size and
shows satisfactory convergence performance.

The method is validated to probe the Hund and non-Hund
CSFs of the complex [Fe(SCHj;),]”, the ferromagnetic and
antiferromagnetic spin-coupling situations of the
[Fe,S,(SCH,),]*” and [Gd,Cl;;]°~ dimers, and the spin-
coupling situations on the trimer [Cu;(OH);(en);]*", the
tetramer [Fe,S,(SCH,),]*”, and the complex [Co('Ly),], 'Ly
= C¢H,(NH,). Hence, classes of antiferromagnetically coupled
systems ranging from multimetallic chains, metal clusters, and
extended metal—ligand radicals can be treated.

5051

Ongoing efforts are directed toward the development of
dynamic correlation methods that start from the CSF-ROHF
reference states. Next to many-body perturbation and coupled
cluster approaches, obvious choices are methods related to
approximate full-CI schemes such as DMRG,’> FCI-
QMGC,* ™ or the CIPSI***”/ICE*** family of selecting CI
methods. We foresee exciting applications of such methods to
challenging chemical problems in (bio)chemistry, catalysis, and
material sciences.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.4c00688.

Branching diagrams for the sextet, quartet, and doublet
multiplicities of [Fe(SCH;),]; CSF-ROHF molecular
orbitals for the CSF [+ + + + + + +
[Gd,Cl,,]*7; and HS-ROHF molecular orbitals for
[Gd,Cl, >~ (PDF)

B AUTHOR INFORMATION

Corresponding Author
Frank Neese — Max-Planck-Institut fiir Kohlenforschung,
Miilheim an der Ruhr 45470, Germany; ©® orcid.org/0000-
0003-4691-0547; Email: neese@kofo.mpg.de

Authors
Tiago Leyser da Costa Gouveia — Max-Planck-Institut fiir
Kohlenforschung, Miilheim an der Ruhr 45470, Germany;
orcid.org/0000-0001-5252-7873
Dimitrios Maganas — Max-Planck-Institut fir
Kohlenforschung, Miilheim an der Ruhr 45470, Germany;
orcid.org/0000-0002-1550-5162

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.4c00688

Funding
Open access funded by Max Planck Society.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We would like to thank the Max Planck Society for financial
support. This work was funded by the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation, project no.
388390466-TRR 247, Project BS).

B REFERENCES

(1) Cox, N; Retegan, M.; Neese, F.; Pantazis, D. A.; Boussac, A,;
Lubitz, W. Electronic Structure of the Oxygen-Evolving Complex in
Photosystem II Prior to O-O Bond Formation. Science 2014, 345
(6198), 804—808.

(2) Pantazis, D. A.; Ames, W.; Cox, N.; Lubitz, W.; Neese, F. Two
Interconvertible Structures That Explain the Spectroscopic Properties
of the Oxygen-Evolving Complex of Photosystem II in the S, State.
Angew. Chem., Int. Ed. 2012, 51 (39), 9935—9940.

(3) Lancaster, K. M.; Roemelt, M.; Ettenhuber, P.; Huy, Y.; Ribbe, M.
W.,; Neese, F,; Bergmann, U.; DeBeer, S. X-Ray Emission Spectros-
copy Evidences a Central Carbon in the Nitrogenase Iron-
Molybdenum Cofactor. Science 2011, 334 (6058), 974—977.

(4) Evans, G.; Kozhevnikov, I. V.; Kozhevnikova, E. F.; Claridge, J.
B.; Vaidhyanathan, R.; Dickinson, C.; Wood, C. D.; Cooper, A. L;
Rosseinsky, M. J. Particle Size-Activity Relationship for CoFe,0O,

https://doi.org/10.1021/acs.jpca.4c00688
J. Phys. Chem. A 2024, 128, 5041-5053


https://pubs.acs.org/doi/10.1021/acs.jpca.4c00688?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.4c00688/suppl_file/jp4c00688_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frank+Neese"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4691-0547
https://orcid.org/0000-0003-4691-0547
mailto:neese@kofo.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tiago+Leyser+da+Costa+Gouveia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5252-7873
https://orcid.org/0000-0001-5252-7873
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dimitrios+Maganas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1550-5162
https://orcid.org/0000-0002-1550-5162
https://pubs.acs.org/doi/10.1021/acs.jpca.4c00688?ref=pdf
https://doi.org/10.1126/science.1254910
https://doi.org/10.1126/science.1254910
https://doi.org/10.1002/anie.201204705
https://doi.org/10.1002/anie.201204705
https://doi.org/10.1002/anie.201204705
https://doi.org/10.1126/science.1206445
https://doi.org/10.1126/science.1206445
https://doi.org/10.1126/science.1206445
https://doi.org/10.1039/b807412g
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c00688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

nanoparticle CO Oxidation Catalysts. J. Mater. Chem. 2008, 18 (45),
5518—-5523.

(5) Tiiysiiz, H; Hwang, Y. J; Khan, S. B,; Asiri, A. M,; Yang, P.
Mesoporous Co;0, as an Electrocatalyst for Water Oxidation. Nano
Res. 2013, 6 (1), 47—54.

(6) Chai, G.,; Zhang, W.; Liotta, L. F; Li, M;; Guo, Y.; Giroir-
Fendler, A. Total Oxidation of Propane over Co;0,-Based Catalysts:
Elucidating the Influence of Zr Dopant. Appl. Catal, B 2021, 298,
120606.

(7) Ortega, K. F; Anke, S.; Salamon, S.; Ozcan, F.; Heese, J.;
Andronescu, C.; Landers, J.; Wende, H.; Schuhmann, W.; Muhler, M.;
et al. Topotactic Synthesis of Porous Cobalt Ferrite Platelets from a
Layered Double Hydroxide Precursor and Their Application in
Oxidation Catalysis. Chem.—Eur. ]. 2017, 23 (51), 12443—12449.

(8) Anke, S; Bendt, G.; Sinev, I; Hajiyani, H; Antoni, H;
Zegkinoglou, I; Jeon, H.; Pentcheva, R;; Roldan Cuenya, B.; Schulz,
S.; et al. Selective 2-Propanol Oxidation over Unsupported Co;0,
Spinel Nanoparticles: Mechanistic Insights into Aerobic Oxidation of
Alcohols. ACS Catal. 2019, 9 (7), 5974—598S.

(9) Mate, V. R; Shirai, M;; Rode, C. V. Heterogeneous Co;0,
Catalyst for Selective Oxidation of Aqueous Veratryl Alcohol Using
Molecular Oxygen. Catal. Commun. 2013, 33, 66—69.

(10) Klein, J.; Kampermann, L.; Korte, J.; Dreyer, M.; Budiyanto, E.;
Tiiysiiz, H.; Ortega, K. F.; Behrens, M.; Bacher, G. Monitoring
Catalytic 2-Propanol Oxidation over Co;O, Nanowires via In Situ
Photoluminescence Spectroscopy. J. Phys. Chem. Lett. 2022, 13 (14),
3217-3223.

(11) Najafishirtari, S.; Friedel Ortega, K.; Douthwaite, M.; Pattisson,
S.; Hutchings, G. J.; Bondue, C. J.; Tschulik, K.; Waffel, D.; Peng, B.;
Deitermann, M.; et al. A Perspective on Heterogeneous Catalysts for
the Selective Oxidation of Alcohols. Chem.—Eur. J. 2021, 27 (68),
16809—16833.

(12) Wu, Y.; Sun, R; Cen, J. Facile Synthesis of Cobalt Oxide as an
Efficient Electrocatalyst for Hydrogen Evolution Reaction. Front.
Chem. 2020, 8, 386.

(13) Cutsail, G. E.; DeBeer, S. Challenges and Opportunities for
Applications of Advanced X-Ray Spectroscopy in Catalysis Research.
ACS Catal. 2022, 12 (10), 5864—5886.

(14) Noodleman, L. Valence Bond Description of Antiferromagnetic
Coupling in Transition Metal Dimers. J. Chem. Phys. 1981, 74 (10),
S§737—-S5743.

(15) Noodleman, L.; Baerends, E. J. Electronic Structure, Magnetic
Properties, ESR, and Optical Spectra for 2-Iron Ferredoxin Models by
LCAO-X.Alpha. Valence Bond Theory. J. Am. Chem. Soc. 1984, 106
(8), 2316—2327.

(16) Noodleman, L.; Norman, J. G.; Osborne, J. H.; Aizman, A.;
Case, D. A. Models for Ferredoxins: Electronic Structures of Iron-
Sulfur Clusters with One, Two, and Four Iron Atoms. J. Am. Chem.
Soc. 1985, 107 (12), 3418—3426.

(17) Noodleman, L.; Davidson, E. R. Ligand Spin Polarization and
Antiferromagnetic Coupling in Transition Metal Dimers. Chem. Phys.
1986, 109 (1), 131—143.

(18) Noodleman, L.; Peng, C. Y.; Case, D. A; Mouesca, J.-M.
Orbital Interactions, Electron Delocalization and Spin Coupling in
Iron-Sulfur Clusters. Coord. Chem. Rev. 1995, 144, 199—244.

(19) Bjornsson, R.; Neese, F.; DeBeer, S. Revisiting the Mossbauer
Isomer Shifts of the FeMoco Cluster of Nitrogenase and the Cofactor
Charge. Inorg. Chem. 2017, 56 (3), 1470—1477.

(20) Pantazis, D. A.; Orio, M.; Petrenko, T.; Zein, S.; Bill, E.; Lubitz,
W.; Messinger, J.; Neese, F. A New Quantum Chemical Approach to
the Magnetic Properties of Oligonuclear Transition-Metal Com-
plexes: Application to a Model for the Tetranuclear Manganese
Cluster of Photosystem II. Chem.—Eur. ]. 2009, 15 (20), 5108—5123.

(21) Pantazis, D. A.; Orio, M.; Petrenko, T.; Zein, S.; Lubitz, W.;
Messinger, J.; Neese, F. Structure of the Oxygen-Evolving Complex of
Photosystem II: Information on the S, State through Quantum
Chemical Calculation of Its Magnetic Properties. Phys. Chem. Chem.
Phys. 2009, 11 (31), 6788—6798.

5052

(22) Ruiz, E; Cano, J.; Alvarez, S.; Alemany, P. Broken Symmetry
Approach to Calculation of Exchange Coupling Constants for
Homobinuclear and Heterobinuclear Transition Metal Complexes.
J. Comput. Chem. 1999, 20 (13), 1391—1400.

(23) Benediktsson, B.; Bjornsson, R. Analysis of the Geometric and
Electronic Structure of Spin-Coupled Iron-Sulfur Dimers with
Broken-Symmetry DFT: Implications for FeMoco. J. Chem. Theory
Comput. 2022, 18 (3), 1437—1457.

(24) Papaefthymiou, G. C.; Laskowski, E. J.; Frota-Pessoa, S.;
Frankel, R. B.; Holm, R. H. Antiferromagnetic Exchange Interactions
in [Fe,S4(SR),]*>™ Clusters. Inorg. Chem. 1982, 21 (S), 1723—1728.

(25) Wang, L.-S; Li, X; Zhang, H.-F. Probing the Electronic
Structure of Iron Clusters Using Photoelectron Spectroscopy. Chem.
Phys. 2000, 262 (1), 53—63.

(26) Andersson, K; Malmgqvist, P.; Roos, B. O. Second-order
Perturbation Theory with a Complete Active Space Self-consistent
Field Reference Function. J. Chem. Phys. 1992, 96 (2), 1218—1226.

(27) Andersson, K.; Roos, B. O. Excitation Energies in the Nickel
Atom Studied with the Complete Active Space SCF Method and
Second-Order Perturbation Theory. Chem. Phys. Lett. 1992, 191 (6),
507—-514.

(28) Roos, B. O. The Complete Active Space SCF Method in a
Fock-Matrix-Based Super-CI Formulation. Int. J. Quantum Chem.
1980, 18 (S14), 175—189.

(29) Roos, B. O.; Taylor, P. R.; Sigbahn, P. E. M. A Complete Active
Space SCF Method (CASSCF) Using a Density Matrix Formulated
Super-CI Approach. Chem. Phys. 1980, 48 (2), 157—173.

(30) Siegbahn, P. E. M.; Almléf, J.; Heiberg, A.; Roos, B. O. The
Complete Active Space SCF (CASSCF) Method in a Newton-
Raphson Formulation with Application to the HNO Molecule. J.
Chem. Phys. 1981, 74 (4), 2384—2396.

(31) Veryazov, V.; Malmgqvist, P. A.; Roos, B. O. How to Select
Active Space for Multiconfigurational Quantum Chemistry? Int. J.
Quantum Chem. 2011, 111 (13), 3329—3338.

(32) Sharma, S.; Chan, G. K.-L. Spin-Adapted Density Matrix
Renormalization Group Algorithms for Quantum Chemistry. J. Chem.
Phys. 2012, 136 (12), 124121.

(33) Li Manni, G.; Smart, S. D.; Alavi, A. Combining the Complete
Active Space Self-Consistent Field Method and the Full Configuration
Interaction Quantum Monte Carlo within a Super-CI Framework,
with Application to Challenging Metal-Porphyrins. J. Chem. Theory
Comput. 2016, 12 (3), 1245—1258.

(34) Weser, O.; Freitag, L.; Guther, K; Alavi, A; Li Manni, G.
Chemical Insights into the Electronic Structure of Fe(II) Porphyrin
Using FCIQMC, DMRG, and Generalized Active Spaces. Int. J.
Quantum Chem. 2021, 121 (3), No. e26454.

(35) Dobrautz, W.; Weser, O.; Bogdanov, N. A.; Alavi, A.; Li Manni,
G. Spin-Pure Stochastic-CASSCF via GUGA-FCIQMC Applied to
Iron-Sulfur Clusters. J. Chem. Theory Comput. 2021, 17 (9), S684—
5703.

(36) Evangelisti, S.; Daudey, J.-P.; Malrieu, J.-P. Convergence of an
Improved CIPSI Algorithm. Chem. Phys. 1983, 75 (1), 91—102.

(37) Huron, B.; Malrieu, J. P.; Rancurel, P. Iterative Perturbation
Calculations of Ground and Excited State Energies from Multi-
configurational Zeroth-order Wavefunctions. J. Chem. Phys. 1973, 58
(12), 5745—5759.

(38) Chilkuri, V. G.; Neese, F. Comparison of Many-Particle
Representations for Selected-CI I: A Tree Based Approach. J. Comput.
Chem. 2021, 42 (14), 982—1005.

(39) Chilkuri, V. G.; Neese, F. Comparison of Many-Particle
Representations for Selected Configuration Interaction: II. Numerical
Benchmark Calculations. J. Chem. Theory Comput. 2021, 17 (S),
2868—288S.

(40) Roothaan, C. C. J. Self-Consistent Field Theory for Open Shells
of Electronic Systems. Rev. Mod. Phys. 1960, 32 (2), 179—18S.

(41) Zerner, M. C. A configuration-averaged Hartree-Fock
procedure. Int. J. Quantum Chem. 1989, 35 (4), S67—575.

(42) Stavrev, K. K; Zerner, M. C. Spin-Averaged Hartree-Fock
Procedure for Spectroscopic Calculations: The Absorption Spectrum

https://doi.org/10.1021/acs.jpca.4c00688
J. Phys. Chem. A 2024, 128, 5041-5053


https://doi.org/10.1039/b807412g
https://doi.org/10.1007/s12274-012-0280-8
https://doi.org/10.1016/j.apcatb.2021.120606
https://doi.org/10.1016/j.apcatb.2021.120606
https://doi.org/10.1002/chem.201702248
https://doi.org/10.1002/chem.201702248
https://doi.org/10.1002/chem.201702248
https://doi.org/10.1021/acscatal.9b01048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b01048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b01048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.catcom.2012.12.015
https://doi.org/10.1016/j.catcom.2012.12.015
https://doi.org/10.1016/j.catcom.2012.12.015
https://doi.org/10.1021/acs.jpclett.2c00098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c00098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c00098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202102868
https://doi.org/10.1002/chem.202102868
https://doi.org/10.3389/fchem.2020.00386
https://doi.org/10.3389/fchem.2020.00386
https://doi.org/10.1021/acscatal.2c01016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c01016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.440939
https://doi.org/10.1063/1.440939
https://doi.org/10.1021/ja00320a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00320a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00320a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00298a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00298a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0301-0104(86)80192-6
https://doi.org/10.1016/0301-0104(86)80192-6
https://doi.org/10.1016/0010-8545(95)07011-L
https://doi.org/10.1016/0010-8545(95)07011-L
https://doi.org/10.1021/acs.inorgchem.6b02540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b02540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b02540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200802456
https://doi.org/10.1002/chem.200802456
https://doi.org/10.1002/chem.200802456
https://doi.org/10.1002/chem.200802456
https://doi.org/10.1039/b907038a
https://doi.org/10.1039/b907038a
https://doi.org/10.1039/b907038a
https://doi.org/10.1002/(SICI)1096-987X(199910)20:13<1391::AID-JCC6>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1096-987X(199910)20:13<1391::AID-JCC6>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1096-987X(199910)20:13<1391::AID-JCC6>3.0.CO;2-J
https://doi.org/10.1021/acs.jctc.1c00753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00135a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00135a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0301-0104(00)00351-7
https://doi.org/10.1016/S0301-0104(00)00351-7
https://doi.org/10.1063/1.462209
https://doi.org/10.1063/1.462209
https://doi.org/10.1063/1.462209
https://doi.org/10.1016/0009-2614(92)85581-T
https://doi.org/10.1016/0009-2614(92)85581-T
https://doi.org/10.1016/0009-2614(92)85581-T
https://doi.org/10.1002/qua.560180822
https://doi.org/10.1002/qua.560180822
https://doi.org/10.1016/0301-0104(80)80045-0
https://doi.org/10.1016/0301-0104(80)80045-0
https://doi.org/10.1016/0301-0104(80)80045-0
https://doi.org/10.1063/1.441359
https://doi.org/10.1063/1.441359
https://doi.org/10.1063/1.441359
https://doi.org/10.1002/qua.23068
https://doi.org/10.1002/qua.23068
https://doi.org/10.1063/1.3695642
https://doi.org/10.1063/1.3695642
https://doi.org/10.1021/acs.jctc.5b01190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/qua.26454
https://doi.org/10.1002/qua.26454
https://doi.org/10.1021/acs.jctc.1c00589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0301-0104(83)85011-3
https://doi.org/10.1016/0301-0104(83)85011-3
https://doi.org/10.1063/1.1679199
https://doi.org/10.1063/1.1679199
https://doi.org/10.1063/1.1679199
https://doi.org/10.1002/jcc.26518
https://doi.org/10.1002/jcc.26518
https://doi.org/10.1021/acs.jctc.1c00081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/RevModPhys.32.179
https://doi.org/10.1103/RevModPhys.32.179
https://doi.org/10.1002/qua.560350409
https://doi.org/10.1002/qua.560350409
https://doi.org/10.1002/(SICI)1097-461X(1997)65:5<877::AID-QUA51>3.0.CO;2-T
https://doi.org/10.1002/(SICI)1097-461X(1997)65:5<877::AID-QUA51>3.0.CO;2-T
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c00688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

of Mn** in ZnS Crystals. Int. J. Quantum Chem. 1997, 65 (5), 877—
884.

(43) Tsuchimochi, T.; Scuseria, G. E. Communication: ROHF
Theory Made Simple. J. Chem. Phys. 2010, 133 (14), 141102.

(44) Tsuchimochi, T.; Scuseria, G. E. Constrained Active Space
Unrestricted Mean-Field Methods for Controlling Spin-Contami-
nation. J. Chem. Phys. 2011, 134 (6), 064101.

(4S) Edwards, W. D.; Zerner, M. C. A Generalized Restricted Open-
Shell Fock Operator. Theor. Chim. Acta 1987, 72 (5—6), 347—361.

(46) Pauncz, R. Spin Eigenfunctions; Springer US: Boston, MA, 1979.

(47) Grabenstetter, J. E; Tseng, T. J; Grein, F. Generation of
Genealogical Spin Eigenfunctions. Int. J. Quantum Chem. 1976, 10
(1), 143—149.

(48) Drake, G. W. F.; Schlesinger, M. Vector-Coupling Approach to
Orbital and Spin-Dependent Tableau Matrix Elements in the Theory
of Complex Spectra. Phys. Rev. A 1977, 15 (5), 1990—1999.

(49) Neese, F. The ORCA Program System. Wiley Interdiscip. Rev.:
Comput. Mol. Sci. 2012, 2 (1), 73—78.

(50) Neese, F. Software Update: The ORCA Program System,
Version 4.0. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2018, 8 (1),
No. el327.

(51) Neese, F.; Wennmohs, F.; Becker, U.; Riplinger, C. The ORCA
Quantum Chemistry Program Package. J. Chem. Phys. 2020, 152 (22),
224108.

(52) Neese, F. Software Update: The ORCA Program System—
Version S5.0. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2022, 12 (5),
No. e1606.

(53) Neese, F. The SHARK Integral Generation and Digestion
System. J. Comput. Chem. 2023, 44 (3), 381—396.

(54) Rico, J. F; De La Vega, J. M. G.; Alonso, J. I. F.; Fantucci, P.
Restricted Hartree-Fock Approximation. I. Techniques for the Energy
Minimization. J. Comput. Chem. 1983, 4 (1), 33—40.

(55) Chilkuri, V. G.; DeBeer, S.; Neese, F. Revisiting the Electronic
Structure of FeS Monomers Using Ab Initio Ligand Field Theory and
the Angular Overlap Model. Inorg. Chem. 2017, 56 (17), 10418—
10436.

(56) Chilkuri, V. G.; DeBeer, S.; Neese, F. Ligand Field Theory and
Angular Overlap Model Based Analysis of the Electronic Structure of
Homovalent Iron-Sulfur Dimers. Inorg. Chem. 2020, 59 (2), 984—995.

(57) Sharma, S.; Sivalingam, K.; Neese, F.; Chan, G. K.-L. Low-
Energy Spectrum of Iron-Sulfur Clusters Directly from Many-Particle
Quantum Mechanics. Nat. Chem. 2014, 6 (10), 927—933.

(58) Perdew, J. P. Density-Functional Approximation for the
Correlation Energy of the Inhomogeneous Electron Gas. Phys. Rev.
B: Condens. Matter Mater. Phys. 1986, 33 (12), 8822—8824.

(59) Becke, A. D. Density-Functional Exchange-Energy Approx-
imation with Correct Asymptotic Behavior. Phys. Rev. A 1988, 38 (6),
3098—-3100.

(60) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132 (15), 154104.

(61) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the Damping
Function in Dispersion Corrected Density Functional Theory. J.
Comput. Chem. 2011, 32 (7), 1456—1465.

(62) Caldeweyher, E.; Bannwarth, C.; Grimme, S. Extension of the
D3 Dispersion Coefficient Model. J. Chem. Phys. 2017, 147 (3),
034112.

(63) Caldeweyher, E.; Ehlert, S.; Hansen, A.; Neugebauer, H.;
Spicher, S.; Bannwarth, C.; Grimme, S. A Generally Applicable
Atomic-Charge Dependent London Dispersion Correction. J. Chem.
Phys. 2019, 150 (15), 154122.

(64) Caldeweyher, E.; Mewes, J.-M.; Ehlert, S; Grimme, S.
Extension and Evaluation of the D4 London-Dispersion Model for
Periodic Systems. Phys. Chem. Chem. Phys. 2020, 22 (16), 8499—
8512.

(65) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn:

5053

Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2008, 7
(18), 3297—-3305.

(66) Neese, F. An Improvement of the Resolution of the Identity
Approximation for the Formation of the Coulomb Matrix. J. Comput.
Chem. 2003, 24 (14), 1740—1747.

(67) Chilkuri, V. G.; Suaud, N.; Guihéry, N. High-Spin Chains and
Crowns from Double-Exchange Mechanism. Crystals 2016, 6 (4), 39.

(68) Pollak, P.; Weigend, F. Segmented Contracted Error-
Consistent Basis Sets of Double- and Triple-{ Valence Quality for
One- and Two-Component Relativistic All-Electron Calculations. J.
Chem. Theory Comput. 2017, 13 (8), 3696—3705.

(69) Sayfutyarova, E. R; Sun, Q; Chan, G. K-L; Knizia, G.
Automated Construction of Molecular Active Spaces from Atomic
Valence Orbitals. J. Chem. Theory Comput. 2017, 13 (9), 4063—4078.

(70) Pipek, J.; Mezey, P. G. A Fast Intrinsic Localization Procedure
Applicable for Ab Initio and Semiempirical Linear Combination of
Atomic Orbital Wave Functions. J. Chem. Phys. 1989, 90 (9), 4916—
4926.

(71) Neese, F. Importance of Direct Spin-Spin Coupling and Spin-
Flip Excitations for the Zero-Field Splittings of Transition Metal
Complexes: A Case Study. J. Am. Chem. Soc. 2006, 128 (31), 10213—
10222.

(72) Calzado, C. J.; Cabrero, J.; Malrieu, J. P.; Caballol, R. Analysis
of the Magnetic Coupling in Binuclear Complexes. I. Physics of the
Coupling. J. Chem. Phys. 2002, 116 (7), 2728-2747.

(73) Calzado, C. J.; Cabrero, J.; Malrieu, J. P.; Caballol, R. Analysis
of the Magnetic Coupling in Binuclear Complexes. II. Derivation of
Valence Effective Hamiltonians from Ab Initio CI and DFT
Calculations. J. Chem. Phys. 2002, 116 (10), 3985—4000.

(74) Calzado, C. J.; Angeli, C.; Taratiel, D.; Caballol, R.; Malrieu, J.-
P. Analysis of the Magnetic Coupling in Binuclear Systems. III. The
Role of the Ligand to Metal Charge Transfer Excitations Revisited. J.
Chem. Phys. 2009, 131 (4), 044327.

(75) Bill, E.; Bothe, E.; Chaudhuri, P.; Chlopek, K.; Herebian, D.;
Kokatam, S.; Ray, K,; Weyhermiiller, T.; Neese, F.; Wieghardt, K.
Molecular and Electronic Structure of Four- and Five-Coordinate
Cobalt Complexes Containing Two o-Phenylenediamine- or Two o-
Aminophenol-Type Ligands at Various Oxidation Levels: An
Experimental, Density Functional, and Correlated Ab Initio Study.
Chem.—Eur. J. 2005, 11 (1), 204—224.

https://doi.org/10.1021/acs.jpca.4c00688
J. Phys. Chem. A 2024, 128, 5041-5053


https://doi.org/10.1002/(SICI)1097-461X(1997)65:5<877::AID-QUA51>3.0.CO;2-T
https://doi.org/10.1063/1.3503173
https://doi.org/10.1063/1.3503173
https://doi.org/10.1063/1.3549134
https://doi.org/10.1063/1.3549134
https://doi.org/10.1063/1.3549134
https://doi.org/10.1007/BF01192227
https://doi.org/10.1007/BF01192227
https://doi.org/10.1002/qua.560100112
https://doi.org/10.1002/qua.560100112
https://doi.org/10.1103/PhysRevA.15.1990
https://doi.org/10.1103/PhysRevA.15.1990
https://doi.org/10.1103/PhysRevA.15.1990
https://doi.org/10.1002/wcms.81
https://doi.org/10.1002/wcms.1327
https://doi.org/10.1002/wcms.1327
https://doi.org/10.1063/5.0004608
https://doi.org/10.1063/5.0004608
https://doi.org/10.1002/wcms.1606
https://doi.org/10.1002/wcms.1606
https://doi.org/10.1002/jcc.26942
https://doi.org/10.1002/jcc.26942
https://doi.org/10.1002/jcc.540040106
https://doi.org/10.1002/jcc.540040106
https://doi.org/10.1021/acs.inorgchem.7b01371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b01371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b01371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b00974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b00974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b00974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2041
https://doi.org/10.1038/nchem.2041
https://doi.org/10.1038/nchem.2041
https://doi.org/10.1103/PhysRevB.33.8822
https://doi.org/10.1103/PhysRevB.33.8822
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1063/1.4993215
https://doi.org/10.1063/1.4993215
https://doi.org/10.1063/1.5090222
https://doi.org/10.1063/1.5090222
https://doi.org/10.1039/D0CP00502A
https://doi.org/10.1039/D0CP00502A
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1002/jcc.10318
https://doi.org/10.1002/jcc.10318
https://doi.org/10.3390/cryst6040039
https://doi.org/10.3390/cryst6040039
https://doi.org/10.1021/acs.jctc.7b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.456588
https://doi.org/10.1063/1.456588
https://doi.org/10.1063/1.456588
https://doi.org/10.1021/ja061798a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja061798a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja061798a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1430740
https://doi.org/10.1063/1.1430740
https://doi.org/10.1063/1.1430740
https://doi.org/10.1063/1.1446024
https://doi.org/10.1063/1.1446024
https://doi.org/10.1063/1.1446024
https://doi.org/10.1063/1.1446024
https://doi.org/10.1063/1.3185506
https://doi.org/10.1063/1.3185506
https://doi.org/10.1002/chem.200400850
https://doi.org/10.1002/chem.200400850
https://doi.org/10.1002/chem.200400850
https://doi.org/10.1002/chem.200400850
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c00688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

